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Abstract
Epipolythiodiketopiperazine (ETP) natural products are a class of amino acid derived fungal
secondary metabolites with a broad variety in structure and biological activities. In particular the
subgroup of 6–5–6–5–6-fused ETP natural products has gained significant attention from the scientific
community due to their intriguing C2-symmetric structures along with their biological significance as
immunosupressants, fungicides, or anticancer agents (Scheme I). Notably, some members of the
scabrosin esters (I) were shown to exhibit potent anticancer activity with half maximal inhibitory
concentrations down to the low nanomolar range. Despite these interesting properties, a total synthesis
of the scabrosin esters has not been disclosed yet.

Scheme I. Selected members of the 6–5–6–5–6-fused family of ETP natural products.

Part one of this thesis describes the efforts directed towards the total synthesis of scabrosin diacetate
(I, with R1 = R2 = Me), haematocin (II) and acetylaranotin (III) from key intermediate VII
(Scheme II). Key elements of the synthetic strategy for the assembly of the pentacyclic core structure
of VII are the double condensation of

in situ generated labile aldehyde IV with

N,N‘-diacetyldiketopiperazine (V) to give intermediate VI and the subsequent bidirectional ring
opening of its oxabicyclo[2.2.1]heptene moieties.

Scheme II. Synthetic strategy for the preparation of key intermediate VII en route towards the total syntheses of scabrosin
diacetate (I, with R1 = R2 = Me), haematocin (II) and acetylaranotin (III).

Glycosaminoglycans (GAGs) are a large group of linear, polyanionic polysaccharides displaying a
tremendous heterogeneity in terms of molecular weight, disaccharide composition and charge
distribution. They play key roles in important physiological processes such as inflammation, blood

v
coagulation and cell-cell communication, as well as in infectious diseases. For a deeper investigation
of their biological role, access to synthetic and structurally well-defined analogs of GAGs are
desirable. Part two of this thesis describes the synthesis of a novel polyanionic clickable
glycosaminoglycan mimetic IX derived from -cyclodextrin (VIII) and its conjugation to biochemical
reporters (e.g. fluorophores and photoaffinity labels) and HIV entry inhibitors via copper-free azidealkyne click reaction (Scheme III).

Scheme III. Preparation of clickable glycosaminoglycane mimetic IX from -cyclodextrin (VIII) and its functionalization
by copper-free click chemistry.

The conjugates X of the GAG mimetic IX to biochemical probes might enable the thorough
investigation of the GAG mimetic’s biological activity. Furthermore, the conjugates X of the GAG
mimetic IX to HIV entry inhibitors are currently being evaluated in terms of their potency as potential
anti-HIV agents.

vi

Zusammenfassung
Epipolythiodiketopiperazine (ETP) sind aus Aminosäuren abgeleitete Sekundärmetabolite einiger
Pilzarten. Diese Naturstoffklasse zeichnet sich durch eine grosse strukturelle Vielfalt aus und viele
Mitglieder weisen interessante biologische Eigenschaften auf. Besonders Vertreter einer Untergruppe
der

ETPs,

die

ein

6–5–6–5–6-gliedriges

Grundgerüst

aufweisen,

haben

aufgrund

ihrer

C2-symmetrischen Struktur sowie ihrer biologischen Relevanz als Immunsupressiva, Fungizide oder
Cytostatika in der Vergangenheit viel Aufmerksamkeit erfahren (Schema I). Hervorzuheben ist hieraus
die Gruppe der Scabrosinester (I), von denen einige Vertreter cytostatische Aktivität im niedrigen
nanomolaren Bereich aufweisen. Interessanterweise wurde trotz dieser vielversprechenden
Eigenschaften bisher keine Totalsynthese dieser Naturstofffamilie veröffentlicht.

Schema I. Ausgesuchte Vertreter aus der Familie der 6–5–6–5–6-gliedrigen ETPs.

Der erste Teil der vorliegenden Arbeit behandelt die Untersuchungen zur Synthese von
Scabrosindiacetat (I, mit R1 = R2 = Me), Haematocin (II) und Acetylaranotin (III) ausgehend von
Schlüsselintermediat VII (Schema II). Schlüsselreaktionen zum Aufbau des pentazyklischen Kerns
von Intermediat VII sind die doppelte Kondensation des in situ erzeugten Aldehyds IV mit
N,N‘-Diacetyldiketopiperazin (V), sowie die darauffolgende bidirektionale Ringöffnung der beiden
Oxabicyclo[2.2.1]hepten-Fragmente von Diketopiperazin VI.

Schema II. Synthesestrategie zur Darstellung von Schlüsselintermediat VII auf dem Weg zur Synthese von Scabrosindiacetat (I, R1 = R2 = Me), Haematocin (II) und Acetylaranotin (III).

Glykosaminoglykane (GAGs) bilden eine grosse Gruppe von linearen polyanionischen
Polysacchariden, die sich durch eine ausgesprochene Heterogenität in Bezug auf Molekulargewicht,
Saccharidzusammensetzung und Ladungsverteilung auszeichnen. Sie spielen eine wichtige Rolle in
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einer Reihe von physiologischen Prozessen, wie z.B. Entzündung, Blutgerinnung und Zell-ZellKommunikation, sowie in Infektionskrankheiten. Für eine genaue Untersuchung ihrer biologischen
Eigenschaften besteht Bedarf an der Herstellung von künstlichen und strukturell definierten Analoga
von Glykosaminoglykanen. Der zweite Teil der vorliegenden Arbeit beschreibt die Synthese eines
polyanionischen GAG-Mimetikums IX aus -Cyclodextrin (VIII), sowie dessen Konjugation an
biochemische Sonden und HIV Entry-Inhibitoren durch die kupferfreie Alkin-Azid-Click-Reaktion
(Schema III).

Schema III. Darstellung des Glycosaminoglycan-Mimetikums
Funktionalisierung durch kupferfreie Alkin-Azid-Click-Reaktion.

IX

aus

-Cyclodextrin

(VIII)

und

dessen

Die Konjugate X, die durch Konjugation des GAG-Mimetikums IX an biochemische Sonden
dargestellt werden können, sollten die weitergehende Untersuchung der biologischen Eigenschaften
von IX ermöglichen. Die Konjugate X, die durch Konjugation von IX an HIV Entry-Inhibitoren
erhalten werden können, werden aktuell auf ihre Eigenschaften als Virostatika untersucht.
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Towards the Total Synthesis of Scabrosin Diacetate
and Related Epipolythiodiketopiperazine Natural
Products

1.1

Introduction

1.1.1

Epipolythiodiketopiperazine

Natural

Products:

Structures

and

Classification
The 2,5-diketopiperazine (DKP) scaffold is an abundant structural motif present in countless natural
products and pharmaceuticals.1 Epipolythiodiketopiperazine (ETP) natural products are a subgroup of
2,5-DKPs possessing an internal polysulfide linkage between the carbon atoms in the 3- and the
6-position of their DKP core.2 They are amino acid-derived fungal secondary metabolites, and since
the isolation of the family’s first representative gliotoxin (1) in 1939, more than 100 other family
members have been isolated.2,3 Although ETPs are produced by a diverse range of fungi, their
taxonomical distribution among fungal species is discontinuous and thus some distantly related fungi
can produce the same ETP or closely related fungi can produce different ETPs.4 For the ease of
classification, ETPs can be assigned to one of 14 different families based on structure and their
originating amino acids (Table 1).3
Table 1. Overview of the 14 ETP families with their eponymous parent structure. 3,4
Name

Constituting
Amino Acids

Gliotoxins

Gliotoxin
(1)

Phe, Ser

Hyalodendrins

Hyalodendrin
(2)

Phe, Ser

Aranotins

Aranotin
(3)

Phe, Phe

ETP Class

Eponymous
Structure

Total Synthesis
of a Member

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1
2

3

4

For an overview of 2,5-diketopiperazines in medicinal chemistry and in bioactive natural products, see: A. D.
Borthwick, Chem. Rev. 2012, 112, 3641–3716.
For a review of total syntheses and biological activities of ETP alkaloids, see: E. Iwasa , Y. Hamashima , M.
Sodeoka, Isr. J. Chem. 2011, 51, 420–433.
For a comprehensive overview of isolated ETPs, see: T. R. Welch, R. M. Williams, Nat. Prod. Rep. 2014, 31, 1376–
1404.
D. M. Gardiner, P. Waring, B. J. Howlett, Microbiology 2005, 151, 1021–1032.
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Emethallicins

Emethallicin A
(4)

Phe, Phe

Epicorazines

Epicorazine A
(5)

Phe, Phe

Scabrosin esters

Scabrosin
Diacetate
(6)

Phe, Phe

Emestrins

Emestrin (7)

Phe, Tyr

Chaetocins

Chaetocin A (8)

Trp, Ser

Ch(a)etomins

Chetomin (9)

Trp, Ser

Leptosins

Leptosin A (10)

Trp, Ser, Val

Sporidesmins

Sporidesmin A
(11)

Trp, Ala

Verticillins

Verticillin A
(12)

Trp, Ala
Trp, Ser
Trp, Thr

Silvatins

Dithiosilvatin
(13)

Tyr, Gly

Sirodesmins

Sirodesmin A
(14)

Tyr, Ser

3

5

All ETP natural products are derived from at least one aromatic amino acid (Phe, Tyr, Trp), which
often undergoes oxidative modifications by the producing organisms. Combined with the variability in

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
5
Desthiochetomin was prepared by Williams, see: T. R. Welch, R. M. Williams, Tetrahedron 2013, 69, 770–773.
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amino acid constitution and length of the polysulfide bridge, this results in a broad variation of
structures.3 Because of their interesting biological activities (see Chapter 1.1.2), many ETP natural
products were prepared by total synthesis and almost every class of ETPs was covered by the synthetic
efforts so far. However, it is striking that a total synthesis of a member of the scabrosin esters or the
sirodesmins has not been reported until today.6 A synthetic effort directed towards the preparation of
the scabrosin esters would thus be of particular interest, especially due to their intriguing biological
activities (see Chapter 1.1.5).

1.1.2

Biological Activities and Mode of Action

The primary function of ETPs for their producing organisms was not disclosed yet, but as for many
other secondary metabolites it can be expected that their production allows the fungi to secure its
ecological niche against other microorganisms.4 However, in competition studies between sporidesmin
(11 and other family members) producing Pithomyces chartarum and atoxigenic Pithomyces
chartarum strains, the non-toxic strain outcompeted the sporidesmin producing strain in grass pasture.7
This result clearly undermines the selectivity benefit of an ETP-production and their function thus still
remains disputable.4
ETP natural products display a broad range of biological effects, including cytotoxic, antiviral,
antibacterial, and antimalarial activities; and they are toxic to a variety of organisms ranging from
viruses and fungi to plants and mammals.2,4,8 Consequently, they were associated with and identified
as the source of mammalian and plant diseases, such as the blackleg disease of rapeseed (caused by a
sirodesmin),9 facial eczema in sheep (caused by sporidesmins),10 and invasive aspergillosis in
immunocompromised patients (gliotoxin, 1).11 Their toxicity is dependent on the polysulfide bridge
and removal of this pharmacophore results in complete loss of activity.4 The polysulfide mediates its
biological activities by three distinct mechanisms: 1) Binding to cysteine residues of vital proteins by
thiol-disulfide exchange or (cross)-linking of two cysteine residues in close proximity within the same
enzyme (see Chapter 1.1.2.1), 2) generation of reactive oxygen species through redox cycling (see
Chapter 1.1.2.2), and 3) scavenging of heavy metal cofactors from vital enzymes (see Chapter

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
6
7
8

9
10

11

A study towards the total synthesis of scabrosin diacetate (6) was published by DIVER: M. D. Middleton, B. P. Peppers,
S. T. Diver, Tetrahedron 2006, 62, 10528–10540.
J. M. Fitzgerald, R. G. Collin, N. R. Towers, Lett. Appl. Microbiol. 1998, 26, 17–21.
a) P. Waring, R. D. Eichner, A. Müllbacher, Med. Res. Rev. 1988, 8, 499–524; b) P. Waring, J. Beaver, Gen. Pharmac.
1996, 27, 1311–1316.
T. Rouxel, Y. Chupeau, R. Fritz, A. Kollmann, J.-F. Bousquet, Plant Science 1988, 57, 45–53.
a) R. h. Thornton, J. C. Percival, Nature 1959, 183, 63–63; b) R. h. Thornton, D. P. Sinclair, Nature 1959, 184, 1327–
1328; c) M. E. Di Menna, B. L. Smith, C. O. Miles, N. Z. J. Agric. Res. 2009, 52, 345–376.
a) P. Sutton, N. R. Newcombe, P. Waring, A. Müllbacher, Infect. Immun. 1994, 62, 1192–1198; b) P. Sutton, P. Waring,
A. Mullbacher, Immunol. Cell Biol. 1996, 74, 318–322; c) K. J. Kwon-Chung, J. A. Sugui, Med. Mycol. 2009, 47
(Supplement 1), S97–S103.
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1.1.3).2,4,12 The first and third mechanism target enzymes specifically, whereas the redox cycling
mechanism results in unspecific cell damage by the peroxide radical.4 Interestingly, it is believed that
the nature of the substituents on the central diketopiperazine core do not significantly influence the
toxicity of ETPs. This is evidenced by a study of MÜLLBACHER, showing that the parent N,N’dimethyl-3,6-epidithio-2,5-diketo-1,4-piperazine possesses similar toxicity compared to gliotoxin (1)
and sporidesmin (11).13 The different modes of action are discussed in the following chapters in more
detail.

1.1.2.1

Thiol-Disulfide Exchange

ETP natural products can react with cysteine residues of proteins in two different ways. First, they
can form mixed disulfides by nucleophilic attack of the free SH-group of a cysteine residue of a
protein 15 onto the disulfide bridge of the diketopiperazine core (16) to furnish the biologically
inactive ETP-protein conjugate 17 (Scheme 4, pathway A). Along these lines, it was shown that
gliotoxin (1) forms a 1:1 covalent complex with cysteine 281 or 282 of horse liver alcohol
dehydrogenase and results in deactivation of its catalytic activity. 14

Scheme 4. Enzyme deactivation by thiol-disulfide exchange between a protein (15) and ETP 16.

Second, ETPs 16 can catalyze oxidative couplings of two cysteine residues in close proximity of an
enzyme to give the internal disulfide 18 and the reduced ETP 19 (Scheme 4, pathway B). In the
disulfide linked protein, the tertiary structure is altered and hence its activity is modulated. In the case
of homodimeric rabbit muscle creatine kinase, gliotoxin (1) mediated the cross-linking of cysteine
residues 282 and 73, resulting in complete inactivation after both monomers were oxidized to the
internal disulfide.15 In principle, the oxidative coupling of two cysteine residues can be a consecutive
reaction of the thiol-disulfide exchange product 17, in that a cysteine residue in suitable distance
attacks the ETP–SCys bond to form disulfide 18 (Scheme 4, pathway C). If a cellular oxidant is

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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C. L. L. Chai, P. Waring, Redox Report 2000, 5, 257–264.
A. Müllbacher, P. Waring, U. Tiwari-Palni, R. D. Eichner, Mol. Immunol. 1986, 23, 231–235.
P. Waring, A. Sjaarda, Q. h. Lin, Biochem. Pharmacol. 1995, 49, 1195–1201.
A. M. Hurne, C. L. L. Chai, P. Waring, J. Biol. Chem. 2000, 275, 25202–25206.
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present, 19 could be reverted back to ETP 16, so that in total a catalytic deactivation of protein 15 is
performed. This mechanism would be reminiscent of the redox-cycling process (see Chapter 1.1.2.2).
Independent of the pathway, thiol-disulfide exchange can result in inactivation of crucial enzymatic
pathways and thus mediate the ETP’s biological effects.

1.1.2.2

Redox Cycling

CHAI and coworkers studied the redox-properties of various ETPs and ETP-analogs by
polarography and cyclovoltammetry and concluded that the ETP’s S–S-bond can be reduced much
more easily than other dialkyldisulfides.16 The authors reason that the small CSSC-dihedral angle of
10° (vs 90° in dialkyldisulfides) results in a sufficiently strained S–S-bond with a lower lying *(S–S)
which facilitates its reductive cleavage.17 ETPs 16 can thus be easily reduced to their corresponding
dithiol by cellular reductants such as glutathione (GSH, 20) or proteins (see Chapter 1.1.2.1). The
reduced form of ETPs 19 are unstable in the presence of molecular oxygen and regenerate the
epidisulfide bridge to give ETP 16 under reduction of oxygen to a peroxide radical anion (Scheme 5).
Overall, GSH is oxidized to GSSG by molecular oxygen with concomitant formation of peroxide
radical anions catalyzed by ETP 16, a process that is much slower in the absence of ETPs.2

Scheme 5. Redox cycling results in the catalytic formation of reactive oxygen species.

Presumably, this process proceeds by deprotonation of 19 to the dithiolate (not shown) followed by
S–S-bond formation under concomitant single electron transfer to oxygen. The so formed intermediate
[RSSR]–• radical anion 21 then reduces another molecule of dioxygen. This mechanism is supported by
the observation of the [RSSR]–• radical anion during the electrochemical studies of CHAI.16 Moreover,
the [RSSR]–• radical anion of ETPs (21) was shown to be formed more easily than those of regular

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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17

C. L. L. Chai, G. A. Heath, P. B. Huleatt, G. A. O'Shea, J. Chem. Soc. Perkin Tran. 2 1999, 389–392.
For a thorough discussion of the crystal structure of Gliotoxin, see: J. Fridrichsons, A. McL. Mathieson, Acta
Crystallogr. 1967, 23, 439-448.

Introduction

7

dialkyldisulfides, and to have a 100-fold longer lifetime in solution.16 In summary, in cells with high
levels of GSH (20), ETP natural products can catalyze the oxidation of GSH to GSSG with
concomitant formation of reactive oxygen species (ROS) that induce cell damage, such as apoptosis,
DNA fragmentation, and oxidation of lipids and proteins.18 In the case of the ETP alkaloid
sporidesmin, this process was investigated in vitro by MUNDAY and it was hypothesized, that ROS
species play an important role in mediating its hepatotoxicity in sheep.19

1.1.3

Heavy Metal Scavenging

Thiols naturally have an affinity to heavy metals, and nature makes use of this strong sulfur–metalbond to efficiently bind metal cofactors (Zn, Fe, etc.) to their corresponding apoprotein. As shown in
Scheme 6, ETP alkaloids in their reduced thiol form can form 2:1-complexes with Zn2+ (23) and thus
compete with enzymes (22) over the binding to this essential heavy metal.20 As the metal cofactors are
essential for the biological activity of the protein, the Zn2+-depleted protein 24 consequently becomes
inactive.

Scheme 6. Scavenging of heavy metals by ETP natural products.21

Chetomin (9) for example inhibits the binding between hypoxia-inducible factor (HIF-1) and the
transcription factor p300 by ejection of a Zn2+-cation from the CH1-domain of p300.21 The
conformational change in p300 then precludes the binding to HIF-1 and consequently the signal
transduction of the HIF-1 pathway is interrupted21 Chetomin (9) thus disrupts the cell’s reaction to
hypoxia and it is therefore considered to be an interesting lead structure for novel anti-proliferative
agents.22 From a therapeutic standpoint, the high affinity of ETPs to Zn2+ has been exploited for the
protection of sheep and cattle against the toxic effects (such as facial eczema, hepatotoxicity) of
sporidesmins. Sporidesmins are taken up by sheep and cattle if they eat pasture that is contaminated
with the ETP-producing fungus Pithomyces chartarum. Administration of soluble Zn2+ resulted in

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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a) R. D. Eichner, P. Waring, A. M. Geue, A. W. Braithwaite, A. Müllbacher, J. Biol. Chem. 1988, 263, 3772–3777;
b) h. Jiang, N. Newcombe, P. Sutton, Q. Lin, A. Mullbacher, P. Waring, Aust. J. Chem. 1993, 46, 1743–1754.
a) R. Munday, Chem. Biol. Interact. 1982, 41, 361–374; b) R. Munday, J. Appl. Toxicol. 1984, 4, 176–181.
P. Waring, M. Egan, A. Braithwaite, A. Mullbacher, A. Sjaarda, Int. J. Immunopharmacol. 1990, 12, 445–457.
K. M. Cook, S. T. Hilton, J. Mecinović, W. B. Motherwell, W. D. Figg, C. J. Schofield, J. Biol. Chem. 2009, 284,
26831–26838.
J. Kessler, A. Hahnel, H. Wichmann, S. Rot, M. Kappler, M. Bache, D. Vordermark, BMC Cancer 2010, 10, 605–615.
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significantly reduced occurrence of the poisonous effects of sporidesmins, possibly because it is
converting the ETP to its non-toxic Zn2+-complex.23 The affinity of ETPs to heavy metals in general,
and Zn2+ in particular, seems to play a major role in their mode of action because many enzyme targets
of ETPs are found to be associated with Zn2+ cations.21

1.1.4

Biosynthesis of ETP Natural Products

The 2,5-DKP core of all ETP natural products is derived from amino acids, with one of them
bearing an aromatic side-chain (phenylalanine, tyrosine, tryptophan). After the assembly of the
2,5-DKP core structure, the structure is further functionalized, sulfenylated, and matures into the final
ETP. Often these functionalization reactions include oxidations of the aromatic moieties which results
in the formation of polycyclic structures (see Table 1).24-26 Until today, the gene clusters that are
encoding the enzymes for the biosynthesis of sirodesmin (14),24 gliotoxin (1),25 and acetylaranotin
(35)26 have been elucidated, and based on analysis of homology to other genes, the presumed function
of many of these enzymes was assigned. In addition, the biosynthetic hypothesis was supported using
tools of biochemistry, such as gene deletion analysis, isotope labelling and isolation of shunt
products.27,28 The gene cluster (ata cluster) for the production of acetylaranotin (35) in Aspergillus
terreus NIH 2624 was studied intensively by WANG and coworkers as a representative example for the
biosynthesis of ETP natural products.26 Table 2 shows an overview over the ata gene cluster with the
location of the nine genes (green) that are responsible for the biosynthesis of acetylaranotin (35), as
well as genes that are not directly involved (blue).26 The functions of the genes were determined by
comparison with genes from other organisms, mostly from gliotoxin (1) producing Aspergillus
fumigatus.26

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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R. Munday, J. Appl. Toxicol. 1984, 4, 182–186.
D. M. Gardiner, A. J. Cozijnsen, L. M. Wilson, M. S. C. Pedras, B. J. Howlett, Mol. Microbiol. 2004, 53, 1307–1318.
D. M. Gardiner, B. J. Howlett, FEMS Microbiol. Lett. 2005, 248, 241–248.
C.-J. Guo, h.-H. Yeh, Y.-M. Chiang, J. F. Sanchez, S.-L. Chang, K. S. Bruno, C. C. C. Wang, J. Am. Chem. Soc. 2013,
135, 7205–7213.
For labeling experiments in the context of investigations of the biosynthesis of sirodesmin, see: a) J.-P. Ferezou, A.
Quesneau-Thierry, C. Servy, E. Zissmann, M. Barbier, J. Chem. Soc., Perkin Trans. 1 1980, 1739–1746; b) J. Bulock,
L. Clough, Aust. J. Chem. 1992, 45, 39–45.
For detailed studies of the biosynthesis of gliotoxin (1), see ref. 25 and: a) C. J. Balibar, C. T. Walsh, Biochemistry
2006, 45, 15029–15038; b) D. h. Scharf, N. Remme, T. Heinekamp, P. Hortschansky, A. A. Brakhage, C. Hertweck, J.
Am. Chem. Soc. 2010, 132, 10136–10141; c) C. Davis, S. Carberry, M. Schrettl, I. Singh, John C. Stephens, Sarah M.
Barry, K. Kavanagh, Gregory L. Challis, D. Brougham, S. Doyle, Chem. Biol. 18, 542–552; d) D. h. Scharf, N. Remme,
A. Habel, P. Chankhamjon, K. Scherlach, T. Heinekamp, P. Hortschansky, A. A. Brakhage, C. Hertweck, J. Am. Chem.
Soc. 2011, 133, 12322–12325; e) D. h. Scharf, P. Chankhamjon, K. Scherlach, T. Heinekamp, M. Roth, A. A.
Brakhage, C. Hertweck, Angew. Chem. Int. Ed. 2012, 51, 10064–10068.
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Table 2. Ata gene cluster of A. terreus for the acetylaranotin (35) biosynthesis, and putative functions of the genes.26

A. terreus Gene

Putative Function

ataP

non-ribosomal peptide synthetase

ataC

cytochrome P450 monooxygenase

ataIMG

carbon-sulfur lyase (ataI)
O-methylfransferase (ataM)
glutathione S-tranferase (ataG)

ataJ

dipeptidase

ataTC

sulfhydryl oxidase (ataT)
hydroxylase (ataC)

ataF

cytochrome P450 monooxygenase

ataH

acetyltransferase

ataY

benzoate-p-hydroxylase

The proposed biosynthetic pathway to acetylaranotin (35) is presented in Scheme 7.26 It was
deconvoluted by means of targeted deletion of each of the nine genes responsible for the acetylaranotin
production, followed by careful examination of metabolites that accumulated in the mutant strains. The
biosynthesis starts by dimerization of two molecules of phenylalanine by the non-ribosomal peptide
synthetase AtaP to furnish the 2,5-DKP core 25. In the ataP mutant strain of Aspergillus terreus NIH
2624, neither the production of diketopiperazine 25, nor of acetylaranotin (35) was observed, whereas
in all other mutant strains, diketopiperazine 25 was detected as intermediate.26 This suggests that
dimerization of phenylalanine represents the earliest step in the biosynthesis. The following five
transformations serve the purpose of introducing the disulfide bridge by the action of three enzymes to
furnish intermediate 30: First, the hydroxylase domain (AtaC) of the bi-modular AtaTC enzyme
hydroxylates the DKP core to give diol 26, which is then conjugated to GSH by the glutathione
S-transferase domain (AtaG) of AtaIMG to give DKP 27.26 The dipeptidase AtaJ then cleaves the
tripeptidic glutathione residue to cysteinyl residues providing 28. Both steps are proposed to be in
close analogy to the roles of the homologous proteins GliG and GliJ in the gliotoxin (1)
biosynthesis.28d,e Subsequently, the carbon-sulfur lyase domain (AtaI) of AtaIMG is assumed to
catalyze the cleavage of two C–S-bonds to yield thiol 29.26 Then, the sulfhydryl-oxidase domain AtaC
finishes the formation of the epidisulfide bridge furnishing ETP 30. Cytochrome P450 monooxygenase
AtaF is believed to subsequently catalyze the epoxidation of both aryls providing intermediate epoxide
31, which spontaneously undergoes nucleophilic opening by the amide nitrogens to construct the
pyrrolidine moieties in 32.26 Evidence for the role of AtaF was collected from the ataF-strain, which
fails to produce any intermediate containing the pyrrolidine moiety.26 Acetyl transfer by AtaH is then
followed by oxidation of the diene moieties of 33 to dihydrooxepins by the putative benzoate-phydroxylase AtaY to finish the biosynthesis of acetylaranotin (35).26 From the ataY mutant strain of
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Aspergillus terreus NIH 2624, shunt product 36 could be isolated, and the authors conclude that
dihydrooxepin formation by AtaY must occur after the formation of the pyrrolidine moietys by AtaF.29

Scheme 7. Proposed biosynthetic pathway for acetylaranotin (35) in Aspergillus terreus NIH 2624.26

1.1.5

Total Syntheses of 6–5–6–5–6-Membered ETP Natural Products

ETP natural products have attracted considerable attention from the scientific community, and for
12 out of the 14 different classes of ETPs, selected family members were already synthesized (see
Table 1).30 Most notably, the 6–5–6–5–6-membered ETP subfamily (for selected family members, see
Figure 1) was extensively studied in recent years due to their intriguing structures along with their
potent biological activities ranging from immunosuppressant (emethallicin E, 37),31 and anti-HIV
(epicoccin G, 39),32 over antifungal (haematocin, 38)33 to anticancer (scabrosin esters, 40).34 Landmark
total syntheses of members of this subclass of ETP alkaloids were published by NICOLAOU,37
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34

The isolation of the shunt product 36 does not rigorously exclude that dihydrooxepin formation occurs before formation
of the pyrrolidine moieties. For a definitive proof, it would be necessary to feed intermediate 36 to the ataP mutant
strain of Aspergillus terreus NIH 2624 and investigate, whether acetylaranotin (35) is formed. This would prove that
intermediate 36 is a precursor of acetylaranotin.
For an overview of total syntheses of ETP natural products, see refs. 2 and 3, and: J. Kim, M. Movassaghi, Acc. Chem.
Res. 2015, 48, 1159-1171.
The IC50 value of emethallicin E (37) for the histamine release inhibition in mast cells was determined as
IC50 = 0.1 M: N. Kawahara, K. Nozawa, M. Yamazaki, S. Nakajima, K. Kawai, Heterocycles 1990, 30, 507−515.
Epicoccin G (39) shows inhibition of HIV-1 replication in C8166 cells (IC50 = 13.5): h. Guo, B. Sun, h. Gao, X. Chen,
S. Liu, X. Yao, X. Liu, Y. Che, J. Nat. Prod. 2009, 72, 2115–2119.
Y. Suzuki, h. Takahashi, Y. Esumi, T. Arie, T. Morita, h. Koshino, J. Uzawa, M. Uramoto, I. Yamaguchi, J. Antibiot.
(Tokio) 2000, 53, 45–49.
a) M. A. Ernst-Russell, J. A. Elix, C. L. L. Chai, D. C. R. Hockless, A. M. Hurne, P. Waring, Aust. J. Chem. 1999, 52,
279–283; b) D. E. Williams, K. Bombuwala, E. Lobkovsky, E. D. de Silva, V. Karunatne, T. M. Allen, J. Clardy, R. J.
Andersen, Tetrahedron Lett. 1998, 39, 9579–9582.
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REISMAN,40 and TOKUYAMA45 (see following chapters) and a handful of synthetic approaches towards
these interesting targets were devised.35
The scabrosin esters (40) comprise a family of natural products with very potent anticancer
activities.34 They were first isolated in 1978 from the lichen Xanthoparmelia scabrosa by ELIX and
JONES, however, their original structure (41) was misassigned.36 Most significantly, the presence of the
epidisulfide was not noticed, instead, one equivalent of unsaturation was attributed to a C7–C7’ bond.
In 1998, the isolation of the so termed ambewelamides A (40b) and B (40c) from extracts of the lichen
Usnea sp. was reported by the group of ANDERSEN.34b This discovery prompted the group of ELIX to
reisolate the scabrosin esters from Xanthoparmelia scabrosa and reinvestigate their originally
proposed structure of scabrosin diacetate (41) based on modern multidimensional NMR spectroscopic
techniques and single-crystal X-ray diffraction.34a From these studies it was concluded that the
scabrosin esters and ambewelamides share the same core structure 40 and both natural products are
now termed scabrosin esters.34a

Figure 1. Selected members of the subgroup of 6–5–6–5–6-fused ETP natural products.

Scabrosin acetate butanoate (40b) displays potent anti-proliferative activity against the human
breast cancer cell line MCF7 (IC50 = 1.0 nM),34a and scabrosin dibutanoate (40a) has anti-neoplastic
acitivity against the murine leukemia cell line P388 (IC50 = 8.6 ng/mL).34b Finally, scabrosin diacetate
(6) inhibits thymidine incorporation in P815 mastocytomia cell lines at IC50 = 560 nM.34a However,
despite their potent anticancer activity, no total synthesis of any member of the family has been

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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36

Studies towards the total synthesis of the rostratins were published by the groups of BRÄSE and RAINIER: a) U. Gross,
M. Nieger, S. Bräse, Chem. Eur. J. 2010, 16, 11624–11631; b) S. Zhong, P. F. Sauter, M. Nieger, S. Bräse Chem. Eur.
J. 2015, 21, 11219–11225; c) Z. Liu, J. D. Rainier, Org. Lett. 2006, 8, 459–462; A study towards the total synthesis of
scabrosin diacetate (6) was published by DIVER, see: c) M. D. Middleton, B. P. Peppers, S. T. Diver, Tetrahedron 2006,
62, 10528–10540.
W. R. Begg, J. A. Elix, A. J. Jones, Tetrahedron Lett. 1978, 19, 1047–1050.
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reported to date.35c This is strongly contrasted by the efforts that were put forward for the total
synthesis of other related 6–5–6–5–6-membered ETP natural products (vide infra).

1.1.6

NICOLAOU’s Total Syntheses of Epicoccin, Gliotoxin, Haematocin and
Emetallicin E

The group of NICOLAOU disclosed a divergent synthesis strategy that allows accessing several
family members of the 6–5–6–5–6-fused ETP subgroup.37 Their strategy relies on an intriguing
PhI(OAc)2-mediated oxidative dearomatization of N-Boc tyrosine (42) to provide hexahydro-1Hindole 45 via intermediate spiro-dienone 43 (Scheme 8).38

Scheme 8. NICOLAOU’s total synthesis of epicoccin G (39).37b Reagents and conditions: a) PhI(OAc)2, MeOH, 68%;
b) NaHCO3, MeOH, RT, 75%; c) Ac2O (2.0 equiv), NEt3 (3.0 equiv), DMAP (20 mol%), CH2Cl2, RT, 4 h; d) Zn
(8.0 equiv), AcOH (2.0 equiv), MeOH, reflux, 30 min; e) DBU (5.0 equiv), PhMe, 65 °C 3 h, 51% (three steps);
f) CeCl3·7H2O (1.0 equiv), NaBH4 (1.1 equiv), MeOH, –78 °C 92%; g) TFA (32 equiv), CH2Cl2, RT, 30 min, 99%;
h) LiOH (1 M in H2O, 2.5 equiv), THF, RT, 3 h, 99%; i) 47 (1.0 equiv), 48 (1.0 equiv), BOP-Cl (1.0 equiv), NEt3
(3.0 equiv), RT, 15 h, 86%; j) TFA (32 equiv), CH2Cl2, RT, 90 min; then evaporation followed by NEt3 (5.0 equiv), RT,
15 h, 77% (two steps); k) TFAA (4.0 equiv), NEt3 (6.0 equv.), DMAP (30 mol%), MeCN, RT, 1 h, 69%; l) [Pd(PPh3)4]
(10 mol%), K2CO3 (2.1 equiv), dioxane, 65 °C 30 min, 90%; m) NaHMDS (5.0 equiv), S8 (8.0 equiv), THF, RT, 30 min;
then NaBH4 (25 equiv), THF–EtOH (1:1), 0 °C to RT, 45 min; then MeI (50 equiv), RT, 15 h, 34% (three steps); n) O2
(1 atm), TPP (2.0 mol%), h, CH2Cl2, –45 °C; o) DBU (10 equiv), CH2Cl2, 1 h, 0 °C 52% (two steps); p) H2 (1 atm),
Pd(OH)2/C (40 mol%), MeOH, RT, 1 h, 86%.

Treatment of dienone 43 with NaHCO3 in MeOH triggers the hydrolysis of the lactone moiety to
give alcohol 44 which undergoes a diastereoselective MICHAEL-addition to furnish hexahydro-1Hindole 45. Their approach thus resembles the biosynthetic formation of the pyrrolidine moieties in
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a) K. C. Nicolaou, M. Lu, S. Totokotsopoulos, P. Heretsch, D. Giguère, Y.-P. Sun, D. Sarlah, T. h. Nguyen, I. C. Wolf,
D. F. Smee, C. W. Day, S. Bopp, E. A. Winzeler, J. Am. Chem. Soc. 2012, 134, 17320–17332; b) K. C. Nicolaou, S.
Totokotsopoulos, D. Giguère, Y.-P. Sun, D. Sarlah, J. Am. Chem. Soc. 2011, 133, 8150–8153.
This reaction sequence was described previously by WIPF, see: P. Wipf, Y. Kim, Tetrahedron Lett. 1992, 33, 5477–
5480.
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acetylaranotin 35 by oxidative deraomatization of intermediate 30 by the AtaF enzyme, followed by
nucleophilic attack of nitrogen onto the epoxides of 31 to form the C–N-bond of the pyrrolidine (c.f.
Scheme 7). For the synthesis of epicoccin G, enone 45 was then elaborated into allylic alcohol 46,
which served as the precursor for the corresponding free amine 48 and the corresponding free acid 47.
The full core structure 49 of epicoccin was then assembled by a three-step diketopiperazine formation:
BOP-Cl mediated amide coupling between carboxylic acid 47 and amine 48 was followed by Bocdeprotection and subsequent second amide formation to furnish DKP 49. Dehydration to the tetraene
50 was then accomplished by formation of the bis(trifluoroacetate) and treatment with [Pd(PPh3)4] in
the presence of K2CO3. Subsequently, the DKP core was subjected to syn-methylthiolation according
to the procedure that was developed previously by the NICOLAOU group.39 Thus, treatment of
elemental sulfur with NaHMDS resulted in the formation of sulfenylation reagent 53, which formed an
epitetrasulfide upon exposure to tetraene 50 and excess NaHMDS. The intermediate epitetrasulfide
was then reduced in situ with NaBH4 to the corresponding 3,3’-bis(sulfhydryl)-DKP, followed by
methylation with MeI to furnish 3,3’-bis(methylthio)-ETP 51. Singlet oxygen DIELS-ALDER
cycloaddition provided intermediate endoperoxide 52, which underwent a consecutive regioselective
KORNBLUM-DELAMARE rearrangement upon exposure to DBU to yield a hydroxyenone. Subsequent
hydrogenation finished the total synthesis of epicoccin G (39). Epicoccin G was obtained in 14 steps
from commercial N-Boc tyrosine (42) and in 2% overall yield.
In a later paper, the NICOLAOU group showed that their advanced intermediate 45 serves as a
general building block to access multiple related ETP natural products, namely haematocin (38),
emetallicin E (37), and gliotoxin (1) (Scheme 9).37a The synthesis of the three natural products
commenced with the conversion of intermediate 45 into the diene 55 via Pd-mediated elimination of
allylic acetate 54. Singlet oxygen DIELS-ALDER cycloaddition followed by O–O-bond reduction with
thiourea furnished triol 56, and set the stage for a COREY-WINTER olefination via thiocarbonate 57 to
yield dienol 58. Dienol 58 contains the correct oxidation state and substitution pattern for the synthesis
of gliotoxin (1), as well as the dimeric ETPs emethallicin E (37) and haematocin (38).
For the preparation of the dimeric ETP natural products, dienol 58 was converted into its
corresponding free amine 60 and its corresponding free acid 59, after protecting group exchange from
N-Boc to N-Alloc. Subsequent DKP formation then furnished the C2-symmetric DKP 61, which was
sulfenylated to epitetrasuldide 62 according to the procedure that was already applied for the synthesis
of epicoccin G (cf. Scheme 8). DCC-mediated acylation with phenylacetic acid or acetic acid gave the
esters 63 and 64, respectively. Reduction of the tetrasulfide 63 with 1,3-propane dithiol furnished an
intermediate bis(hydrogensulfide), which was reoxidized in situ by molecular oxygen to the
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K. C. Nicolaou, D. Giguère, S. Totokotsopoulos, Y.-P. Sun, Angew. Chem. Int. Ed. 2012, 51, 728–732; for an overview
of different sulfenylation strategies of 2,5-diketopiperazines, see ref. 37a.

14

Towards the Total Synthesis of Scabrosin Diacetate and Related ETP Natural Products

epidisulfide present in emethallicin A (37). On the other hand, NaBH4 reduction of the tetrasulfide 64
followed by methylation of the intermediate bis(hydrogensulfide) finished the total synthesis of
haematocin (38).

Scheme 9. NICOLAOU’s total synthesis of emethallicin E (37),37a haematocin (38), and gliotoxin (1).37a Reagents and
conditions: a) CeCl3·7H2O (1.3 equiv), NaBH4 (2.0 equiv), MeOH, 0 °C 3 h, 99%; b) Ac2O (2.0 equiv), NEt3 (3.0 equiv),
DMAP (20 mol%), CH2Cl2, 0 °C 1 h, 91%; c) Pd(OAc)2 (2.0 mol%), PPh3 (10 mol%), NEt3 (1.2 equiv), PhMe, 110 °C 3 h,
86%; d) O2 (1 atm), TPP (0.4 mol%), hν, CH2Cl2, RT, 24 h, 73%; e) thiourea (2.0 equiv), MeOH, RT, 2 h, 84%;
f) TIPSOTf (1.1 equiv), NEt3 (2.0 equiv), CH2Cl2, 0 °C 30 min, 96%; g) CDI (1.2 equiv), PhMe, 110 °C 3 h, 90%;
h) P(OMe)3, reflux, 12 h, 82%; i) HCl (1.0 M in Et2O), CH2Cl2–Et2O (1:1), 0 °C 10 min, 98%; j) TFA–CH2Cl2 (2:5), RT,
4 h; then AllocCl (1.7 equiv), NaHCO3 (10.0 equiv), dioxane–H2O (1:1), RT, 3 h; then LiOH (1.0 M in H2O)–THF (1:1),
RT, 5 h, 84% (three steps), k) LiOH (1.0 M in H2O)–THF (6:1), RT, 99%; l) 59 (1.0 equiv), 60 (1.0 equiv) BOP-Cl
(1.1 equiv), DIPEA (3.0 equiv), CH2Cl2, RT, 15 h, 83%, m) Pd2(dba)3 (2.0 mol%), dppb (5.0 mol%), THF–Et2NH (2:1),
RT, 2 h, 84%; n) LiHMDS (40 equiv), S8 (37 equiv), THF, RT, 5 h, 46%, o) BnCO2H (30 equiv), DCC (30 equiv), DMAP
(3.0 equiv), CH2Cl2, RT, 15 h, 71%, p) AcOH (30 equiv), DCC (30 equiv), DMAP (3.0 equiv), CH2Cl2, RT, 15 h, 71%,
q) 1,3-propane dithiol (90 equiv), NEt3 (32 mol%), MeCN–CH2Cl2 (25:1), RT; then O2 (1 atm), MeOH, RT, 2 h, 54% (two
steps); r) NaBH4 (80 equiv), MeOH–pyridine (1:1), 0 °C; then MeI (485 equiv) RT, 4 h, 97% (two steps); s) 65 (2.0 equiv),
HATU (1.1 equiv), HOAt (1.1 equiv), DIPEA (3.0 equiv), CH2Cl2, RT, 15 h, 88%; t) TFA–CH2Cl2 (1:1), RT, 3 h; then
NEt3 (5.0 equiv), CH2Cl2, RT, 15 h, 63% (two steps); u) LiHMDS (8.0 equiv), S8 (8.0 equiv), THF, RT, 1.5 h, 23%.

The synthesis of glyotoxin (1) commenced by the diketopiperazine formation between acid 60 and
serine-derived silyl ether 65, and gave intermediate 66 in 55% yield with concomitant TBSdeprotection. The preparation of diketopiperazine 66 was followed by sulfenylation to finish the
synthesis of gliotoxin 1.
Overall, the NICOLAOU strategy for the synthesis of 6–5–6(–5–6)-membered ETP natural products
features an intriguing formation of their common pyrrolidine moiety by oxidative dearomatization of
N-Boc tyrosine (45), which is reminiscent of the ETP biosynthesis (cf. Chapter 1.1.4). Other salient
aspects of the group’s strategy are the use of singlet oxygen cycloadditions for the introduction of the
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correct oxidation state within the distal 6-membered rings, as well as the enolate sulfenylation reaction
of the central DKP core with tetrasulfide reagent 53. By the use of their strategy, the NICOLAOU group
was able to access several family members, and their approach thus offers the most flexible entry into
the class of 6–5–6–5–6-membered ETPs to date. However, the overall synthetic efficiency of their
approach suffers from a laborious formation of the diketopiperazine moiety that requires four synthetic
steps (deprotection at nitrogen, deprotection of the ester, coupling, and deprotection at nitrogen with in
situ amide bond formation) and hence lengthens the route significantly.

1.1.7

REISMAN’s Total Synthesis of Acetylaranotin

In 2011, the REISMAN group published the first total synthesis of the ETP acetylaranotin (35).40 The
natural product was first isolated from Arachniotus aureus, and displays a range of interesting
biological activities such as antifungal, antibacterial and anticancer.41 In their synthetic strategy
(Scheme 10), the REISMAN group started by assembly of the natural product’s pyrrolidine moieties
utilizing OH’s asymmetric Cu(I)/brucin-OL-catalyzed (2+3)-cycloaddition of iminoglycine 68 to
tert-butyl acrylate (67).42 Chiral pyrrolidine 69 was isolated in 39% yield and 98% ee after de-tertbutylation. For the synthesis of acetylaranotin’s dihydrooxepine-moieties, pyrrolidine 69 was first
subjected to Teoc-protection, followed by oxidative cleavage of the styryl residue to furnish
hemiacylal 71 in 77% yield. Subsequent chelation-controlled alkyne addition, MITSUNOBU-inversion,
and protection of the secondary alcohol as TBS-ether yielded 72, which was chlorinated in three steps
by means of oxidation, organocatalytic enamine-chlorination, and successive reduction to give alcohol
73. In their key step, the REISMAN group employed a rhodium-catalyzed, intramolecular
hydroetherification to provide tetrahydrooxepin 74 in 88% yield under the conditions that were
recently reported by TROST for the synthesis of indoles from 2-amino arylacetylenes.43 From there, the
dihydrooxepin moiety was completed by elimination of the tertiary chloride with LiCl and Li 2CO3 in
DMF at 100 °C, to furnish the free acid 75 after hydrolysis of the ethyl ester by the protocol initially
developed by NICOLAOU (Me3SnOH, DCE, 80 °C).44 BOP-Cl-mediated coupling of the free acid 75
with amine 76 gave a dipeptide, which was closed to the corresponding 2,5-diketopipoerazine by a
second spontaneous peptide coupling upon TBAF-induced Teoc deprotection, to finish the full core
structure 77 of acetylaranotin. Interestingly, this step proceeds with complete and selective inversion of
the stereocenters at C3 and C3’ so that 77 is obtained as a single diastereoisomer. However, it is not
clear if the epimerization step occurs before or after the second amide-bond formation to give 77.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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J. A. Codelli, A. L. A. Puchlopek, S. E. Reisman, J. Am. Chem. Soc. 2012, 134, 1930–1933.
a) K. C. Murdock, J. Med. Chem. 1974, 17, 827–835; b) E. J. Choi, J. S. Park, Y. J. Kim, J. h. Jung, J. K. Lee, h. C.
Kwon, h. O. Yang, J. Appl. Microbiol. 2011, 110, 304–313.
H. Y. Kim, h.-J. Shih, W. E. Knabe, K. Oh, Angew. Chem. Int. Ed. 2009, 48, 7420–7423.
B. M. Trost, A. McClory, Angew. Chem. Int. Ed. 2007, 46, 2074–2077.
K. C. Nicolaou, A. A. Estrada, M. Zak, S. h. Lee, B. S. Safina, Angew. Chem. Int. Ed. 2005, 44, 1378–1382.
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Lastly, enolate sulfenylation with the NICOLAOU method (NaHMDS/S8)39 furnished an epitetrasulfide
that was converted to acetylaranotin (35) by O-acetylation, reduction to the bis(thiol) and reoxidation
to the epidisulfide by dioxygen.

Scheme 10. REISMAN’s total synthesis of acetylaranotin (35).40 Reagents and conditions: a) 67 (1.5 equiv), CuI (10 mol%),
70 (10 mol%), DBU (10 mol%), CHCl3, 0 °C 24 h, 50%; b) Et3SiH (5.0 equiv), TFA–CH2Cl2 (1:2.5), RT, overnight, 77%;
c) TeocOSu (1.5 equiv), NEt3 (3.0 equiv), dioxane–H2O (1:1) RT, overnight, 83%; d) O3, CH2Cl2, –78 °C; then Me2S
(40 equiv), RT, overnight, 93%; e) EthinylMgBr (5.0 equiv), THF, –78 °C to 0 °C 20 min; then PPh3 (3.0 equiv), DIAD
(2.0 equiv), CH2Cl2, RT, overnight, 79%; f) NaBH4 (4.0 equiv), EtOH, RT, 2 h, 86%; g) TBSOTf (2.5 equiv), 2,6-lutidine
(5.0 equiv), CH2Cl2, 0 °C 1.5 h, 85%; h) AcOH–THF–H2O (3:1:1), RT, 6 h, 79%; i) DMP (2.0 equiv), pyridine
(10.0 equiv), CH2Cl2, 3.5 h, 93%; j) NCS (2.5 equiv), pyrrolidinium trifluoroacetate (2.0 equiv), CH2Cl2, RT, 30 h; then
NaBH4 (10 equiv), EtOH, RT, 1.5 h, 93% (two steps); k) [Rh(cod)Cl]2 (5.0 mol%), P(4-C6H5F)3 (60 mol%), DMF, 85 °C,
26 h, 88%; l) LiCl (60 equiv), Li2CO3 (120 equiv), DMF, 100 °C 75 h, 53%; m) Me3SnOH (10 equiv), DCE, 80 °C 30 h,
90%; n) TBAF (4.0 equiv), THF, 0 °C 2.5 h, 84%; o) LiCl (60 equiv), Li2CO3 (120 equiv), DMF, 100 °C 48 h, 65%; p) 76
(1.1 equiv), 75 (1.0 equiv), BOP-Cl (5.0 equiv), NEt3 (10 equiv), CH2Cl2, RT, 24 h, 87%; q) TBAF·(tBuOH)4 (7.7 equiv),
MeCN, 70 °C 2.5 h, 76%; r) NaHMDS (60 equiv), S8 (10 equiv), THF, RT, 50 min, 40%; s) AcCl (15 equiv), DMAP
(25 equiv), CH2Cl2, RT, 30 min, 70%; t) 1,3-propane dithiol (100 equiv), NEt3 (33 mol%), MeCN, RT, 20 min; then O2
(1 atm), AcOEt–MeOH (1:2), RT, 6 h, 45%.

In summary, the REISMAN group’s strategy to acetylaranotin (35) relies on a key (2+3)cycloaddition for the formation of the pyrrolidine moiety 69, followed by annulation of the
dihydrooxepin section by means of intramolecular alkyne hydroetherification and subsequent
elimination to furnish the monomeric unit 75 of acetylaranotin. Strategically similar to the approach of
NICOLAOU (cf. Scheme 8 and Scheme 9), the monomeric units were then joined together to furnish 77
and subsequently sulfenylated to complete the synthesis of acetylaranotin (35).

1.1.8

TOKUYAMA’s Formal Total Synthesis of Acetylaranotin

Shortly after the REISMAN group’s synthesis of acetylaranotin (cf. Scheme 10), TOKUYAMA’s lab
reported another synthetic route to the same target that is relying on a BAEYER-VILLIGER-oxidation
strategy to construct the sensitive dihydrooxepin moiety (Scheme 11).45 Their synthesis commenced
with enone 78 that was prepared by oxidative dearomatization of N-Cbz-tyrosine, according to the

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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H. Fujiwara, T. Kurogi, S. Okaya, K. Okano, h. Tokuyama, Angew. Chem. 2012, 124, 13239–13242.
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same procedure as reported for N-Boc-tyrosine by NICOLAOU (cf. Scheme 8). Nucleophilic epoxidation
of enone 78 under WEITZ-SCHEFFER-conditions46 yielded epoxyketone 79, which was subjected to
WHARTON-transposition47 to give isomeric enone 80 after oxidation with DESS-MARTIN-Periodinane
(DMP).

Scheme 11. TOKUYAMA’s formal total synthesis of acetylaranotin (35).45 Reagents and conditions: a) H2O2 (5.2 equiv),
NaOH (4 M in H2O, 10 mol%), MeOH, 0 °C, 15 min, 97%; b) NH2NH2·H2O (2.0 equiv), AcOH (cat.), CH2Cl2, RT, 11 h,
55%; c) DMP (1.3 equiv), NaHCO3 (2.6 equiv), CH2Cl2, 0 °C, 2 h, 97%; d) TMSOTf (3.0 equiv), DIPEA (4.4 equiv),
CH2Cl2, RT, 5 min; e) DMDO, CH2Cl2–acetone (1:1), –78 °C, 30 min; then silica gel, 56% (over 2 steps); f) TBSOTf
(1.3 equiv), 2,6-lutidine (5.0 equiv), CH2Cl2, 0 °C, 25 min, 75%; g) TFAA (10 equiv), H2O2·urea (40 equiv), –20 °C, 10 h,
53% (after 4 resubjections); h) KHMDS (1.2 equiv), PhNTf2 (1.1 equiv), THF, –78 °C, 30 min, 77%; i) nBu3N (5.0 equiv),
HCO2H (3.0 equiv), Pd(OAc)2 (20 mol%), PPh3 (40 mol%), DMF, 65 °C, 15 min, 94%; j) KOH (2 M)–MeOH–THF
(1:1:1), RT, 1.5 h, quant.; k) Et3SiH (5.0 equiv), NEt3 (40 mol%), Pd(OAc)2 (20 mol%), CH2Cl2, reflux, 80 min, 91%; l) 85
(1.7 equiv), 84 (1.0 equiv), BOP-Cl (5.0 equiv), NEt3 (10 equiv), CH2Cl2, RT, 24 h, 83%; m) Et3SiH (7.0 equiv), NEt3
(40 mol%), Pd(OAc)2 (20 mol%), CH2Cl2, reflux, 2 h, 78%; n) TBAF (6.0 equiv), THF, RT, 9 h, 74%; o) PhI(OAc)2
(3.6 equiv), 87 (24 mol%), CH2Cl2, RT, 3.3 h, 93%; p) CeCl3·7H2O (5.2 equiv), NaBH4 (2.8 equiv), CH2Cl2–EtOH (13:1),
–78 °C, 3 h, 69%.

-Oxidation of enone 80 was achieved by silyldienolether formation, followed by treatment with
DMDO and furnished silylether 81 after TBS-protection. Interestingly, the -oxidation of intermediate
80 proceeds from the more hindered concave face of the molecule and thus installs the stereocenter at
C7 in the opposite configuration of the natural product. In their key step, the TOKUYAMA group
subjected enone 81 to BAEYER-VILLIGER-oxidation with in situ prepared trifluoroperacetic acid to give
-lactone 82.48 The completion of the dihydrooxepine moiety was then achieved by enol triflate
formation with KHMDS and PhNTf2, and subsequent Pd-catalyzed hydro-detriflation with
tributylammonium formate. Diketopiperazine formation in four steps completed the core structure 86
of the target compound, albeit with inverted configuration at the carbons C5 and C5’. Both
stereocenters were inverted by a sequence involving TBS-deprotection, oxidation with PhI(OAc)2 and
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E. Weitz, A. Scheffer, Chem. Ber. 1921, 54, 2327–2344.
For the original publication, see: a) P. Wharton, J. Org. Chem. 1961, 26, 4781–4782; for an overview of the WHARTON
transposition, see: b) C. Dupuy, J. L. Luche, Tetrahedron 1989, 45, 3437–3444.
For the original publication, see: a) A. Baeyer, V. Villiger, Chem. Ber. 1899, 32, 3625–3633; for a review on the
BAEYER-VILLIGER-oxidation, see: b) M. Renz, B. Meunier, Eur. J. Org. Chem. 1999, 1999, 737–750.

18

Towards the Total Synthesis of Scabrosin Diacetate and Related ETP Natural Products

the modified TEMPO-reagent 87, and NaBH4-reduction; so that REISMAN’s intermediate 77 was
intercepted. The same sequence consisting of tetrasulfenylation, O-acetylation and formation of the
epidisulfide completed the total synthesis of acetylaranotin (35).
In summary, the TOKUYAMA route to acetylaranotin combines elements from NICOLAOU’s unified
strategy to ETP natural products (cf. Scheme 8 and Scheme 9) and REISMAN’s approach to
acetylaranotin (Scheme 10): It starts with same oxidative dearomatization as NICOLAOU and intercepts
REISMAN’s intermediate 77. However, their strategy to introduce the dihydrooxepine moiety relies on a
key WHARTON-transposition of epoxide 79 to obtain enone 80, which was further elaborated by a
strategic BAEYER-VILLIGER-oxidation and enol triflate defunctionalization to give the monomeric
building block 83 of acetylaranotin.

1.1.9

DIVER’S Studies Towards the Total Synthesis of Scabrosin Diacetate

Despite the intriguing biological activities of the scabrosin esters (see Chapter 1.1.5), and even
though significant efforts were put forward to the synthesis of other members of the 6–5–6–5–6-fused
ETP family (vide supra), a total synthesis of the scabrosin esters (40) was not reported to date.
However, the group of DIVER published their synthetic strategy directed towards the access of these
elusive ETP natural products (Scheme 12).6 Their strategy towards the scabrosin-like intermediate 95
starts by propargylation of glycine imine 88 by asymmetric ion-pairing catalysis with the quininederived phase-transfer catalyst 97,49 to give amino acid 89 after Fmoc-protection under SCHOTTENBAUMANN-conditions.

Scheme 12. DIVER’s synthesis strategy directed towards the scabrosin esters (40).6 Reagents and conditions: a) propargyl
bromide (1.2 equiv), KOH (50% in H2O, 18 equiv), 97 (5 mol%), PhMe–CHCl3 (2.4:1), RT, 14 h; b) citric acid (15% in
H2O)–THF (2:1), RT, 12 h, 77%; c) Fmoc-Cl (1.1 equiv), Na2CO3 (10% in H2O)–THF (1:1), RT, 16 h, 76%; d) 1,5cyclooctadiene (5.9 equiv), 96 (14 mol%), CH2Cl2, reflux, 10 h, 68%; e) LiCl (2.0 equiv), LiOAc·2H2O (50 mol%),
benzoquinone (2.0 equiv), Pd(OAc)2 (5.0 mol%), AcOH, RT, 15 h, 24%; f) DBU (1.0 equiv), PhMe, RT, 1 h; then DBU
(1.0 equiv), MeCN, 50 °C, 36 h, 56% (two steps); g) TFA–CH2Cl2 (1:1), RT, 12 h; then TMSCHN2 (36 equiv), CH2Cl2–
MeOH (1:1), RT, 8 h, 84% (two steps); h) TFA–CH2Cl2 (1:1), RT, 8 h; then Boc2O (1.2 equiv), Na2CO3 (10% in H2O)–
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THF (1:1), RT, 11 h, 96%; i) 93 (1.0 equiv), 94 (1.0 equiv), BOP-Cl (1.5 equiv), NEt3 (2.0 equiv), CH2Cl2, RT, 18 h, 60%;
j) TFA–CH2Cl2 (1:5), RT, 90 min; then NEt3 (4.9 equiv), CH2Cl2, RT, 24 h, 49%.

Subsequent tandem enyne metathesis-ring closing metathesis with 2nd generation HOVEYDAGRUBBS catalyst (96) elegantly furnished the cyclohexadiene 90 in 68% yield. Formation of the
target’s pyrrolidine moieties was then affected by BÄCKVALLS chloro-acetoxylation,50 followed by
subsequent intramolecular nucleophilic displacement of the allylic chloride 91 with concomitant Fmoc
deprotection to yield 92. Four additional steps then finished the synthesis of 95, which is reminiscent
of the scabrosin esters (40). However, DIVER’s approach lacks the possibility to introduce the epoxide
functionality common to all scabrosin esters and hence does not allow finishing the target utilizing the
same route.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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a) J.-E. Bäckvall, R. E. Nordberg, J.-E. Nyström, Tetrahedron Lett. 1982, 23, 1617–1620; b) J. E. Baeckvall, J. E.
Nystroem, R. E. Nordberg, J. Am. Chem. Soc. 1985, 107, 3676–3686; c) J. E. Baeckvall, P. G. Andersson, J. Am. Chem.
Soc. 1990, 112, 3683–3685; d) J. E. Baeckvall, P. G. Andersson, J. Am. Chem. Soc. 1992, 114, 6374–6381.
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1.2

Aims and Scope

Due to the intriguing structures of 6–5–6–5–6-membered ETP natural products along with their
interesting biological profile, we decided to initiate a research project targeted at the total synthesis of
scabrosin diacetate (6) and structurally related ETPs. On the basis of structural similarity of
6–5–6–5–6-membered ETPs, it was aimed at a synthetic strategy that would allow for a unified
approach towards this family of ETP natural products starting from a common late stage intermediate.

1.2.1

Synthetic Planning

The ease of access to, and functionalization of oxabicyclo[2.2.1]hept(a/e)nes has led to their use as
valuable intermediates for organic (total) synthesis.51 In 2009, CARREIRA and SCHINDLER reported the
intramolecular nucleophilic opening of oxabicylco[2.2.1]hetp(a/e)nes 98 with TMSOTf/NEt3 to give
octahydroindoles or hexahydroindoles 99 at ambient temperature and in high yields (Figure 2).52 Based
on these findings, they reported the total synthesis of microcin SF608 (100) relying on this key
transformation for the construction of its octahydroindole-moiety.53 The reaction is driven by the
release of the significant ring strain of the bicycle 98 over the course of the reaction, which is
estimated

to

be

around

oxabicylco[2.2.1]heptenes.

54

18 kcal/mol

for

oxabicylco[2.2.1]heptanes

and

27 kcal/mol

for

This ring strain renders the latter to be as reactive as epoxides

(27 kcal/mol ring strain in ethylene oxide),55 and conclusively explains the ease with which these
substrates undergo the nucleophilic displacement shown in Figure 2.

Figure 2. Synthesis of (octa/hexa)hydroindoles (99) by ring-opening of oxabicyclo[2.2.1]hept(a/e)nes (98) developed by
CARREIRA and SCHINDLER.52
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a) P. Chiu, M. Lautens, “Using ring-opening reactions of oxabicyclic compounds as a strategy in organic synthesis”, in
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For the synthetic strategy towards 6–5–6–5–6-membered ETPs, we planned to access late stage
intermediate 101, which exhibits all necessary structural features for its conversion into scabrosin
diacetate (6), haematocin (38), or acetylaranotin (35) as depicted in Scheme 13. For the synthesis of
core structure 101, we planned to access both hexahydroindoles simultaneously by bidirectional
opening of bis(oxabicyclo[2.2.1]heptene) 102 according to the strategy of CARREIRA and SCHINDLER.52
101, in turn, we planned to obtain by double alkylation of a preassembled 2,5-diketopiperazine 104 or
a surrogate thereof with electrophilic synthon 103. Oxabicyclo[2.2.1]heptenes such as 103, could be
efficiently obtained by DIELS-ALDER-cycloaddition of furan to a suitable olefin.51,54b

Scheme 13. Retrosynthetic strategy towards scabrosin diacetate (6) via pivotal intermediate 101.

The introduction of a preassembled diketopiperazine 104 along with the bidirectional construction
of the hexahydroindole core structure incorporates a significant advantage. Previous approaches by
NICOLAOU (Scheme 8 and Scheme 9), REISMAN (Scheme 10), and TOKUYAMA (Scheme 11) require
four synthetic steps (deprotection at nitrogen, deprotection of the ester, peptide coupling, and
deprotection at nitrogen with in situ amide bond formation) for the construction of the diketopiperazine
moiety that joins the two symmetry equivalent 6–5-fragments of the target molecules. Consequently,
the introduction of a preassembled DKP fragment would significantly shorten the route to the core
fragment.
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1.3

Results and Discussion56

1.3.1

First Generation Approach Towards Scabrosin Diacetate

As a first generation retrosynthetic strategy, the core structure of scabrosin diacetate (6) was
thought to be accessible by selective bidirectional nucleophilic opening of the oxabicyclo[2.2.1]substructure in intermediate 105 (Scheme 14, top). Diketopiperazine 105 was traced back to allylic
bromide 106, by double alkylation of a preassembled 2,5-DKP surrogate 104.

Scheme 14. First generation retrosynthetic strategy towards scabrosin diacetate (6, top), and rate constants of
intramolecular SN2-reactions of -amino--bromoalkanes.57

It was anticipated that selective opening of the oxabicyclo[2.2.1]-moieties over the epoxides could
be achieved on the basis of the following arguments: Firstly, in their systematic study of ring-closing
reactions of -amino--bromoalkanes (107), FREUNDLICH and KROEPELIN found that formation of the
five-membered pyrrolidine (109) is faster than formation of the six-membered piperidine (111) by four
orders of magnitude (Scheme 14, bottom).57 Despite the higher ring-strain in transition state 108
compared to transition state 110, the reaction to give pyrrolidine (109) profits from a less negative
activation entropy in the transition state as well as a better orbital alignment between the lone-pair on
nitrogen and the empty -orbital of the sp2-hybridized carbon that is formed from the former *(C–
Br)-orbital along with the expulsion of the leaving group. Secondly, the bridgehead oxygen is in an
allylic position and is thus activated towards nucleophilic displacement, moreover -allyl chemistry
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under Rh-, Pd-, or Ir-catalysis may be exploited for the selective opening of the oxybridge in
compound 105.58,59
For the preparation of allylic bromide 106, we envisioned a DIELS-ALDER-reaction of furan (112)
and -bromoacrylic acid (113, Scheme 15). Noteworthy, furan undergoes [4+2]-cycloadditions only
sluggishly, because aromatic stabilization is lost over the course of the reaction. Not only does this
result in significantly higher activation energies compared to DIELS-ALDER-cycloadditions of other,
non-aromatic dienes,60 but the reactions are also much less exothermic. As a result, many relatively
unreactive dienophiles react via electrophilic aromatic substitution instead of [4+2]-cycloaddition.61 In
the light of furan’s aromatic stability, it is also not surprising that retro-DIELS-ALDER reactions are
commonly observed in bicyclo[2.2.1]heptenes (for an example, see Chapter 1.3.3),62 and as a
consequence, many [4+2]-cycloadditions of furan are thermodynamically controlled.63 By virtue of
furan’s low reacitvity, LEWIS-acid catalysis has to be employed for most dienophiles to reduce the
activation barrier. Additionally, furan is often used as (co)-solvent to achieve adequate reaction rates
and to drive the reaction to completion. For the synthesis of intermediate 114, -bromoacrylic acid
was treated with catalytic amounts of BH3·THF in furan at 5 °C for 24 h, and cycloadduct 114 was
obtained in 74% yield, and 1.8:1 dr after formation of the corresponding methyl ester.64

Scheme 15. Attempted preparation of allylic bromide 106. Reagents and conditions: a) BH3·THF (10 mol%), furan, 5 °C,
overnight; then MeI (2.0 equiv), K2CO3 (1.5 equiv), MeCN–DMSO (3:1), RT, overnight, 74% (two steps); b) mCPBA
(2.0 equiv), CH2Cl2, 40 °C, overnight, quant.; c) LiAlH4 (1.0 equiv), THF, 26%; d) mCPBA (2.0 equiv), CH2Cl2, RT,
overnight, 90%; e) NaH (1.5 equiv), THF, RT, 30 min, 90%.
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For an overview of transition metal-catalyzed enantioselective ring-opening reactions of oxabicylic alkenes, see: a) M.
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2001.
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Addition of BH3·THF results in formation of the triacyloxyborane (a boronic acid-carboxylic acid

mixed anhydride) 117, in which the electrophilicity of the double bond is enhanced by means of
conjugation of the lone-pair on oxygen with the empty -orbital on boron.65 After DIELS-ALDERcycloaddition between 117 and furan, catalyst turnover is ensured through exchange of
acyloxysubstituents on boron. Subsequent treatment of 114 with mCPBA resulted in the
diastereoselective formation of epoxide 115, in which the epoxidation has occurred from the exo-face
as evident by the absence of a coupling between the two orthogonal protons H1 and H2. 66 We then
attempted to convert epoxide 115 into ,-unsaturated ester 116 by -elimination. Unfortunately,
under every condition investigated (KHMDS, LDA, tBuOK, DBU, Ag2O) to produce the desired ester
116, only decomposition of the starting material or no reaction was observed. As an alternative
strategy, -bromoester 114 was reduced (LiAlH4, THF) to the corresponding alcohol 118, which was
obtained as single diastereoisomer in 26% yield after chromatographic separation from its
corresponding epimer. Subsequent epoxidation with mCPBA gave epoxide 119 in 90% yield, which
furnished bis(epoxide) 120 after treatment with NaH in THF at 0 °C. Although tetracyclic compound
120 was anticipated to be severely strained, and hence the elimination to allylic alcohol 121 was
assumed to be facile on the basis of strain release, only unreacted starting material was observed after
treatment with LiHMDS, LDA or LiNEt2, even at ambient temperature.67
As a consequence of the unsuccessful elimination reactions to introduce the desired double bond
into the oxanorbornane-derivatives 115 and 120, the attention was turned to an enolizationfunctionalization approach. After literature survey, it was found that the group of VOGEL obtained
TMS-enol ether 124 by treatment of ketone 122 with LDA at –78 °C, followed by addition of TMSCl
to the enolate solution (Scheme 16, top).68 Somewhat unexpectedly, enolate 123 was stable at low
temperatures for over 1 h and did not undergo -elimination of the strained oxybridge. Their result
prompted us to investigate the formation of enol triflate 129a en route to the formation of allylic
alcohol 106 by hydroxymethylation of 129a,69 or by direct preparation of the desired intermediate 105
by means of double Pd-catalyzed cross coupling with a reagent such as 130 (Scheme 16, bottom).
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The formation of triacyloxyboranes such as 117 is the reason for the selective reduction of carboxylic acids over esters
by BH3: BH3 is reactive enough to reduce the in situ formed triacyloxyborane, however, it is not reactive enough for the
reduction of an ester, see N. M. Yoon, C. S. Pak, h. C. Brown, S. Krishnamurthy, T. P. Stocky, J. Org. Chem. 1973, 38,
2786–2792.
This phenomenon is well known for endo-protons in norbornene-derivatives, and is similarly observed in
oxabicyclo[2.2.1]heptanes, see: J. C. Davis, T. V. Van Auken, J. Am. Chem. Soc. 1965, 87, 3900–3905.
For an overview of base-promoted epoxide-isomerizations, see: J. K. Crandall, M. Apparu, “Base-Promoted
Isomerizations of Epoxides”, in Organic Reactions, Editors: W. G. Dauben, et. al., John Wiley & Sons, Inc., 2004, Vol.
29, 345–443.
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Following this strategy, epoxyketone 128 was prepared according to the procedure of VOGEL.70 In the
event, a sequence of ZnI2-catalyzed DIELS-ALDER-cycloaddition between -acetoxyacrylonitrile (124)
and furan furnished adduct 126. Subsequent epoxidation with mCPBA, and hydrolysis of the
cyanohydrin 127 provided epoxyketone 128 in 34% overall yield.

Scheme 16. VOGEL’s enolization of tricyclic ketone 122,68 and attempted formation of enol triflate 129a. Reagents and
conditions: a) ZnI2 (30 mol%), furan (2.0 equiv), neat, RT, 5 d, 56%; b) mCPBA (1.5 equiv), CH2Cl2, reflux, overnight,
quant.; c) NaOMe (1.20 equiv), formaldehyde (36% in H2O, 3.0 equiv), MeOH, RT, 50 min, 66%.

With ketone 128 in hand, the stage was set for the investigation of the formation of the
corresponding enol triflate 129a. However, deprotonation with a variety of amide bases (KHMDS,
LiHMDS, LDA) and quench of the reaction mixture with either PhNTf2 or the more reactive COMINS’
reagent71 resulted exclusively in decomposition of the starting material 128. This observation was
independent of the addition of HMPA (6 equiv) to the reaction mixture in conjunction with
LiHMDS,72 or the use of internal quenching techniques, i.e. addition of the amide base to a mixture of
the ketone 128 and PhNTf2. Subsequently, enol triflate formation by the action of Tf2O in the presence
of weaker bases (pyridine, 2,6-di-tert-butyl-4-methylpyridine, NEt3, DIPEA) was examined, but again
only decomposition of the starting material was observed. Presumably, the LEWIS-acidity of Tf2O or
the [Tf–amine]+-adduct was too pronounced to be compatible with the strained and sensitive substrate
128. As a control experiment, the formation of the TBS-enol ether 129b was attempted under similar
conditions as those of VOGEL for ketone 122. However, formation of 129b was not observed upon
treatment of 128 with LiHMDS followed by TBSCl. From these results it was concluded that the total
ring strain of compound 129 presumably precludes its formation. This becomes apparent by
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K. A. Black, P. Vogel, Helv. Chim. Acta 1984, 67, 1612–1615.
N-(5-Chloro-2-pyridyl)bis(trifluoromethanesulfonimide), see: D. L. Comins, A. Dehghani, Tetrahedron Lett. 1992, 33,
6299–6302.
For an overview of the use of HMPA in enolate chemistry, see: R. R. Dykstra, “Hexamethylphosphoric Triamide”, in
Encyclopedia of Reagents for Organic Synthesis, John Wiley & Sons, Ltd, 2001.
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comparison with the ease of formation of the less strained silyl enol ether 124 by VOGEL. Compound
129a is presumably even more strained than norbornadiene (35 kcal/mol ring strain)54a due to the
presence of the epoxide, whereas enol silane 124 is likely to possess a ring strain similar to norbornene
(27 kcal/mol).54a Hence, the formation of enol triflate 129a is assumed to be much more difficult
compared to enol silane 124 and consequently its isolation under the reaction conditions investigated
was not possible.
After the unsuccessful elimination of the bromide in 115 (Scheme 15), we speculated that a switch
in mechanism from an E2-elimination to an E1cb-elimination might allow for the desired formation of
the double bond. Along these lines, DIELS-ALDER-cycloadduct trans-132, in which the bromide was
moved to the -position compared to compound 114, was prepared from -bromoacrylic acid (131)
and furan employing BH3-catalysis (Scheme 17). Epoxidation with mCPBA yielded exo-epoxide
trans-133 in 85% yield, setting the stage for the E1cb-elimination of the bromide. Indeed, treatment
with DBU in Et2O at ambient temperature cleanly furnished the previously inaccessible
,-unsaturated ester 116 in 79% yield.

Scheme 17. Preparation of allyl bromide 137. Reagents and conditions: a) BH3·THF (10 mol%), furan–CH2Cl2 (3:1), 5 °C,
overnight; then MeI (3.0 equiv), NaHCO3 (3.0 equiv), DMF, RT, overnight, 76% (two steps); b) mCPBA (4.0 equiv),
CH2Cl2, 40 °C, 5 h, 85%; c) DBU (2.5 equiv), Et2O, RT, 3 h, 79%; d) OsO4 (10 mol%), H2O2 (30% in H2O, 3.9 equiv),
MeSO3NH2 (5.0 mol%), MeCN–H2O (4:1), 40 °C, 5 h; then 2,2-dimethoxypropane (10 equiv), pTsOH (10 mol%), acetone,
RT, 1 h; then NEt3, evaporation, 34% (134) and 40% (135); e) DIBAL-H (2.2 equiv), PhMe, 0 °C, 10 min, 62%; f) MsCl
(1.0 equiv), NEt3 (1.5 equiv), THF, 0 °C; then LiBr (2.50 equiv), RT, 45 min, 95%.

Next, the reduction of 116 to the desired allylic alcohol 121 was examined. Unfortunately,
treatment of 116 with various reducing agents (LiAlH4, DIBAL-H, Red-Al, HLi(sBu)3, LiBH4)
resulted in complete decomposition of the starting material. Hydrolysis of 116 to the corresponding
carboxylic acid (not shown) was achieved by treatment with NaOH in H2O–THF as evident by the
disappearance of the methyl ester signal in the 1H NMR spectrum. However, reduction of the highly
sensitive acid could neither be achieved by BH3·THF, nor by activation to the acid chloride
((COCl)2/cat. DMF) or the mixed anhydride (iso-butyl chloroformate/N-methylmorpholine) and
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subsequent LiBH4-reduction. Again, we believe that ring strain in compound 116 is too significant, so
that the molecule readily decomposes when exposed to reactive reagents. Based on this ring strain, it is
not surprising that upon treatment of 116 with LiOH in MeOH in an attempt to hydrolyze the ester, we
did not observe the formation of the expected carboxylic acid but rather exclusive formation of the side
product 138 at ambient temperature. For the formation of 138, the weakly nucleophilic lithium
methoxide must have added in a 1,4-fashion to the acrylic ester moiety. This behavior might be
explained by the release in ring strain and the thus induced high reactivity of the MICHAEL-acceptor
116.
In order to circumvent this problem, we decided to prepare the less strained acetonide 135 from
DIELS-ALDER-adduct trans-132. Later, the syn-diol moiety could be easily converted into the desired
epoxide by the action of MOFFAT’s reagent.73 Treatment of olefin trans-132 with OsO4 and H2O2 in
MeCN–H2O at 40 °C gave the unpurified diol,74 which was directly protected as the corresponding
acetonide by 2,2-dimethoxypropane and pTsOH. Quenching with triethylamine yielded – after flash
column chromatography – a mixture of bromide 134 and olefin 135. Close inspection of the 1H NMR
spectrum of 134 revealed that the compound was a single diastereoisomer with the configuration
depicted in Scheme 17 (box). Apparently, the other diastereoisomer of 134 has selectively undergone
elimination to olefin 135 upon quenching of the reaction mixture with NEt3 followed by evaporation.
In accordance with our hypothesis we were pleased to find that reduction of ,-unsaturated ester 135
was smoothly achieved by treatment with DIBAL-H in CH2Cl2 at 0 °C, and afforded the corresponding
allylic alcohol 136 in 56% yield. Under optimized conditions in toluene, the yield could be even
improved to 62%. This result in comparison to the unsuccesful reduction of epoxide 116 suggests that
ring strain might be a major determinant for the observed decomposition during treatment of 116 with
various reducing agents. With allylic alcohol 136 in hand, the stage was set for the conversion to its
corresponding bromide 137. The transformation was achieved by the formation of the methane
sulfonate, followed by treatment with anhydrous LiBr in a one-pot reaction, to furnish the desired
compound 137 in 95% yield.
After the preparation of allylic bromide 137, we set out for the alkylation of a diketopiperazine
surrogate, such as PMB-amide 139,75 or SCHÖLLKOPF-type76 dihydropyrazines 140 (Scheme 18). At
the beginning of the investigation only monoalkylation of the respective nucleophile 139 or 140 was
investigated, due to the fact that allylic bromide 137 was prepared as a racemate and thus mixtures of
diastereoisomers would have formed upon double alkylation. In the event, allylic bromide 137 proved
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to be reluctant towards nucleophilic attack by the enolate derived from 139, and independent of the
employed amide base (KHMDS, LiHMDS) the desired alkylation product was not obtained. We
therefore turned the attention to the more reactive lithiated derivatives of dihydropyrazines 140.
Deprotonation of 140a or 140b with nBuLi,77 followed by addition of the bromide 137 resulted in
clean formation of the desired alkylation products 141a and 141b in 90% and 94% yield, respectively.

Scheme 18. Attempted opening of the oxabicyclo[2.2.1]heptene 141a to furnish dihydroindol 142. Reagents and
conditions: a) 140a (1.5 equiv), nBuLi (1.4 equiv), THF, RT, 30 min, 90%; b) 140b (1.3 equiv), nBuLi (1.2 equiv), THF,
–78 °C to 0 °C, 1 h, 94%; c) 141b (1.0 equiv), THF–2 M aq. HCl (10:1), RT, 30 min; then 2,2-dimethoxypropane
(20 equiv), pTsOH (10 mol%), acetone, RT, 1 h, 66%; d) H2 (1 atm), Pd/C (10 mol%), MeOH, RT, 45 min, quant.; e) 2,6lutidine (10 equiv), TBSOTf (6.0 equiv), CH2Cl2, RT, 8 h, 60%.

Subsequently, the LEWIS-acid mediated opening of the oxabicyclo[2.2.1]heptene-moiety in 141a
towards hexahydroindole 142 was examined. Despite all efforts, the desired transformation could not
be achieved under the conditions investigated (see Scheme 18) and mostly decomposition of the
starting material was observed – often already at very low temperature. Although we were not sure at
that point whether the acid-sensitive acetonide was responsible for the formation of complex mixtures
of products, we speculated that the low nucleophilicity of the sp2-hybridized nitrogen might allow for
competitive decomposition pathways. The more nucleophilic free amine 143 was therefore prepared in
a two-step process: First, both the dihydropyrazine moiety as well as the acetonide were deprotected
by exposure of 141b to 2 M aq. HCl–THF, and subsequently the resulting diol was reprotected as
acetonide to furnish 143 in 66% yield after precipitation of the hydrochloride salt from Et2O.
Treatment of 143 under the conditions developed by CARREIRA and SCHINDLER (TBSOTf/NEt3)52,
however did not result in the formation of the cyclization product 144. It was presumed that the
internal N-nucleophile could not reach the backside of the *(C–O)-orbital of the oxybridge because
of the geometrical constraints imposed by the double bond. To test this hypothesis, the double bond
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was reduced from the exo-face of 143 by hydrogen over Pd/C yielding intermediate 145, which was
then exposed to the same reaction conditions (TBSOTf/NEt3) as for the attempted synthesis of 144.
Under these conditions, the product of the bicyclo[2.2.1]heptane opening (146) was obtained for the
first time, albeit in low purity. The reaction outcome could then be improved by the use of
2,6-lutidine/TBSOTf, which delivered a pure sample of 146 in 60% yield.
At this point, the “first generation approach” highlighted in this chapter was abandoned, because the
double-bond that is a crucial feature of the target natural product scabrosin diacetate (6) had to be
removed in order to render the key nucleophilic ring-opening feasible. Moreover, the epoxide
functionality that we planned to be introduced early on had to be substituted by an acetonide protected
diol in order to relieve ring strain during the preparation of allylic bromide 137, rendering the whole
approach even more cumbersome. However, from the investigations delineated in this chapter,
valuable conclusions can be drawn: 1) The nitrogen-nucleophile that is to open the
oxabicyclo[2.2.1]hetp(a/e)ne has to be attached in the endo-position with respect to the oxybridge so
that proper orbital alignment can be achieved during the course of the reaction. 2) The introduction of
the epoxide moiety should take place after the bicyclo[2.2.1]heptene-opening to avoid undesired sidereactions on the basis of the enhanced ring strain of the polycyclic intermediates along the synthesis.

1.3.2

Second Generation Approach Towards Scabrosin Diacetate

The second generation retrosynthetic strategy is outlined in Scheme 19. In contrast to the previous
approach, the diketipoperazine-moiety of cyclization precursor 147 is now tethered to the
oxabicyclo[2.2.1] substructure in the endo-position with respect to the oxybridge. For the introduction
of the desired C4=C5-double bond of the natural product, an alkoxy substituent was introduced in the
2-position. In addition, the epoxide was envisioned to be introduced after the cyclization event and
was thus replaced by a C5=C6-olefin placeholder in 147. The assembly of diketopiperazine 147 was
thought to be established by nucleophilic attack of dianion 104 onto epoxide 148.
The preparation of the enantiomer of epoxide 148 was already reported by COREY and LOH,
however, no detailed experimental conditions were reported and the synthesis of the catalyst precursor
152 was not published.78 In their route to epoxide ent-148, furan was reacted with -bromoacrolein
(149) in the presence of oxazaborolidine 153 to furnish aldehyde 150 in 92% ee, >98% yield, and
perfect endo-selectivity. The ee of compound 150 was determined by integration of the 1H NMR of the
MOSHER-ester derived from alcohol 151, which was obtained from the DIELS-ALDER-product 150 by
NaBH4-reduction. Epoxide formation was then conducted by exposure of alcohol 151 to KOtBu in
THF. For the preparation of catalyst 153, COREY and LOH reported that a solution of N-Ts--methyl
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tryptophan (152) and n-butylboronic acid in THF–PhMe was refluxed in a Soxhlet extractor, filled
with CaH2 in order to remove water that is released upon condensation.

Scheme 19. Second generation retrosynthetic strategy towards scabrosin diacetate (6, top) and literature precedence by
COREY and LOH for the preparation of epoxide ent-148 (bottom).78,79

In a previous paper, COREY and LOH attribute the high selectivity of catalyst 153 in DIELS-ALDERreactions to the presence of the highly ordered transition state 154, in which the -bromoacrolein
orients itself above the indole-moiety of the LEWIS-acid and interacts by -stacking.79 This effect was
observed by the appearance of a broad charge-transfer-absorption between 400 nm and 600 nm in the
visible spectrum of a 1:1-mixture of LEWIS-acid 153 and 2-methylacrolein upon cooling to –63 °C.79
Along the same lines, replacement of the indole-moiety by phenyl (a weaker -donor than indyl) or
cyclohexyl (no -donor at all) resulted in erosion of enantioselectivity.79 The -stacking interaction
hence efficiently aids in blocking the bottom face of the -bromoacrolein in transition state 154 and
only allows for the incoming diene to approach the exposed top face, resulting in the predominant
formation of 150. Interestingly, the same DIELS-ALDER-reaction between dienophile 149 and furan
(112) was not efficiently catalyzed by the oxazaborolidine derived from N-Ts-tryptophan and
n-butylboronic acid (not shown) and significantly lower yields were observed.78
For the synthesis of the desired enantiomer of epoxide 148, it was necessary to prepare the
enantiomer of COREY and LOH’s catalyst-precursor (2S,3R)-152. Upon literature research, it was found
that the preparation of enantiopure amino ester 160 was reported by co-workers of the TAKEDA
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PHARMACEUTICAL COMPANY (Scheme 20).80 Based on their results, we prepared 160 starting from
indole (155) by MANNICH-reaction with the iminium ion derived from acetaldehyde and
isopropylamine to give amine 156.

Scheme 20. Preparation of enantiopure 160 according to the procedure by TAKEDA PHARMACEUTICAL COMPANY,80 and
preparation of catalyst ent-153. Reagents and conditions: a) acetaldehyde (1.1 equiv), H2NiPr (1.1 equiv), AcOH–PhMe
(4:1), 0 °C, 24 h, 36 %; b) ethyl nitroacetate (1.1 equiv), PhMe, 95 °C, 1 h, 78%; c) Zn (20 equiv),THF–AcOH (2.7:1), RT,
18 h, 79%; d) 159 (0.5 equiv), nBuOAc–H2O (100:1), RT, 4 h; then NaOH; then MsOH, 37%; e) pTsCl (1.0 equiv), NEt3
(3.0 equiv), DMAP (2.0 mol%), RT, 3 h, 88%; f) LiOH·H2O (3.0 equiv), THF–EtOH (1:1), reflux, 14 h, 94%.

Subsequent SN1 alkylation with ethyl nitroacetate gave a dynamically equilibrating mixture of synand anti-157, of which syn-157 could be selectively precipitated from the reaction mixture.80
Reduction with Zn in acetic acid then furnished racemic aminoester 158, which was subjected to
resolution by diastereomeric salt formation with acid 159 to yield enantiopure ammonium salt 160 in
37% yield. After the preparation of 160 was successfully reproduced, the preparation of catalystprecursor (2R,3S)-152 was initiated by tosylation of the primary amine to provide ester 161 in 88%
yield. At this stage we determined the enantiomeric excess to be >99.5% ee by supercritical fluid
chromatography on a chiral stationary phase. Ester hydrolysis required the action of LiOH in refluxing
THF–EtOH and delivered the desired acid (2R,3S)-152 in 94% yield without any noticeable
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epimerization as judged by the 1H NMR spectrum. The overall sequence allowed for the convenient
preparation of more than 50 g of (2R,3S)-152 and set the stage for the investigation of the
oxazaborolidine-catalyst formation. According to the procedure of COREY and LOH,78 (2R,3S)-152 and
n-butylboronic acid were refluxed in PhMe–THF (2:1) in a Soxhlet extractor. Unfortunately, we
obtained conflicting results ranging from full conversion to the desired catalyst ent-153 to almost no
conversion as judged by 1H NMR spectroscopic analysis. As we could not get to the bottom of the
inexplicable reaction behavior, we investigated other agents for the preparation of the desired catalyst
ent-153 from acid (2R,3S)-152. However, treatment of with nBuBBr2,81 nBu2BOTf, or nBu3B82
resulted in the formation of mixtures of different species and hence precluded their use for the
preparation of the catalyst. Ultimately the use of nBuBCl2 was investigated. Unfortunately,
alkyldichloroboranes such as nBuBCl2 are highly pyrophoric and spontaneously ignite in air, and they
are thus not commercially available.83 Despite its sensitivity, the preparation of nBuBCl2 could be
achieved from nBu3B and gaseous BCl3 in the presence of catalytic BH3·THF, according to the
procedure by BROWN.84 Addition of neat nBuBCl2 to a suspension of the amino acid (2R,3S)-152 in
CH2Cl2 at 0 °C resulted in clean formation of the desired oxazaborolidine ent-153 as judged by
comparison to the 1H NMR spectrum of the amino acid precursor in CD2Cl2 and to the literature
(Scheme 20, bottom):85 Notably, the doublet of the NHTs group of the free acid (2R,3S)-152 at  5.03
ppm disappears in the catalyst complex, and consequently the multiplicity of the 2-H is reduced to a
doublet at 4.18 ppm in catalyst ent-153. Although there is no significant difference in chemical shift
for 2-H in the 1H NMR spectrum, the corresponding carbon atom C2 is shifted from 60.1 ppm in acid
(2R,3S)-152 to 66.9 ppm in the oxazaborolidine in the

13

C NMR spectrum (not shown). Most

significantly, the doublet of quartets for 3-H is shifted from  3.66 ppm in the free acid to 4.26 ppm in
oxazaborolidine ent-153. After preparation, the catalyst solution was evaporated to remove HCl,
redissolved in CH2Cl2 and was used for the DIELS-ALDER-addition between furan (112) and
-bromoacrolein (149) without purification (Scheme 21). The CH2Cl2 solution of the in situ formed
catalyst (6.5 mol%) was cooled to –78 °C and treated with 5.0 equivalents of furan followed by
-bromoacrolein (149). After 5 h, the reaction was deemed complete according to thin layer
chromatography. However, initial attempts to isolate ent-150 were hampered by its tendency to
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decompose, presumably by retro-DIELS-ALDER-reaction,86 and the cold reaction mixture was thus
directly cannulated into a solution of NaBH4 in THF–H2O. Ent-151 was obtained initially in 85% ee,
but recrystallization from Et2O–pentane furnished alcohol ent-151 in 60% yield and 98% ee over two
steps.87

Scheme 21. Preparation of epoxide 148 and attempted nucleophilic opening to give 167. Reagents and conditions:
a) (2R,3S)-152 (7.0 mol%), nBuBCl2 (6.5 mol%), furan (5.0 equiv), CH2Cl2, –78 °C, 5 h; b) NaBH4 (2.0 equiv), THF–H2O,
0 °C; then recrystallization, 60%, 98% ee; c) tBuOK (1.2 equiv), THF, 0 °C, 2 h, 83%; d) ethoxyacetylene (3.0 equiv),
nBuLi (2.5 equiv), BF3·OEt2 (2.5 equiv), THF, –78 °C, 3 h; then pTsOH (10 mol%), H2O (1.0 equiv), CH2Cl2, RT,
overnight, 61%; e) LiHMDS (1.5 equiv), 2,4,6-triisopropylbenzenesulfonyl azide (1.3 equiv), CH2Cl2, –50 °C, 2 min; then
PMe3 (4.0 equiv), MeCN–H2O (25:1), RT, 1 h, 18%.

Formation of the desired epoxide 148 was then accomplished by treatment with tBuOK in THF and
set the stage for the investigation of the devised nucleophilic epoxide-opening. First, the opening with
the enolate derived from diketopiperazine 163,88 and with lithiated SCHÖLLKOPF-type dihydropyrazine
140 was attempted,89 but no product formation was detected even in the presence of BF3·OEt2.
Subsequently, the use of other amino-acid surrogates as nucleophiles was explored, but again, neither
the anions of isonitrile 164,90 nor of glycine imine 165,91 nor of KAZMAIER’s92 trifluoroacetamide 166
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For another example of decomposition by retro-DIELS-ALDER reaction, see Chapter 1.3.3.
Enantiomeric excess was determined from the corresponding benzoate of ent-151 by supercritical fluid chromatography
on a chiral stationary phase.
For examples of epoxide-openings with N,N‘-diprotected DKPs, see: a) R. M. Williams, J. S. Dung, J. Josey, R.
Armstrong, h. Meyers, J. Am. Chem. Soc. 1983, 105, 3214–3220; b) R. M. Williams, L. K. Maruyama, J. Org. Chem.
1987, 52, 4044–4047.
For examples of epoxide-openings with SCHÖLLKOPF-type dihydropyrazines, see: a) K. Hammer, C. Rømming, K.
Undheim, Tetrahedron 1998, 54, 10837–10850; b) K. Hammer, K. Undheim, Tetrahedron: Asymmetry 1998, 9, 2359–
2368; c) M. Andrei, K. Undheim, Tetrahedron: Asymmetry 2004, 15, 53–63; d) M. Andrei, J. Efskind, T. Viljugrein, C.
Rømming, K. Undheim, Tetrahedron: Asymmetry 2004, 15, 1301–1313; e) E. P. Jones, P. Jones, A. J. P. White, A. G.
M. Barrett, Beilstein J. Org. Chem. 2011, 7, 1570–1576.
U. Schöllkopf, B. Hupfeld, R. Gull, Angew. Chem. 1986, 98, 755-756.
M. Wierzbicki, J.-M. Fourquez, N. Levens, B. Husson-Robert, O. Nosjean, M. Boulanger, Patent No. US2003004138
(A1), 2002.
a) A. F. Zahoor, U. Kazmaier, Synthesis 2011, 2011, 3020–3026; b) A. F. Zahoor, S. Thies, U. Kazmaier, Beilstein J.
Org. Chem. 2011, 7, 1299–1303; c) S. Thies, U. Kazmaier, Synlett 2010, 2010, 137–141.
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were nucleophilic enough to attack the desired epoxide, although similar transformations have been
reported in the literature before.
In a final attempt, the introduction of the desired amino-acid moiety was achieved by a two-step
procedure. Racemic epoxide rac-148 was treated with lithiated ethoxyacetylene in the presence of
BF3·OEt2, and the intermediate alkyne-addition product (not shown) was subsequently hydrolyzed
with pTsOH to furnish -lactone 168 in 61% yield.93 The lactone 168 was then aminated via enolate
azidation with triisopropylbenzenesulfonyl azide and consecutive STAUDINGER-reduction with PMe3 to
yield aminolactone 168 in 18% yield.94 The enolate azidation reaction proved to be quite sensitive to
the reaction conditions and had to be conducted at –50 °C and with short exposure (2 min) to the
sulfonyl azide to obtain scarce amounts of the desired product. With aminolactone 168 in hand, the
direct formation of the diketopiperazine 170 was investigated. Although the direct formation of amides
from esters and amines is well known, for example by catalysis with 2-pyridone,95 Zr(OtBu)4,96 or by
the action of AlMe3,97 none of these conditions were successful in the preparation of 170 and
consequently another strategy towards the desired functionalized diketopiperazine was devised.
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For a similar transformation, see: P. Somfai, J. Chem. Soc., Perkin Trans. 1 1995, 817–819.
Procedure was adapted from S. DIETHELM, see ref. 53b,c.
H. T. Openshaw, N. Whittaker, J. Chem. Soc. C 1969, 89–91.
C. Han, J. P. Lee, E. Lobkovsky, J. A. Porco, J. Am. Chem. Soc. 2005, 127, 10039–10044; the formation of 170 from
169 by the method of PORCO was investigated by a former student of the group (CARSTEN KRAMER).
A. Basha, M. Lipton, S. M. Weinreb, Tetrahedron Lett. 1977, 18, 4171–4172.
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Third Generation Approach Towards Scabrosin Diacetate

Since the nucleophilic attack onto epoxide 148 identified this compound as an unreactive
electrophile for nucleophilic attack, an aldol condensation approach was investigated next. In this third
generation synthetic strategy, the preparation of bis(alkylidene)diketopiperazine 171 was conceived
from reactive aldehyde 172 and N,N’-diacetyldiketopiperazine (Ac2-DKP, 173) (Scheme 22, top).

Scheme 22. Third generation retrosynthetic strategy towards scabrosin diacetate (6) and literature precedence for the
desired double condensation of aldehyde 172 with N,N’-diacetyldiketopiperazine (173).98

We were intrigued by the publication of LOUGHLIN et al. reporting the combinatorial synthesis of
unsymmetrical bis(alkylidene)diketopiperazines 175 by subsequent treatment of 173 with two different
aldehydes (aliphatic or aromatic) in the presence of KOtBu (Scheme 22, bottom).98 Although the
condensation of Ac2-DKP (173) with aromatic aldehydes has been known for a long time, the report of
LOUGHLIN represents the first record of a double condensation with aliphatic aldehydes.99 The reaction
was postulated to proceed via non-diastereoselective addition of enolate 176 to the aldehyde to give
adduct 177, followed by intramolecular acyl transfer to furnish O-acetate 178.100 This step activates the
alcohol towards E1cb-elimination, which proceeds via enolate 179 and delivers the condensation
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W. A. Loughlin, R. L. Marshall, A. Carreiro, K. E. Elson, Bioorg. Med. Chem. Lett. 2000, 10, 91–94.
For representative examples of the condensation of N,N’-diacetyldiketopiperazine (173) with aromatic aldehydes, see:
a) A. R. Katritzky, W.-Q. Fan, M. Szajda, Q.-L. Li, K. C. Caster, J. Heterocycl. Chem. 1988, 25, 591–597; b) L. X.
Wang, Y. Z. Shi, M. h. Xu, h. W. Hu, Org. Prep. Proced. Int. 1996, 28, 226–230; c) M. L. Bolognesi, h. N. Ai Tran, M.
Staderini, A. Monaco, A. López-Cobeñas, S. Bongarzone, X. Biarnés, P. López-Alvarado, N. Cabezas, M. Caramelli, P.
Carloni, J. C. Menéndez, G. Legname, ChemMedChem 2010, 5, 1324–1334.
For a thorough discussion of the possible reaction mechanism, see: C. Gallina, A. Liberatori, Tetrahedron 1974, 30,
667–673.
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product 174 that is obtained exclusively in its Z-configuration.101 Evidence for the intramolecular acyltransfer mechanism was obtained by isolation of product 180, which arose from the monocondensation of 3,6-dimethyl-Ac2-DKP with 4-nitrobenzaldehyde.100 In 180, only nitrogen N1 was
found deacetylated whereas the acetate was still in place on nitrogen N4. In an intermolecular process
however, the deacetylation of N4 should have been observed as well.
For the access of aldehyde 184, we envisioned to selectively protect the tertiary alcohol of diol 181
and perform an oxidation of the primary hydroxyl group (Scheme 23), because a direct DIELS-ALDERreaction between -benzyloxyacrolein and furan would most likely yield the undesired exo-aldehyde
(vide supra).

Scheme 23. Synthesis of bis(alkylidene)-DKP 186 by condensation of in situ generated aldehyde 184. Reagents and
conditions. a) K2CO3 (2.0 equiv), 18-crown-6 (2.0 mol%), dioxane–H2O (1:1), reflux, 20 h, 83%; b) benzaldehyde
dimethyl acetal (1.5 equiv), CSA (2.5 mol%), CH2Cl2, RT, 1.5 h; then DIBAL-H (2.5 equiv), CH2Cl2, 0 °C, 4 h, 76%;
c) (COCl)2 (1.5 equiv), DMSO (2.0 equiv); then 183 (1.0 equiv), CH2Cl2, –78 °C, 45 min; then DBU (6.0 equiv), 173
(1.3 equiv), –78 °C to 0 °C, 2 h, 79%; d) (COCl)2 (1.8 equiv), DMSO (2.5 equiv); then 183 (1.0 equiv), CH2Cl2, –78 °C,
45 min; then DBU (15 equiv), 185 (0.8 equiv), –78 °C to 0 °C, 48 h, 60% (referred to 185); e) (COCl)2 (1.5 equiv), DMSO
(2.0 equiv); then 183 (1.0 equiv), CH2Cl2, –78 °C, 45 min; then DBU (20 equiv), 173 (0.38 equiv), –78 °C to 0 °C, 48 h,
57% (referred to 173); f) PivCl (1.1 equiv), NEt3 (2.0 equiv), DMAP (15 mol%), CH2Cl2, RT, 30 min, 93%; g) TBSOTf
(1.2 equiv), 2,6-lutidine (2.0 equiv), CH2Cl2, RT, 3 h; then DIBAL-H (3.0 equiv), CH2Cl2, –78°C, 30 min, 74%.

The enantiomer of diol 181 was already prepared by COREY from bromide 151 by treatment with
K2CO3 proceeding via an epoxide intermediate (ent-148).78 The same reaction conditions were applied
to ent-151 and cleanly furnished the desired enantiomer of diol 181 on small scale. However, upon
scale-up of the procedure, the reaction time required for full conversion and the yield of product 181
were found to be variable. We hypothesized that the biphasic reaction mixture precludes the efficient
formation of the desired product and the intermediate epoxide 148, since the starting material ent-151
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There is only one report, were a small amount (<10%) of the corresponding E-alkylidene diketopiperazine was obtained
in the condensation with an aliphatic aldehyde. See ref. 100.
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was only very poorly soluble in the basic aqueous phase.102 Consequently, the effect of 18-crown-6 on
the reaction rate was investigated. It turned out that the addition of only 2.0 mol% of 18-crown-6 was
sufficient to obtain the desired diol 181 reliably within 20 h and in 83% yield. The selective protection
of the tertiary alcohol as benzyl ether was then achieved by formation of the benzylidene acetal 182,
followed by regioselective reduction with DIBAL-H according to the procedure of TAKANO and
yielded the benzyl ether 183 in 76% over two steps.103 This set the stage for the oxidation of the
primary alcohol to give aldehyde 184. However, oxidation conditions such as DMP or SWERNoxidation failed to deliver the desired aldehyde 184 although TLC indicated the formation of a new
product. We presumed that aldehyde 184 was indeed formed as initial oxidation product, but that its
instability precludes the isolation at ambient temperature. Thus, we attempted to oxidize alcohol 183
by SWERN-oxidation at low temperature and directly perform the condensation with Ac2-DKP (173) in
situ. For the choice of a suitable base that promotes both the SWERN-oxidation and the double
condensation, we decided to investigate the use of DBU, because it is non-nucleophilic, well soluble in
and compatible with CH2Cl2, as well as sufficiently basic (pKa = 24)104 to be able to promote the
condensation reaction already at low temperature.105 Accordingly, alcohol 183 was subjected to the
SWERN-reagent derived from (COCl)2 and DMSO at –78 °C, followed by the addition of a large excess
of DBU and 0.8 equivalents of Ac2-DKP (173). The reaction was then warmed to 0 °C and gave the
mono-condensed product 185 in 79% yield. A second condensation of 185 under the same conditions
of in situ oxidation-condensation then yielded the desired bis(alkylidene)diketopiperazine 186 in 60%
yield from 185 or in 47% yield over two steps from alcohol 183.
Finally, we attempted to afford the double condensation of two equivalents of in situ prepared
aldehyde 184 with Ac2-DKP. In this optimized procedure, 2.6 equivalents of alcohol 183 were
subjected to SWERN-oxidation, followed by addition of 1.0 equivalents of Ac2-DKP (173) to furnish
bis(alkylidene)diketopiperazine 186 in an improved 57% overall yield. Interestingly, if the reaction
temperature was not kept at 0 °C, varying amounts of bis(alkylidene)-DKP 190 were isolated from the
reaction mixture. Since the double condensation product 186 is stable for prolonged time at ambient
temperature, the formation of byproduct 190 likely arose from retro-DIELS-ALDER-reaction of bicyclic
aldehyde 184 followed by subsequent condensation of the resulting -benzyloxyacrolein with either
185 or Ac2-DKP. This observation also indicates that the isolation of aldehyde 184 was precluded by
comparatively fast retro-DIELS-ALDER reaction at ambient temperature.
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Although the two-component system dioxane–H2O does not have a miscibility gap, the addition of K 2CO3 results in the
formation of a biphasic system.
S. Takano, M. Akiyama, S. Sato, K. Ogasawara, Chem. Lett. 1983, 12, 1593–1596.
I. Kaljurand, A. Kütt, L. Sooväli, T. Rodima, V. Mäemets, I. Leito, I. A. Koppel, J. Org. Chem. 2005, 70, 1019–1028.
There is a single report of the use of DBU for the mono-condensation of Ac2-DKP with an aldehyde, see: J. A. Hendrix,
J. T. Strupczewski, K. J. Bordeau, S. Brooks, h. Hemmerle, M. Urmann, X.-Y. ZhaoH, P. J. Mueller, Patent No.
US2003229066 (A1), 2002.
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Subsequently, the influence of the protecting group was examined for the formation of the double

condensed bis(alkylidene)diketopiperazine product by a change of the protecting group from benzyl to
TBS. Based on this idea, TBS-protected diol 188 was prepared in 69% overall yield by selective
pivalation of diol 181 at the primary hydroxyl group (→187), followed by TBS-protection of the more
hindered tertiary alcohol, and consecutive reductive deprotection of the pivalate with DIBAL-H
(Scheme 23, bottom). To our surprise, alcohol 188 did not undergo the previously established
oxidation-double condensation reaction and none of the desired DKP 189 could be obtained. Instead,
only the intermediate mono-condensation product could be observed as judged by

1

H NMR

spectroscopic analysis. It is not entirely clear to us why the second condensation reaction did not
proceed, however, it can be speculated that the bulky TBS-ether renders the aldehyde less reactive and
thus causes the more slow second condensation step to be prohibitively decelerated.106

1.3.3.1

Epoxide Introduction en route to Scabrosin Diacetate

With bis(alkylidene)diketopiperazine 186 in hand, the stage was set to examine the intended
simultaneous double opening of its oxabicyclo[2.2.1] moieties (Scheme 24). We found that the desired
transformation was affected smoothly under slightly modified conditions from those originally
reported by CARREIRA and SCHINDLER,52 in that NEt3 was substituted by 2,6-lutidine. Hence, treatment
of DKP 186 with excess TMSOTf and 2,6-lutidine resulted in the complete conversion to bis(silyl
ether) 191, which was slightly unstable and thus deprotected immediately by the action of K2CO3 in
MeOH–THF to furnish crystalline pentacylce 192 in 77% yield. With the successful assembly of the
core structure of the 6–5–6–5–6-membered ETP family of natural products, the transformation of
intermediate 192 into scabrosin diacetate (6) was tackled and hence, the epoxidation of the allylic
alcohol was attempted. Unfortunately, conditions that are known for the selective epoxidation of
allylic alcohols, such as [VO(acac)2]/tBuO2H107 and SHARPLESS asymmetric epoxidation108 failed to
give the desired epoxide 193, but rather a complex mixture of products was observed. The product 193
was also not obtained by epoxidation reactions with peracids such as mCPBA, or CF3CO3H,109 nor
with DMDO as pH-neutral oxidant. In some cases, traces of aromatic signals were observed by
1

H NMR spectroscopic analysis, and we speculated that the starting material 192 might be very

sensitive towards the LEWIS- or BRØNSTED-acidic conditions of the attempted epoxidation reactions
and result in the formation of complex mixtures.
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The second condesation of alkylidene-DKPs with aldehydes is known to be slower than the first condensation of the
same aldehyde with Ac2DKP. Thus, the reaction can usually be cleanly stopped after the initial mono-condensation. See
ref. 100.
K. B. Sharpless, R. C. Michaelson, J. Am. Chem. Soc. 1973, 95, 6136–6137.
Y. Gao, J. M. Klunder, R. M. Hanson, h. Masamune, S. Y. Ko, K. B. Sharpless, J. Am. Chem. Soc. 1987, 109, 5765–
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Scheme 24. Attempted preparation of epoxide 193. Reagents and conditions: a) TMSOTf (6.0 equiv), 2,6-lutidine
(8.0 equiv), CH2Cl2, RT, overnight; then K2CO3 (8.0 equiv), MeOH–THF (4:1), RT, 30 min, 77%; b) mCPBA (1.5 equiv),
CH2Cl2, RT, overnight, 93%; c) (COCl)2 (1.5 equiv), DMSO (2.0 equiv); then 194 (1.0 equiv), CH2Cl2, –78 °C, 45 min;
then DBU (15 equiv), 173 (0.40 equiv), –78 °C to RT, overnight, 81% (referred to 173).

Indeed, treatment of 192 with 10 mol% of MsOH resulted in the exclusive formation of aromatic
compound 196 in 94% yield within 1 h at ambient temperature,110 thus supporting this hypothesis. We
therefore abandoned our investigation on the epoxidation of allylic alcohol 192 and focused on a more
upstream introduction of the epoxide. Along those lines, benzyl ether 183 was epoxidized with
mCPBA in 93% yield, and the resulting alcohol 194 was subjected to the SWERN oxidation-double
condensation protocol that was developed for the preparation of 186. Bis(alkylidene)-DKP 195 was
thus obtained in 81% yield. However, upon treatment with TMSOTf and 2,6-lutidine, no product
formation to 193 was observed at 0 °C and at ambient temperature the starting material slowly
underwent decomposition.
We therefore examined to prefunctionalize alcohol 183 by a protected diol that could later be
transformed into the desired epoxide moiety (Scheme 25). Accordingly, olefin 183 was subjected to
dihydroxylation, followed by either acetonide protection to give 197 in 56% yield or by protection as
carbonate to furnish 200 in 53% yield, respectively. Both intermediates were then carried forward to
their corresponding bis(alkylidene)-DKPs 198 and 201 in 80% and 66% yield, via the standard
SWERN-oxidation-double condensation protocol. Unfortunately, both substrates were unable to take
part in the intramolecular ring-opening. While in the case of bis(acetonide) 198, only decomposition
was observed upon treatment with TMSOTf/2,6-lutidine, bis(carbonate) 201 did not undergo any
reaction at all.
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Scheme 25. Attempted ring-opening reactions of prefunctionalized bis(alkylidene)-DKPs 198 and 201. Reagents and
conditions: a) KsOsO4·2H2O (5.0 mol%), NMO (2.0 equiv), acetone–MeCN–H2O (2:2:1), 60 °C, overnight; then
2,2-dimethoxypropane (1.1 equiv), CSA (10 mol%), acetone, RT, 10 min, 56%; b) (COCl)2 (1.8 equiv), DMSO
(2.5 equiv); then 197 (1.0 equiv), CH2Cl2, –78 °C, 45 min; then DBU (15 equiv), 173 (0.4 equiv), –78 °C to RT, overnight,
80% (referred to 173); c) KOsO4·2H2O (5.0 mol%), NMO (2.0 equiv), MeSO3NH2 (30 mol%), acetone–H2O (2:1), 60 °C,
5 d; then triphosgene (1.0 equiv), pyridine (10 equiv), THF, –78 °C to RT, 30 min, 53%; d) (COCl)2 (1.8 equiv), DMSO
(2.5 equiv); then 200 (1.0 equiv), CH2Cl2, –78 °C, 45 min; then DBU (15 equiv), 173 (0.4 equiv), –78 °C to RT, overnight,
66% (referred to 173).

After the unsuccessful electrophilic epoxidation of the desired double bond, we attempted to
introduce the epoxide by a nucleophilic reaction pathway. Pentacycle 192 was thus oxidized by the
action of MnO2 in CH2Cl2 and the sensitive bis(enone) 203 was obtained in 84% yield (Scheme 26).
Crucial for the success of the reaction was the use of excess activated MnO2 in conjunction with short
exposure to the oxidant. The epoxidation of enone 203 proved to be very challenging by virtue of its
sensitivity towards alkaline reaction conditions. Thus, the attempted epoxidations under WEITZSCHEFFER

conditions

Ph3COOH/KHMDS),

112

(H2O2/NaOH),111

METH-COHN

or via iminium catalysis

113

conditions

(tBuOOH/nBuLi

and

failed to yield any of the desired epoxide 204.

Eventually, treatment of the bis(enone) 203 with tBuOOH and DBU (YADAV’s conditions)114 at
–50 °C, followed by low-temperature quench with acetic acid, allowed accessing the desired product
204 in 86% yield. Lower temperatures resulted in slow conversion of 203 to the desired epoxide,
whereas higher temperatures resulted in significant decomposition under the reaction conditions. It
was therefore necessary to neutralize the DBU at low temperature by addition of excess AcOH. The
structure of 204 was unambiguously assigned by single crystal X-ray diffraction analysis after
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125, 5095–5106.
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crystallization from an AcOEt–pentane mixture, and secured the correct configuration at the newly
formed stereocenters.

Scheme 26. Nucleophilic epoxidation of enone 203 and attempted conversion to epoxyenone 207. Reagents and conditions:
a) MnO2 (35 equiv), CH2Cl2, RT, 30 min, 84%; b) tBuO2H (10 equiv), DBU (2.0 equiv), CH2Cl2, –50 °C, 90 min, 86%;
c) H2 (1 atm), Pd/C (2.5 equiv), AcOEt, RT, 30 min, 64%.

1.3.3.2

Hydrogenation of Olefin 204 and Attempted Introduction of the C4=C5-Olefin

As a next step, the hydrogenation of the double bonds of 204 with concomitant deprotection of the
benzyl ethers was examined. Upon treatment with catalytic Pd/C (up to 20 mol%) and hydrogen (up to
10 bar), the reaction stopped after hydrogenation of the olefins and yielded benzyl ether 205. This was
found to be independent of the reaction time and the solvent mixture that was used (AcOEt, AcOEt–
MeOH, THF, AcOH).115 The use of other noble-metal catalysts such as PtO2 or Rh/Al2O3,116 resulted
in the reduction of the ketone (PtO2) or slow conversion to the benzyl ether 205 (Rh/Al2O3).
Eventually, it was found that the desired diol 206 could be prepared reliably in 64% by the use of
stoichiometric Pd/C in AcOEt (1 bar H2) within 30 min. The relative configuration at the newly
formed stereocenters C3 and C6 of the central DKP moiety was determined by correlation to
stereocenters of known configuration by NOE spectroscopy, and hence the hydrogenation must have
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For the rate-dependency of catalytic debenzylations in various solvents, see: S. Hawker, M. A. Bhatti, and K. G.
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occurred from the top face.117 This is not surprising vis-à-vis the bowl-shaped conformation of
intermediate 204, in which the bottom face is efficiently shielded from attack. Assuming that the
conformation of olefin 203 is similar to epoxide 204, this bowl-shape also explains the high facial
selectivity of the nucleophilic epoxidation reaction.
With sufficient quantities of 206 in hand, the elimination of the tertiary alcohol to furnish enone 207
was explored. Although a similar transformation is precedented in the literature employing
Tf2O/DIPEA/DMAP,118 these conditions failed to deliver the desired product 207. We therefore
investigated the use of BURGESS’ reagent,119a MARTIN’s sulfurane,119b MsCl/NEt3,119c PPh3/DIAD,119d
trifluoroacetic anhydride/pyridine,119e (COCl)2/DMSO/NEt3,119f SOCl2/pyridine,119g as well as acidic
conditions such as BF3·OEt2,119h and pTsOH.119i Unfortunately, under all conditions examined, a
complex mixture of products was observed. Upon treatment of diol 206 with Ac2O/NEt3/DMAP,119i
traces of aromatic compound 208 were isolated. The formation of 208 presumably arises from initial
elimination to the desired enone 207, followed by further E1cb-elimination of the epoxide to furnish
208 after acetylation of the intermediate resorcinol. This led to the conclusion that selective
elimination of the tertiary alcohol 206 or an activated derivative thereof would not stop at a single
elimination, but rather undergo a fast aromatization to give thermodynamically preferred compounds
similar to 208. Based on this observation, the route towards enone 207 was abandoned, and we decided
to reduce the ketone prior to the elimination step in order to preclude the epoxide elimination. The
reduction of ketone 204 was affected by L-Selectride in THF at –78 °C, and furnished the diol 209 in
80% yield (Scheme 27). The alcohols were subsequently protected as benzoic esters to give benzoate
210 in 98% yield, and subsequent hydrogenation with stoichiometric Pd/C resulted in the preparation
of alcohol 211 in 68% yield. In benzoate 211, the configuration of the secondary benzoate was
determined by NOE spectroscopy and indicated hydride delivery by L-Selectride from the top face, as
it was expected from previous diastereoselective transformations. Attempts to eliminate the tertiary
alcohols in 211 by formation of the corresponding mesylate and treatment with DBU or KOtBu were
unfruitful. Similarly, dehydration of alcohol 211 with BURGESS’ reagent or MARTIN’s sulfurane
resulted only in a complex mixture of products.
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Altemöller, J. Podlech, Eur. J. Org. Chem. 2009, 2275–2282.
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Scheme 27. Reduction of ketone 204 to diol 209 and attempted elimination reactions of diol 211 and mesylate 213.
Reagents and conditions: a) LiHN(sBu)3 (4.0 equiv), THF, –78 °C, 10 min, 80%; b) BzCl (10 equiv), NEt3 (10 equiv),
DMAP (10 equiv), CH2Cl2, RT, 4 h, 98%; c) H2 (1 atm), Pd/C (2.5 equiv), AcOEt, RT, 2 h, 68%; d) MsCl (4.0 equiv),
NEt3 (6.0 equiv), CH2Cl2, RT, 4 h, 92%; e) H2 (1 atm), Pd/C (2.5 equiv), AcOEt, RT, 1 h, 78%.

In an alternative attempt, diol 209 was exposed to MsCl/NEt3 to furnish bis(mesylate) 213, which
was subsequently subjected to hydrogenation to yield diol 214 in 72% yield over two steps. From diol
214 we planned to access allylic alcohol 215, which could then be subjected to Cr(IV)-mediated
oxidative rearrangement of the tertiary alcohols to furnish enone 207 under neutral conditions to avoid
its previously encountered aromatization to compounds such as 208.120 Unfortunately, the elimination
reaction of the mesylates in 214 could not be achieved by treatment with DBU or KOtBu. Speculating
that the configuration of the mesylate leaving group might not be set up for an anti-elimination, we
also investigated the elimination in the presence of iodide as catalyst. We hoped that iodide might
participate in an SN2 reaction with the mesylate and thus invert the configuration at this stereocenter,
however, the reaction with DBU resulted in no conversion, whereas KOtBu resulted in decomposition
of the starting material. The reluctance of the epoxycyclohexane moieties in the compounds of
Scheme 26 and Scheme 27 to take part in an elimination reaction might be attributed to significant ring
strain of the rigid pentacyclic framework or the competitive elimination of the strained epoxide moiety
as observed for alcohol 206. The unsuccessful attempts to introduce the missing C4=C5 double bonds
en route to the synthesis of scabrosin diacetate (6) led us to abandon the synthetic efforts towards this
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elusive member of the family of 6–5–6–5–6-membered ETP natural products. The difficulties
observed in the late stage introduction of the necessary functional groups of scabrosin diacetate (6) is
in line with the observation that its total synthesis has never been reported, although many other
related family members were successfully assembled (see Chapter 1.1.5).

1.3.4

Studies Towards the Synthesis of Haematocin and Acetylaranotin

After the development of an efficient synthesis of the core structure of 6–5–6–5–6-membered ETP
natural products, we planned to engage in the synthesis of haematocin (38) and acetylaranotin (35)
starting from enone 203 (Scheme 28).
For the synthesis of haematocin (38), enone 203 was subjected to copper-catalyzed nucleophilic
borylation according to the procedure reported by YUN.121 Hence, treatment of enone 203 with
bis(pinacolato)diboron in the presence of an in situ prepared copper catalyst derived from CuCl,
(S)-BINAP and NaOtBu furnished an intermediate alkylboronate. However, oxidation of its C–B-bond
proved to do be difficult due to the lability of the substrate to both acidic and basic reaction conditions.
Thus, treatment with H2O2/NaHCO3, sodium perborate or peracetic acid resulted in decomposition,
and prompted us to investigate the use of pH-neutral oxidation conditions. The use of trimethylamine
N-oxide in refluxing THF resulted in decomposition of the boronate.122 However, treatment with 30%
H2O2 at ambient temperature cleanly afforded the formation of the desired diol 216 in 61% yield. The
configuration of the secondary alcohols of 216 was secured by single crystal X-ray diffraction analysis
and matches the stereoinduction described by YUN for the use of (S)-BINAP. Subsequently, the
alcohols were protected as TBS ethers with TBSOTf/2,6-lutidine to furnish 217 in 62% yield. During
the TBS protection of the alcohols, the slow formation of TBS enol ethers derived from the ketones of
216 were observed. The mixture of products could be converted to the desired product 217 by
treatment with TBAF/AcOH, which afforded the selective deprotection of the TBS enol ether moieties.
Hydrogenation of the double bonds along with benzyl deprotection was then facilitated by
stoichiometric amounts of Pd/C to provide diol 218 in 67% yield. We then set out to investigate the
elimination of the tertiary alcohols of 218 with the intention to prepare bis(enone) 219. Although the
similar transformation in the corresponding bis(epoxide) 206 en route to enone 207 could never be
achieved (cf. Scheme 26), the double dehydration of diol 218 proceeded smoothly by the action of
MARTIN’s sulfurane at 0 °C within 15 min and furnished the bis(enone) 219 in 74% yield. This result
suggests that the strain that is imposed by the epoxides of 206 might indeed be responsible for the
unsuccessful dehydration reaction. Not only do the epoxides increase the ring strain of the product
enone 207 and hence slow down the elimination reaction of 206, but they also accelerate the follow-up
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elimination reaction to give aromatic compounds such as 208. Consequently, the desired dehydration
reaction could not be stopped at the desired enone stage.

Scheme 28. Attempts to access the core structure 220 of haematocin from enone 203. Reagents and conditions: a) B2pin2
(2.5 equiv), MeOH (4.0 equiv), CuCl (20 mol%), (S)-BINAP (20 mol%), tBuONa (20 mol%), THF, RT, 1 h; then 30%
H2O2 (20 equiv), THF, 3 h, 61% (two steps); b) TBSOTf (4.0 equiv), 2,6-lutidine (6.0 equiv), CH2Cl2, RT, 1 h, 62%; c) H2
(1 atm), Pd/C (2.0 equiv), AcOEt, RT, 1 h, 67%; d) MARTIN’s sulfurane (2.2 equiv), CH2Cl2, –78 °C to 0 °C, 15 min, 74%.

As a next step, we thought to install the diene moiety of haematocin (38) by kinetic enolization of
the ketone in 219, followed by trapping of the enolate with a suitable O-electrophile that can be
removed reductively to furnish diene product 220. However, treatment of ketone 219 with LiHMDS or
KHMDS at –78 °C followed by addition of COMINS’ reagent or PhNTf2 did not furnish the desired
triflate 220a, and only decomposition was observed. We speculated that -elimination of the silyloxy
group might reduce the lifetime of the intermediate enolate and led to decomposition before the
enolate is able to engage the O-electrophile. Consequently, we tried to prepare triflate 220a by
treatment with a weak base (2,6-di-tert-butylpyridine) already in the presence of the electrophile
(Tf2O). But even under these conditions, the desired product was not obtained. Attention was therefore
turned to internal quenching techniques, in which the enolate of ketone 219 is formed upon treatment
with a strong amide base in the presence of the electrophile. Along those lines, NICOLAOU reported
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that lactones can be converted to enolphosphates by treatment of a mixture of the lactone and
(PhO)2POCl with KHMDS at –78 °C.123 Employing the same conditions with enone 219, however, did
not result in formation of the desired dienolphosphate 220b. Inspired by the work of COREY, we also
attempted to prepare silyldienol ether 220c as a precursor for the corresponding bis(triflate) 220a.124
However, treatment of a mixture of ketone 219 and TBSCl with LiHMDS125 led to decomposition of
the starting material, and upon exposure of 219 to TBSOTf/NEt3, exclusive formation of the
thermodynamic dienolether 221 was observed.
The reluctance of ketone 219 to undergo kinetic enolization without decomposition of the starting
material precluded the isolation of the desired O-functionalized products 220, and we therefore
focused on the regioselective dehydration of allylic alcohol 222 (Scheme 29). Reduction of enone 219
under LUCHE-conditions furnished alcohol 222 in 85% yield. The assignment of the configuration of
the newly formed stereocenters was based on the observation of a NOE between the two carbinol
protons, and by comparison to the NOE correlations observed for the diastereomeric allylic alcohol
226 (vide infra). As a next step we attempted to eliminate the allylic alcohol of 222 to furnish the
1,3-cyclohexadiene 224 by the use of MARTIN’s sulfurane or MsCl/NEt3. However, only a complex
mixture of products was observed.

Scheme 29. Attempted preparation of diene 224. Reagents and conditions: a) NaBH4 (5.0 equiv), CeCl3·7H2O (6.0 equiv),
MeOH, –78 °C to 0 °C, 85%; b) TFAA (5.0 equiv), NEt3 (10.0 equiv), CH2Cl2, RT, 30 min; then [Pd(PPh3)4] (30 mol%),
NEt3 (10 equiv), THF, 60 °C, 2 h, 43% (two steps); c) 4-nitrobenzoic acid (6.0 equiv), PPh3 (8.0 equiv), DIAD (6.0 equiv),
CH2Cl2, 0 °C to RT, 15 min, 56%; d) LiOH (4.0 equiv), THF–MeOH (5:1), RT, 10 min, 40%; e) [Pd(PPh3)4] (30 mol%),
NEt3 (6 equiv), dioxane, 60 °C, 1 h, 37%.

The use of BURGESS’ reagent on the other hand resulted in the formation of traces of the
regioisomeric diene 223. Faced with the same preference of the scaffold to form the unwanted double
bond regioisomer by dehydration reactions, it was decided to switch to a palladium-catalyzed
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elimination via a -allyl species. Based on the conditions that were developed by NICOLAOU for the
synthesis of epicoccin (cf. Scheme 8),37b allylic alcohol was transformed into the corresponding
trifluoroacetate and then treated with NEt3 in the presence of [Pd(PPh3)4]. Unfortunately, after 2 h at
60 °C, only the unwanted tetraene 223 was isolated in 43% overall yield. We speculated that the
configuration of the allylic alcohol might have an influence on the outcome of the elimination reaction.
A MITSUNOBU-inversion of 222 with 4-nitrobenzoic acid cleanly afforded the 4-nitrobenzoate 225 in
56% yield. Subsequent treatment with NEt3 and [Pd(PPh3)4] again only resulted in exclusive formation
of the unwanted tetraene 223 in 37% yield. In a final attempt, benzoate 225 was hydrolyzed to allylic
alcohol 226 in 40% yield, but once again, treatment with BURGESS’ reagent exclusively delivered the
undesired regioisomer 223 in low yield.
From the results that were obtained during the attempted formation of dienes 224 and 220, it was
concluded that the formation of the regioisomeric diene products were inherently favored by the
pentacyclic ring system, and consequently the approach towards haematocin (38) was abandoned.
Encouraged by TOKUYAMA’s total synthesis of acetylaranotin (cf. Scheme 11),45 that features a key
regioselective BAEYER-VILLIGER oxidation of enone 81, we attempted to afford a similar
transformation of enone 219 (Scheme 30). Unfortunately, neither the use of TOKUYAMA’s conditions
(H2O2·urea,

trifluoroacetic

anhydride,

–20 °C),

nor

NICOLAOU’s123

conditions

(SnCl4,

trans-cyclohexane-1,2-diame, TMSO–OTMS, RT) resulted in any trace of the desired lactone 227.
With the unsuccessful attempt to prepare lactone 227, the efforts directed towards the synthesis of
other 6–5–6–5–6-membered ETP natural products were put aside.

Scheme 30. Attempted BAEYER-VILLIGER oxidation of enone 219 to lactone 227 en route to acetylaranotin (35).
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1.4

Conclusion

In summary, Chapter 1 of this thesis describes the development of an efficient synthetic strategy to
access the complex 6–5–6–5–6-membered core structure 192 of many important ETP natural products,
as well as the attempts to transform this pivotal intermediate into selected family members of this
unique class of fungal metabolites. The strategy relies on the efficient assembly of the pentacyclic
framework by a double condensation of in situ generated labile aldehyde 184 with
N,N’-diacetyldiketopiperazine (173), followed by a bidirectional, intramolecular ring-opening of the
oxabicyclo[2.2.1]heptene-moieties in 186 to furnish pivotal intermediate 192 (Scheme 31).

Scheme 31. Synthesis of the key intermediate 192, and comparison to the biochemical formation of the pyrrolidine moiety.

The bidirectional formation of the 2,3-dihydro-1H-pyrrole moieties of 192 is reminiscent of the
biosynthetic pathway for the formation of ETP natural products in general (cf. Scheme 7), and for the
proposed biosynthesis of scabrosin diacetate (6) in particular (Scheme 31, bottom).34b In that the
strained and high energy bicyclo[2.2.1]heptenes of 186 serve as a surrogate for nature’s epoxybenzene
strategy (via 228) to accomplish the pyrrolidine formation.
Although it was not possible to obtain the targeted ETP natural product eventually, the insight that
was gained along the way towards scabrosin diacetate is believed to be valuable for the design of a
new approach towards this elusive member of the 6–5–6–5–6-membered ETP family. Moreover, the
overall strategy might be employed for the preparation of ETP analogs in the context of SAR studies.
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Introduction

2.1.1

Proteoglycans and Glycosaminoglycans

Proteoglycans (PGs) are proteins of the cell surface and extracellular matrix (ECM) and consist of a
core protein (CP) that is decorated with covalently bound glycosaminoglycan (GAG) polysaccharides
via specific amino acid side chains (serine, threonine, and asparagine) at the reducing end of the
polysaccharide (cf. structure 240). PGs are abundant in all mammalian cells and play a major role in a
wide variety of important processes such as signal transduction, cell proliferation, and cell
migration.126 These biological activities are mediated both by the core protein and to a larger extent by
its GAG oligosaccharide chains through interaction with various GAG-binding proteins.127 There is a
large structural diversity among the proteoglycan group of proteins because of several reasons: Apart
from the large number of discovered core proteins, the stoichiometry of GAG substitution (number of
GAG chains per core protein), as well as their type is variable for each individual CP and depends on
the cell-type and the physiological state of the cell. Finally, the structure of the glycosaminoglycan
side chains is highly variable in terms of chain length and charge pattern (vide infra) and is adjusted by
the cell in response to external stimuli.126b
Glycosaminoglycans are unbranched, polyanionic polysaccharides that are derived from a repetitive
disaccharide unit which consists of an uronic acid U (glucuronic acid (GlcA) or iduronic acid (IdoA),
except keratan) that is linked to an aminosugar A (glucosamine (GlcN) or galactosamine (GalA)) by a
glycosidic bond (Table 3).126b,130 GAGs are highly polar, negatively charged and largely hydrated
polysaccharides. Due to their unique biosynthesis that is non-template driven and involves incomplete
modifications (O- and N-sulfation and N-acetylation), their structure is polydisperse in terms of size
and charge pattern (see Chapter 2.1.4). This structural diversity renders GAGs the most information
dense biomolecules known, and an octasaccharide can have over 1 000 000 different sequences in
theory.128 Characteristic for all GAGs is their high negative charge density, as all the acidic groups
(carboxylic acids and sulfates) are ionized at physiological pH and heparin possesses the highest

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
126
127

128

For an overview over proteoglycans, see: a) L. Schaefer, R. M. Schaefer, Cell Tissue Res. 2009, 339, 237–246; b) J. D.
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negative charge density of all known biomolecules.130b,129 They can be classified into five groups based
on their constituting disaccharide unit.130,131 The five different classes of GAGs are constituted by
hyaluronic acid (HA), keratan sulfate (KS), chondroitin sulfate (CS), dermatan sulfate (DS) and
heparin/heparan sulfate (HP/HS).
Table 3. Classification, structures and characteristic properties of GAGs. 130b,132

Modificationsa

Sulfates per
Disaccharide132

Average Chain Length
in Disaccharides,
Average MW132

Heparin/
Heparan
sulfate

sulfation
(U-2OH, A-3OH, A-6OH),
acetylation/sulfation
(A-NH2)

~ 2.7 (HP)
0.6-1.5 (HS)

~ 30 (HP)
~ 40 (HS),
~ 15 kDa (HP)
~ 20 kDa (HS)

Dermatan
sulfate

sulfation
(U-2OH, A-4OH, A-6OH)

≤1

~ 60,
~ 30 kDa

Chondroitin
sulfate

sulfation
(U-2OH, A-4OH, A-6OH)

≤ 1 (CS-A, CS-C)
~ 2 (CS-D, CS-E)

~ 40
~ 20 kDa

Keratan
sulfate

sulfation
(U-6OH, A-6OH)

~ 1.5

~ 30 (KS-I)
~ 10 (KS-II),
~ 14 kDa (KS-I)
~ 5 kDa (KS-II)

Hyaluronic
acidb

–

0

260-2600
~ 100-1000 kDa

Parent
Disaccharide

Class

a) Modifications in the uronic acid moiety (U) and the aminosugar moiety (A); b) Hyaluronic acid is not associated with
a core protein.

2.1.2

Biological Significance and Structures of Glycosaminoglycans

Hyalorunic acid and keratan sulfate fulfill mostly structural roles: HA is associated with osmotically
active cations (sodium, potassium, magnesium) and thus efficiently binds water (up to 1000 times its
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Dermatan sulfate is now considered to be a separate class of GAGs: J. M. Trowbridge, R. L. Gallo, Glycobiology 2002,
12, 117R–125R.
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weight) to give a hydrated gel that is resistant towards compression forces and serves as lubricant. 133 It
is thus found in the synovial fluid of joints, in cartilage, and because of its transparency, it is a major
constituent of certain structures in the eyeball. Keratan sulfate is mostly found in the cornea and to a
lesser extent in cartilage and serves to maintain a specific level of tissue hydration.134
The other classes of GAGs possess mostly non-structural roles and mediate important biochemical
processes by binding to various protein ligands such as chemokines, cytokines, and growth factors.135
This binding exerts biological effects on multiple levels: binding affinity of the ligand-GAG-complex
to other proteins can be enhanced or diminished compared to the free ligand (for an example, see the
heparin-antithrombin III-complex, Chapter 2.1.5), the complex can be protected from proteolytic
cleavage, or the GAGs can act as a cell-surface co-receptor.126a,135 Along these lines, GAGs regulate a
large number of signaling pathways such as the fibroblast growth factor (FGF) pathway or the vascular
endothelial growth factor (VEGF) pathway.127 The specificity of protein binding to GAGs has been
investigated in recent years mostly for heparin binding proteins.136 It was pointed out that ionic
interactions are important for high affinity binding and thus a region that is rich in arginine, lysine or
histidine is required. Some consensus sequences responsible for heparin binding were identified (such
as XBBXBX, XBBBXXBX with X being a hydropathic amino acid and B being a basic amino acid),
however, this picture seems to be overly simplified and it is likely that a binding site is constituted by
multiple protein segments that are spatially close but may be distant in sequence. 135 From the
3-dimensional arrangement of these protein segments results a stretched region that is usually as long
as the minimum GAG chain length recognized.130b

2.1.2.1

Dermatan Sulfate131

Figure 3. Most abundant repeating unit of dermatan sulfate (S = SO3Na).132

Dermatan sulfate (also known as CS-B) consists of iduronic acid (1→3) linked to N-acetyl
galactosamine which is then linked by a (1→4) glycosidic bond to the next disaccharide unit. It can
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be sulfated at C4-OH and C6-OH of the galactosamine, and at the C2-OH of the uronic acid. C4-OH of
N-galactosamine is sulfated in general as this is required for the epimerization of glucuronic acid to
iduronic acid during the biosynthesis (see Chapter 2.1.4).137 Dermatan sulfate is interacting with
various growth factors, chemokines and cytokines and thus is thought to play an important role in
many important biological processes such as immune response and cell proliferation. 131 However, it is
most prevalent in skin and makes up as much as 0.3% of its dry weight.131 Recent studies suggest its
role as a key facilitator of the wound repair process: it is the GAG that is found in the highest
concentrations in wounds, and the DS carrying PG syndecan-1 is increasingly expressed on endothelial
cells of the wound. Moreover, in animal studies, mice deficient in the DS-PG syndecan-4 showed
delayed wound healing.131

2.1.2.2

Chondroitin Sulfate138

Chondroitin sulfate is constructed of a glucuronic acid (1→3) N-acetylgalactosamine disaccharide
that is linked via an (1→4) glycosidic bond to the next disaccharide. Depending on the most
abundant repeating unit (Figure 4), chondroitin sulfates can be classified as CS-A (sulfation mostly at
4-OH of the aminosugar), CS-C (sulfation mostly at 6-OH of the aminosugar), CS-D (sulfation mostly
at 6-OH of the aminosugar and 2-OH of the uronic acid), and CS-E (sulfation mostly at 4-OH and
6-OH of the aminosugar).139

Figure 4. Most abundant repeating units of chondroitin sulfates CS-A, CS-C, CS-D, CS-E (S = SO3Na).132

Chondroitin sulfate PGs are found as a major component in the ECM of mammalian cells of the
CNS and it is believed that they play a critical role in the development of the brain, in axonal growth
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and regeneration, and in synaptogenesis.140 A change of the expression of CS PGs has also been
noticed after brain injury and under pathological conditions such as ALZHEIMER’s disease.141

2.1.3

Heparin and Heparan Sulfate

Despite their biosynthetic origin from the same precursor, N-acetylheparosan (251),142 heparin and
heparan sulfate are very distinct entities (Figure 5).126b,130b,143 Heparin is non protein bound and
exclusively produced by, and stored within secretory granules of mast cells,144 whereas heparan sulfate
is attached to a CP and found in the ECM and on cell surfaces of almost any cell. 130b Moreover, they
are structurally different in that heparin contains more sulfate groups per disaccharide unit (1.8-2.6 in
heparin vs 0.8-1.8 in heparan sulfate) and the content of N-sulfated glucosamine is significantly higher
(Table 4). Whereas iduronic acid dominates in heparin, glucuronic acid is the most abundant uronic
acid in heparan sulfate.130b
Table 4. Characteristic properties and differences between heparin and heparan sulfate. 130b
Characteristics

Heparin

Heparan Sulfate

size

7-20 kDa

10-70 kDa

sulfates per disaccharide

1.8-2.6

0.8-1.8

GlcNSO3 content

>80%

40-60%

iduronic acid content

>70%

30-50%

–

Representative structures of heparin and heparan sulfate are shown in Figure 5: In contrast to
heparin that shows a more regular distribution of sulfate groups along the polysaccharide, heparan
sulfate is functionalized in a multi-domain structure. During biosynthesis, modifications of the
backbone polysaccharide occur in clusters producing regions that are non-sulfated and identical to
N-acetylheparosan and thus have a GlcA-GlcNAc sequence (N-acetylated (NA) domains), and regions
that are highly sulfated (N-sulfated (NS) domains), as well as mixed NA/NS domains.145 Within the
NS-domains, extensive epimerization of glucuronic acid to iduronic acid is observed, as well as
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C2-OH sulfation of the iduronic acid and C6-OH sulfation of the glucosamine.146 Heparin can thus be
considered as an extended NS-domain, although this picture is simplified as it would suggest structural
homogeneity.

Figure 5. Structure of N-acetylheparosan (A), most abundant structural motif in heparin (B) and most abundant structural
motif in heparan sulfate domains (C, S = SO3Na).

Heparin is produced by mast cells and stored in secretory granules. Its most significant biological
effect is the inhibition of the blood coagulation cascade. Most of its anticoagulant activity arises from
its binding to the serpin antithrombin III and results in a conformational change that increases its
binding-affinity to several factors of the coagulation cascade (mostly IIa, Xa, IXa, and XIa). 147 The
antithrombin III-heparin-complex has a 1000-fold increased binding affinity to the serine protease
thrombin (factor IIa) than antithrombin III itself.148 Binding of antithrombin to thrombin prohibits the
proteolytic cleavage of fibrinogen to fibrin. This precludes the following polymerization of fibrin
which is the basis for clot formation at the wound site. Antithromin III binding to the serine peptidase
factor Xa (STUART-PROWER factor) is enhanced 300-fold by heparin and inhibits its proteolytic activity
that converts prothrombin into thrombin.148 Overall, the action of heparin thus exerts its efficient
interference with the ultimate step in clot formation on two levels: firstly, the formation of thrombin
from prothrombin is inhibited and secondly, thrombin activity is impeded. The efficient binding of
heparin to antithrombin III has been attributed to the presence of pentasaccharide 256 within the
polysaccharide chain (Figure 6).149 This pentasaccharide forms the minimum structure essential for
efficient binding and heparin that is deficient of this sequence has a significantly reduced affinity to
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antithrombin III, and in particular the sulfate at 3-OH of the central glucosamine is essential for its
activity.150

Figure 6. Minimum structure with high binding affinity to antithrombin (S = SO3Na).

However, for the heparin-induced enhanced inhibitory activity of the heparin-antithrombin III
complex, a longer polysaccharide chain is essential. It has been shown that thrombin binds to the same
heparin chain as antithrombin III in the thrombin-heparin-antithrombin III-complex and that the
heparin chain needs to be long enough to bridge between the two proteins. Thus a chain of an
additional 13 oligosaccharides attached to the non-reducing end of the pentasaccharide is needed for
inhibitory effects of heparin, though activity increases with increasing molecular weight. 151 This
octadecasaccharide has a molecular weight of about 5400 Da and has been referred to as the C-domain
of heparin.152 In contrast, the binding affinity of the heparin-antithrombin III-complex to factor Xa
seems not to rely on this additional 13-mer oligosaccharide and thus the so called low molecular
weight heparin fraction (MW < 5400 Da, LMW) still retains their inhibitory activity with respect to
factor Xa.147b
Besides its activity as anticoagulant, heparin was shown to fulfill multiple other roles within the
body.153 Most prominently, its role as anti-inflammatory agent has been recognized.154 Heparin exerts
its anti-inflammatory effects by several mechanisms: It can bind directly to mediators of inflammatory
processes and thus prevent the recruitment of inflammatory cells, moreover it binds to and deactivates
certain enzymes and mediators that are released by inflammatory cells (elastase, eosinophil peroxidase
and certain cytokines and chemokines) and inhibit propagation of the inflammatory response.155 In
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addition, heparin diminishes the recruitment of inflammatory cells to the tissue by binding to several
adhesion molecules and thus inhibiting the adhesion of leukocytes to the endothelium.156 Moreover,
heparin binds to the transcription factor NF-B which reduces the activation of inflammatory genes
and the expression of pro-inflammatory chemokines, cytokines and adhesion molecules.157 Lastly, a
beneficial effect of heparin on the progression and metastasis of cancer has been observed.158 It is
believed that its anti-adhesive properties prevent cancer cells from entering the tissue from the blood
stream and that it exerts anti-angiogenic activity by promotion of tissue factor pathway inhibitor
(TFPI).159
Heparan sulfate is produced by virtually every cell as heparan sulfate proteoglycan and rarely
occurs as free entity. Several different core proteins that carry HS oligosaccharides are known and
belong to three groups:160 Firstly, there are membrane bound core proteins namely the syndecans (four
members) that are transmembrane proteins with an extracellular HS binding site, and glypicans (six
members) that are connected to the membrane via glycosylphosphatidylinositol. Secondly there are
pericellular HS-PGs located in the extracellular matrix, and thirdly there are secretory vesicle PGs.
With its strategic positioning around the cell, heparan sulfate fulfills important tasks in cell-cell and
cell-ECM communication by interaction with a large number of HS-binding proteins such as
cytokines, chemokines, growth factors and morphogens, extracellular matrix proteins and
collagens.160a,161 It can act as coreceptor, in that it binds signaling proteins (such as FGF) and aids the
formation of ligand-receptor complexes either by approximating the ligand to the receptor or by
inducing structural changes in the ligand that are needed to bind to the receptor. In addition, membrane
HS-PGs can act as primary receptors for endocytosis of ligands as well as viruses and other pathogens
that bind to the HS chain.160a,162 Finally, HS-PG can protect bound proteins against proteolysis or
stabilize specific conformations.160a By controlling the sulfation pattern of HS, the cells are able to
selectively modulate their interactions with protein effectors and moreover they are able to select
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effectors that are essential for their specific cell functions. Overall, HS and HS-PGs play an important
role in signal transduction,163 cell growth and adhesion,164 infection and inflammation,165 and
embryonic development.166

2.1.4

Biosynthesis of Glycosaminoglycans167

Proteoglycans are produced by all animal cells to be secreted into the extracellular matrix (ECM),
inserted into the plasma membrane or stored in secretory granules.126b Initially, a core protein (CP) is
expressed which is then further functionalized by the attachment of GAG chains. The core protein
functions as a matrix to which the individual GAG polysaccharides are added saccharide by saccharide
in a non-template-driven process.167 The core protein determines the attachment points of the GAG
polysaccharides, their number and type, as well as the PG’s final destination within the organism
(apical, luminal, intra- or extracellular).167a However, the fine structure of the attached GAGs is not
protein determined and highly varies with the producing tissue and with external stimuli at the time of
synthesis.167 It is thus believed, that GAGs are used for the cell’s response to environmental factors.
This is underscored by their abundance on the cell surface and in the ECM, along with their short halflife as they are turned over within 1/8th to 1/3rd of the cell cycle.168
In contrast to the other classes of GAGs, hyaluronic acid is produced by the membrane embedded
hyaluronan synthase on the cytosolic side of the cell membrane and then translocated across the
membrane via an ABC transporter.169 It is produced without the need for a primer (e.g. protein or fatty
acid) as a free glycan by the alternating attachment of UDP-GlcNAc and UDP-GlcA to the reducing
end of the growing chain.170 In contrast, heparin/heparan sulfate, chondroitin sulfate, and dermatan
sulfate are produced in the golgi using a core protein as primer for their synthesis. 128 To this end, the
core protein (257) is first functionalized at a serine residue with a GAG linkage region consisting of
the tetrasaccharide GlcA-Gal-Gal-Xyl by the action of different glycosyltransferases (Figure 7).167b A
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specific consensus sequence (Ser-Gly/Ala-X-Gly, where X represents any amino acid) for the initial
xylosylation has been proposed, but often the situation seems to be more complex.171,172

Figure 7: Biosynthesis of heparin/heparan sulfate, chondroitin sulfate and dermatan sulfate to the core protein.

Xylosylation is effected by a xylosyltransferase (XylT), a process that usually does not go to
completion and that is cell specific. Depending on the cell, not every attachment site for GAGs on a
specific core protein is functionalized.126b Double galactosylation and glucuronidation by specific
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glycosyltranseferases finishes the synthesis of the linkage region (258). Downstream in the GAG
biosynthesis, the biochemical pathway for HP/HS and CS/DS splits up: If N-acetylglucosamine is
added next (→259), the assembly of HP/HS is initiated. In the case of N-acetylgalactosamine (→263),
the developing GAG will be of the CS/DS type.167d The fate of the tetrasaccharide is determined by the
region around the anchoring serine amino acid and it has been shown that the N-acetylglucosamine
transferase I (GlcNAcT-I), responsible for HP/HS formation, prefers sites within the core protein that
contain multiple acidic amino acids and repetitive Ser-Gly sequences.172
The sugar backbone is then elongated by the action of an EXT1 and EXT2 enzyme complex that
displays both N-acetylglucosamine transferase and glucuronic acid transferase activity. 173,174 After
elongation, the HP/HS precursor 261 is first N-functionalized by partial N-deacetylation, N-sulfation
and then by epimerization of glucuronic acid to iduronic acid by an uronyl C5-epimerase. O-sulfation
(see Table 3 for sulfation sites) then takes place via several specific O-sulfotransferases that use the
high energy sulfating cofactor 3'-phosphoadenosine-5'-phosphosulfate (PAPS, 268) and the PG is
transported to its final destination.175 The enzymatic modifications usually do not go to completion and
depend on the regulated expression of the modifying enzymes as well as their corresponding isoforms.
Glycosaminoglycan therefore possesses a fine structure that is both tissue specific and reflects the
overall metabolic condition of the cell.176
The biosynthesis of chondroitin sulfate/dermatan sulfate is initiated by attachment of
N-acetylgalactosamine to the linking tetrasaccharide and then followed by chain elongation by a
complex of chondroitin synthase-1 (ChSy-1) and chondroitin polymerization factor (ChPF).177 After
the synthesis of the unsulfated polysaccharide 265, partial O-sulfation then gives rise to chondroitin
sulfate (266). The synthesis of dermatan sulfate (267) involves sulfation at the 4-position of the
galactosamine followed by epimerization of glucuronic acid to iduronic acid and subsequent
O-sulfations (see Table 3 for sulfation sites) at other positions of the polysaccharide.178
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Naturally Occurring Glycosaminoglycans in Clinical Use

Due to their broad range of functions, glycosaminoglycans have made their way into clinical trials
and some have entered the market as commercial drugs for the treatment of disease. Heparin in
particular has been used for the prophylaxes and treatment of thrombosis, pulmonary embolism, and
myocardial infarction since as early as the 1960s and has been commercialized by many
manufacturers.179 However, because of its promiscuous nature, several side-effects of heparin
treatments are known, such as heparin-induced thrombocytopenia, osteoporosis, and bleeding and thus
there is a high interest in selective anti-coagulants without those side-effects.180 Unfractioned heparin
(UFH, MW 5000-35000 Da) has thus been replaced more and more by low molecular weight heparins
(LMWH, MW <8000 Da) that are obtained by chemical or enzymatic hydrolysis of UFH and display
less side effects.147a,181 In recent years, heparin has been undergoing clinical trials for other
pathological indications, such as asthma, cancer and wound healing and it is expected that in the future
there will be medical applications aside from its anti-coagulative effects.182 However, there is still a lot
of research to be done as the use of heparin is complicated by the need for a parenteral administration
and there may be difficulties to separate the desired effect from its anti-coagulant activity. Besides
heparin, hyaluronic acid and chondroitin sulfate are used in human medicine, albeit to a much lesser
extent. The former is used in the therapy of osteoarthritis and in ophthalmological surgery.183 The
latter has been approved in Europe as treatment of osteoarthritis.184

2.1.6

Synthetic Glycosaminoglycan Mimetics185

Along with the discovery of the diverse functions of GAGs, the development of synthetic analogs
was started as well as their examination with regard to biological activity. Important driver of the
development of synthetic analogs was the objective to unlock novel bioactivity, reduce side-effects,
increase drug-efficiency, and to reduce the natural GAG’s polypharmacology.194 The range of
synthetic analogs is very diverse, ranging from heterogeneous mixtures of sulfated oligosaccharides to
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well defined compounds both of saccharide and non-saccharide origin. Moreover, their biological
activity may be tuned by the preparation of GAG mimetic-drug conjugates and thus a tremendous
scientific effort has been put forward for the synthesis of artificial GAG mimetics. As a result, several
GAG mimetics have entered the drug market and many more are currently undergoing clinical trials.
The different GAG mimetics can be classified into six different groups and some representatives of
each group will be discussed in the following chapters.194

2.1.6.1

Modified Glycosaminoglycans186

An initial approach to tune the biological activity of natural GAGs was their chemical modification.
Along these lines, both oversulfation187a and desulfation187b-d have been investigated along with
functionalization such as N-acylation, and modification of the carboxylic acid functionality.186 The
2,3-de-O-sulfated heparin ODHS has entered clinical trials for the treatment of chronic obstructive
pulmonary disease and for the treatment of acute myeloid leukemia.187f,g An oversulfated chondroitin
sulfate is sold as Hirudoid®, an over the counter medication against bruises and phlebitis. As a negative
example, oversulfated chondroitin sulfate was found in some commercial preparations of heparin and
resulted in severe allergic reactions in many patients, several of which died. Apparently, oversulfated
chondroitin sulfate was added by the supplier of the heparin in order to save money, as it displays high
anti-coagulant activity as well.188

2.1.6.2

Sulfated Polysaccharides189

As early as in the 1940s, the polysulfation of common polysaccharides was used to prepare GAG
mimetics. Many common uncharged polysaccharides, such as dextran,190a galactan,190b cellulose,190a,c
and pentosan,190d as well as charged polysaccharides (alginate190e and pectin190f) were subjected to
sulfation and investigated for their use as anticoagulant, as antiviral agent or as angiogenesis inhibitor.
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In particular, the sulfated pentosanes have received considerable attention within the scientific
community and have developed into a commercial drug (Elmiron®) for the treatment of interstitial
cystitis. However, the preparation of sulfated polysaccharides is complicated because sulfation
reactions usually do not go to completion, and often degradation of the sugar is observed. 191 This
results – as with natural GAGs – in a vast and heterogeneous mixture of products. Not only does this
often result in polypharmacology, but often the efficacy of the products is low, as not every compound
is effective.185a Moreover, there are difficulties regarding reproducibility of the synthesis which makes
it difficult for the synthetic route to be approved by the health authorities. 185a As an example, for the
nonasaccharide trestatin A (269), an average degree of sulfation of 22 out of 27 hydroxyl groups was
achieved (Figure 8).185a In total, there are more than 81000 theoretical isomers possible with 22 sulfate
groups.185a However, assuming a POISSON distribution, the average degree of sulfation corresponds to
a range of 13 to 27 sulfate groups and hence an even higher number of isomers is obtained during the
sulfation event.185a

Figure 8. Structure of trestatin A (269).192

2.1.6.3

Sulfated Oligosaccharides

To overcome the very unselective sulfation of larger polysaccharides, several smaller
oligosaccharides were subjected to sulfation in order to reduce heterogeneity of the product. Most
notably, sucrose octasulfate (270) and maltose octasulfate have been investigated for their use in
wound healing,193 and sulfated -, - and -cyclodextrin with varying degree of sulfation were tested
for their inhibitory effect to the entry of Plasmodium falciparum into red blood cells.194 Interestingly,
however, is the fact that with PI-88 (271) a heterogenous sulfated oligosaccharide was undergoing
phase III clinical trial against a variety of oncological diseases (Figure 9).195

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
191
192
193

194

195

For a review on advances and challenges in chemical sulfation, see: R. A. Al-Horani, U. R. Desai, Tetrahedron 2010,
66, 2907–2918.
H. P. Wessel, M. Hosang, T. B. Tschopp, B.-J. Weimann, Carbohydr. Res. 1990, 204, 131–139.
a) C. R. Parish, W. B. Cowden, Patent No. US 6143730 A; b) P. Fugedi, D. J. Tyrrell, R. J. Tressler, R. J. Stack, M.
Ishihara, Patent No. US 5739115 A; c) B. K. Yeh, A. V. Eliseenkova, A. N. Plotnikov, D. Green, J. Pinnell, T. Polat, A.
Gritli-Linde, R. J. Linhardt, M. Mohammadi, Mol. Cell. Biol. 2002, 22, 7184–7192.
a) I. E. Crandall, W. A. Szarek, J. Z. Vlahakis, Y. Xu, R. Vohra, J. Sui, R. Kisilevsky, Biochem. Pharmacol. 2007, 73,
632–642;
a) R. Kudchadkar, R. Gonzalez, K. D. Lewis, Expert Opin. Investig. Drugs. 2008, 17, 1769–1776; b) L. M. Khachigian,
C. R. Parish, Cardiovasc. Drug Rev. 2004, 22, 1–6; c) G. Yu, N. S. Gunay, R. J. Linhardt, T. Toida, J. Fareed, D. A.

64

Polyanionic Hexasaccharides Derived from -Cyclodextrin as GAG Mimetics

Figure 9. Selected sulfated oligosaccharides that have been investigated as GAG mimetics (S = SO3Na).

In order to profit from the ease of functionalizing (sulfating in particular) small oligosaccharides,
the coupling of two smaller oligosaccharides has emerged as a synthetic strategy. With this approach, a
more extended larger molecule is obtained, and the problem of structural heterogeneity during the
synthesis of a larger sulfated polysaccharide is circumvented.185 Along these lines, aprosulate sodium
(272) was developed and was evaluated as a novel anti-coagulant.196

2.1.6.4

Oligosaccharide-Aglycone Conjugates

Another strategy that profits from the ease of preparation of smaller oligosaccharides comprises the
attachment of a drug to a smaller charged oligosaccharide. In this context, the CRC220 conjugate
ORG42675 (273) was prepared and displays a dual effect: the pentasaccharide mimics heparin and
binds to antithrombin whereas the drug is a direct thrombin inhibitor (Figure 10).

Figure 10. ORG42657 (273) - a conjugate of a sulfated oligosaccharide to a drug (CRC220, S = SO3Na).
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Both effects enhance the overall anticoagulant activity of the compound and the drug thus has a
higher activity than each of the components alone.197 For another successful example of a synthetic
heparan sulfate-protein conjugate, see chapter 2.1.9.

2.1.6.5

Non-Carbohydrate-Based Sulfated Mimetics

In recent years, many GAG mimetics that are non-carbohydrate based were developed. This group
spans a rather broad range of structures,198 but sulfonated naphthalene compounds in particular display
interesting bioactivities.185a The dendrimer SPL 7013 (274, Figure 11) for example is explored as a
vaginal microbicide and shows potential anti-HIV activity.199

Figure 11. Polyanionic dendrimer SPL 7013 (274) as GAG mimetic (S = SO3Na).

In addition, anionic polymers,200 and aptamers of polyanionic nucleic acids were used to mimic the
binding region of heparin for the interaction with various proteins. The aptamer Macugen® selectively
binds to the extracellular vascular endothelial growth factor VEGF-A165 and exerts anti-angiogenic
activity.201 It obtained market approval in the US in 2004 as a drug against wet, age related macular
degeneration.

2.1.6.6

Non-Sulfate Anionic Groups

Despite most scientific effort having been investigated in sulfated analogs of GAGs, there are recent
developments in replacing the sulfate group by phosphonates, sulfonates (see above) or
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carboxylates.185a However, it was shown that the effect of the replacement of one charged group by
another cannot be accurately predicted and has to be judged on a case-to-case basis.185a Recently, it
was demonstrated that a polycarboxylate can exhibit similar activities as the more acidic polysulfates.
Precisely, polyacrylic acid was able to increase the activity of antithrombin III – just as the natural
ligand heparin.202

2.1.6.7

De-novo Chemical Synthesis of Glycosaminoglycan Fragments

The chemical synthesis of oligosaccharides displaying the complexity of heparin or heparan sulfate
is a highly difficult endeavor as the site selective introduction of sulfates and amines, as well as the
defined introduction of each glycosidic bond require a large number of steps per monosaccharide
building block.203 However, chemical synthesis in principle allows for the preparation of virtually any
desired substitution pattern and thus enables biologists to efficiently probe structural requirements for
efficient GAG-protein interaction. Within the last decade, advances in oligosaccharide chemistry, such
as novel protecting groups,204 glycosylation techniques and strategies,203a,205 and solid-phase synthesis
led to an increase in the published literature for the synthesis of complex GAG oligosaccharides.206
These efforts resulted in a better understanding of GAG-protein interactions,207 and fondaparinux
(Arixta®, 281) a complex fully synthetic pentasaccharide was commercialized as drug.208
Fondaparinux is a mimetic of the natural antithrombin binding pentasaccharide 256 of heparin and was
developed by Sanofi as anti-coagulant (selective factor Xa inhibitor). It binds to antithrombin and
induces a conformational change that enhances antithombin’s binding affinity to factor Xa, but –
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For recent examples, see: a) C. Noti, J. L. de Paz, L. Polito, P. h. Seeberger, Chem. Eur. J. 2006, 12, 8664–8686; b) S.
Arungundram, K. Al-Mafraji, J. Asong, F. E. Leach, I. J. Amster, A. Venot, J. E. Turnbull, G.-J. Boons, J. Am. Chem.
Soc. 2009, 131, 17394–17405.
a) For an overview of synthetic oligosaccharides as active pharmaceutical ingredients, see: a) P.-A. Driguez, P. Potier,
P. Trouilleux, Nat. Prod. Rep. 2014, 31, 980–989; For M. Petitou, C. A. A. van Boeckel, Angew. Chem. Int. Ed. 2004,
43, 3118–3133.

Introduction

67

unlike low molecular weight heparins – has no effect on thrombin.209 The original synthesis of
fondaparinux comprises over 50 steps and the shortest route to date is 21 steps long (longest linear
sequence, Scheme 32).210

Scheme 32. Shortest synthesis of fondaparinux (R = SO3Na). Reagents and conditions: a) 276 (1.5 equiv), TMSOTf
(30 mol%), 4 Å MS, PhMe, 0 °C, 95%; b) Ac2O, TESOTf, 0 °C; NH3, THF–MeOH (7:3), 0 °C; Cl3CCN, K2CO3, CH2Cl2,
RT, 68% (three steps); c) 283 (1.2 equiv), NIS (1.2 equiv), AgOTf (14 mol%), 4 Å MS, PhMe, RT, 86%; d) HCl in MeOH
(0.2 M), 0 °C, 90 %; e) TEMPO (1.0 mol%), Ca(ClO)2 (1.7 equiv), KBr (20 mol%), aliquat 336 (20 mol%), pH = 9.5
buffer, 0 °C; CH2N2, Et2O, RT, 95% (two steps); f) 285 (1.2 equiv), TMSOTf (6.0 mol%), 4 Å MS, CH2Cl2, RT, 70%;
g) LiOH/H2O2, THF, 0 °C, 65%; h) SO3·NMe3, DMF, 50 °C, 91%; i) H2 (1 bar), Pd/C (63 weight-%), MeOH–H2O (2:1),
RT, 98%; j) SO3·pyridine, NaHCO3, H2O, 65%.

The synthesis starts from cellobiose (277) which is converted to disaccharide 278 in 14 steps.
SCHMIDT glycosylation with trichloroacetimidate 276211a gave the trisaccharide 279 after acetate
protection and activation of the anomeric carbon as trichloroacetimidate. Disaccharide 285 was
obtained by NIS-mediated coupling of thioglycoside 283 with alcohol 284, both of which were
obtained from glucosamine (275) and glucose (282), respectively.211b,c Subsequent SCHMIDT
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glycosylation with 279, deprotection of the esters and sulfation then gave pentasaccharide 280.
Debenzylation and concomitant azide rerduction was accomplished by the action of hydrogen over
Pd/C and set the stage for the final N-sulfation to furnish fondaparinux (281) in 0.017% (170 ppm)
overall yield. The synthetic sequence illustrates the complexity and length of a synthesis that is needed
for the preparation of just a pentasaccharide. It is not surprising, that biochemical methods are now
being developed that use isolated enzymes to prepare structurally defined oligosaccharides for further
biological investigation.212 The recombinant expression of glycosaminoglycans is also being
investigated; however, as their biosynthesis is not template driven, the preparation of a defined chain
length and sulfation pattern is currently an unsolved problem.185b The development of novel GAG
mimetics that are easily accessible is therefore of great interest.

2.1.7

The Role of Glycosaminoglycans in Infection by Pathogens213

Infectious diseases are the cause of over 9 million deaths per year, and account for around 18% of
all deaths in the world.214 Although many pathogens are now under control or even considered
eradicated due to the development of potent vaccines, antibiotics and antiviral agents, there are still
some microbial threats that cannot be tackled efficiently, and others that become increasingly
threatening because of the development of drug-resistance. The success of a pathogen to invade a host
is largely determined by its ability to exploit host components and to subvert its defensive
mechanisms.213 GAGs play an important role in cell-cell-communication, adhesion and inflammation
(see chapter 2.1.2) and in recent years it became clearer that they are involved in most key steps of
microbial pathogenesis. These key steps in the microbial pathogenesis involve cell attachment,
invasion, systemic dissemination and evasion of the host’s innate and adaptive immune system.213b,215
Attachment to the host’s cell is the first crucial step in the pathogenesis of infectious diseases and
many microbes express GAG-binding adhesins on their surface.215 Without efficient attachment to the
tissue, microbes are efficiently removed by mechanical defenses such as passive transportation in
fluids, ciliary motion, and coughing or sneezing.213b Along these lines, it was shown that cell
attachment by many pathogens (viruses, bacteria, parasites) is significantly inhibited by the addition of
soluble exogenous heparan sulfate and that those pathogens show reduced attachment to cells that have
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been stripped from cell surface HS by mutagenesis or chemical treatment.213b Moreover, the cell
specific structure of cell surface GAGs allows pathogens to recognize specific tissues and may be
responsible for tissue tropism of certain bacteria and viruses.213 For intracellular pathogens such as
viruses, the second step in infection is invasion of the target cell. Those pathogens can use cell surface
GAGs either as initial attachment receptors to facilitate the interaction with their respective
internalization receptor, or the GAG-pathogen interaction triggers direct pathogen internalization.213b
With respect to systemic dissemination of pathogens, interactions with GAGs are also exploited. In the
case of the HI virus, dendritic cells bind HIV during sexual transmission with a specific HS-PG
(syndecan 3) and transfer the virus to T-cells in which the virus explosively replicates.215b Moreover,
the role of HS-PGs in transcytosis of the HI virus through the primary genital epithelial cells was
recognized.216 Regarding the evasion of host defense mechanisms, several pathogens excrete enzymes
that release soluble host GAGs by enzymatic cleavage of PGs.213b,215b These soluble GAG fragments
were found to bind and to inhibit antimicrobial peptides (AMP) such as defensins that are important
components of the immune response. AMPs are cationic peptides that are expressed in many tissues
and that can neutralize pathogens such as Gram-positive and Gram-negative bacteria by disrupting
their membranes.215b Inhibition by these soluble GAG fragments thus protects the pathogen. In
addition, some pathogens decorate their cell-surface with GAGs themselves in order to mask
immunogenic determinants on their surface and to escape from detection by the immune system.213b
Due to the important role of pathogen-GAG interactions in infectious disease, the development of
new drugs and therapeutics based on GAG mimetics is currently being investigated.215b In particular,
the treatment and prevention of viral infections has gained attention from the scientific community.
Along these lines, the effect of GAGs on infections by the human immunodeficiency virus (HIV), 217a
the hepatitis B virus (HBV),217b or the human papilloma virus (HPV) were investigated recently.217c

2.1.8

HIV-1 Infection Cycle and the Role of Glycosaminoglycans on Virus
Entry218

The human immunodeficiency virus (HIV) is a retrovirus constituted of two main species, namely
HIV type 1 (HIV-1) and type 2 (HIV-2). HIV-1 is responsible for the current global pandemic and
HIV-2 is only prevalent in limited parts of the world. Since its discovery in 1981, HIV infections have
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caused the death of around 25 million people.219 The HI virus infects and degrades CD4+ cells of the
immune system (helper T cells, macrophages, dendritic cells), which leads to progressive failure of the
immune system – a condition that is called the acquired immunodeficiency syndrome (AIDS). Without
treatment, HIV infection leads to AIDS and the immune deficiency allows life-threatening
opportunistic infections to spread which eventually lead to death of the infected person. 220 Up to date,
there is no vaccine or curative treatment against HIV available, however with modern highly active
antiretroviral therapy (HAART) the infection can be slowed down significantly and the virus levels
can be reduced below detection levels, so that the outbreak of AIDS can be delayed significantly.221
However, the virus cannot be eradicated entirely just yet and therefore continuous effort is spent into
the development of novel anti-HIV drugs.222 HIV therapy is significantly hampered by the fast
mutation of the virus, which is mainly due to its very error-prone viral reverse transcriptase that
produces around 1.4x10–5 errors per base pair per cycle and thus produces around 0.2 errors per
genome (~104 base pairs) during each replication cycle.223 Paired with the fast replication rate this
results in a large population of genetic (and thus phenotypic) variants and allows the virus to escape
the host’s immune response. Moreover, it often results in resistance against commercial antiretroviral
medication.224 This is the reason why the development of novel anti-HIV medication is still an active
field of research and has resulted in an extraordinary well understood mechanism of HIV infection.225
The HIV-1 virion contains an outer membrane that stems from the host upon budding of new virus
particles (Figure 12). The membrane contains host cell membrane proteins, as well as the HIV
envelope-glycoprotein complex consisting of a gp120 trimer, which is non-covalently bound to a
transmembrane gp41 trimer.226 This envelope-glycoprotein complex is the binding site to both cellular
attachment receptors (CD4 and heparan sulfate in some cases, vide infra), and chemokine
entry receptors (CCR5 or CXCR4).218 Inside the membrane the virus contains a capsid composed by
MA matrix proteins.225b The core nucleocapsid is constituted of CA capsid proteins and holds two
strands of viral RNA along with various enzymes and transcription factors.225b Most importantly, the
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virion contains copies of the viral reverse transcriptase and integrase that allow for the integration of
the viral genetic code into the host cell, as well as a protease that cleaves the translated viral
polyproteins env, gag and pol into their smaller active constituents.218

Figure 12: Schematic representation of the most important structural features of the HI virus.225

The viral replication comprises of six steps: host cell invasion, reverse transcription of viral RNA to
DNA, integration of transcripted viral DNA into the host DNA, viral protein expression, budding of
the immature virus particles and maturation to HIV virions.225a Each individual step has been targeted
by anti-retroviral therapy, and modern highly active antiretroviral therapy involves the simultaneous
use of multiple drugs targeting different steps during the reproductive cycle.221c Recent research was
focused on the development of entry inhibitors, a class of drugs that inhibit viral entry into the host
cell. Entry inhibitors can be classified into four groups: attachment inhibitors, post-attachment
inhibitors, coreceptor antagonists and fusion inhibitors.227 The former two inhibit the attachment of the
virus particles to the host cells and the latter two prevent the fusion with the host. As of 2015, only two
entry inhibitors (Maraviroc (286) and Enfuvirtide (287), Figure 13) were approved by the FDA,228
however, advances in the field are highly interesting and might lead to more effective treatments of
HIV infections in the future.
For infection of a host cell, the HI virus requires the presence of the CD4 receptor and at least one
chemokine entry receptor (CCR5 or CXCR4).229 Initially, the gp120 protein binds to the CD4-receptor
which attaches the virus to the cell and triggers significant structural alterations within the envelope
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Poveda, V. Soriano, J. Antimicrob. Chemother. 2006, 57, 619–627.
https://aidsinfo.nih.gov/education-materials/fact-sheets/21/58/fda-approved-hiv-medicines (22.02.2016)
There have been reports about CD4 independent HIV-1 and HIV-2 variants that directly interact with the chemokine
co-receptors: a) P. R. Clapham, A. McKnight, S. Talbot, D. Wilkinson, Perspect. Drug Discovery Des. 1996, 5, 83–92;
b) J. Bhattacharya, P. J. Peters, P. R. Clapham, AIDS 2003, 17, S35–S43.
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protein (Figure 13, B2).230 This structural alteration allows the binding to the HI virus’ entrance
receptor (CCR5 or CXCR4) and leads to the insertion of the gp41 fusion peptide into the host
membrane (Figure 13, B3).227a,230b This process ultimately leads to the fusion of the cell membranes
and inclusion of the virus particle into the host cell. The gp120 protein is thus responsible for all the
crucial interactions with the host cell during the pre-entry steps and features a flexibility that enables
the consecutive binding of the receptors.

Figure 13: Structures of commercial entry inhibitors Maraviroc (286) and Enfuvirtid (287), and schematic representation
of HIV attachment (B1, B2) and fusion with the host cell (B3).

It consists of five highly conserved regions (C1–C5) forming the so called “inner” and “outer”
domain of the core structure that are connected via a “bridging sheet”.218a In addition there are five
exposed variable loops (V1–V5) on the surface of gp120.218a Binding to CD4 is mediated by the
conserved regions of gp120 (mostly C1, C3 and C4 domain) and results in a significant relocation of
the V1, V2 and V3 loop.218a
This relocation exposes a new region within the bridging sheet, the so called CD4 induced (CD4 i)
epitope. The CD4i epitope forms the binding site for the chemokine receptors CCR5 and CXCR4
together with the relocated V3 loop.218a It was shown that a number of soluble polyanionic compounds
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For a general overview of the replication cycle of retroviruses, see: a) S. Nisole, A. Saïb, Retrovirology 2004, 1, 1–20;
for an overview over the infection cycle of HIV-1, see b) C. B. Wilen, J. C. Tilton, R. W. Doms, Cold Spring Harb.
Perspect. Med. 2012, 2.
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such as heparan sulfate, dextran sulfate and pentosane polysulfate inhibit viral replication in vitro. 231 It
was soon realized that heparan sulfate binds to the V3 loop of gp120 as the major determinant and that
soluble polyanions compete with the binding of cell-surface HS to the virus.218a,232 This suggests that
heparan sulfate PGs function as an additional attachment receptor that is used for infection, in
particular of cells with a low CD4 receptor concentration such as macrophages.218a In this case, the low
CD4 concentration is compensated by the virus’ binding to heparan sulfate, which enriches its surface
concentration and thus ensures an efficient cell infection (Figure 13, B1).218a,233 The V3 loop is
positively charged due to the presence of basic amino acids and thus can bind HS by strong ionic
interactions. Its charge varies between +3 and +10 depending on the HIV-1 strain; it is generally more
pronounced in CXCR4-tropic strains.218a Interestingly, during the course of the infection, the major
entry receptor usage switches from CCR5 (R5-tropism) to CXCR4 (X4-tropism), possibly due to the
decline of CD4-rich T-cells and is manifested by an increase in the net charge of the V3 loop due to
adaptation of the virus.234 In addition to the V3 loop, other domains of HIV-1 bind to heparan sulfate
such as the V1 and V2 loops, the C-terminal domain of gp120 and the CD4i epitope.218a,235 In
particular, post CD4 binding, the affinity to heparan sulfate is increased, probably because the CD4 i
epitope is exposed and forms an extended HS binding site together with the V3 loop.218a,232b

2.1.9

Conjugates of Synthetic Heparan Sulfate Mimetics as Entry Inhibitors

Previous studies on the anti-HIV activity of polyanionic compounds, together with the discovery
that CD4 binding results in higher affinity towards heparan sulfate prompted the group of LORTATJACOB to examine polyanion-soluble CD4 conjugates as entry inhibitors (Figure 14).236 They
anticipated that the CD4 portion of the conjugate blocks the CD4 binding site of gp120 and that the
polyanion blocks the coreceptor binding site that is exposed upon CD4 binding, thus resulting in a
potent antiviral activity. For their studies, the authors designed a synthetic, soluble CD4 mimetic
peptide (mCD4g, 288) and conjugated it to a synthetic heparin mimetic dodecasaccharide to furnish
conjugate 289. Compound 289 was then tested for its entry-inhibitory activity against several HIV
strains. Most interestingly, it showed ED90 values between 3 nM and 11 nM, but the ED90 of both the
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a) M. Baba, R. Snoeck, R. Pauwels, E. de Clercq, Antimicrob. Agents Chemother. 1988, 32, 1742–1745; b) M. Ito, M.
Baba, A. Sato, R. Pauwels, E. De Clercq, S. Shigeta, Antiviral Res. 1987, 7, 361–367; c) M. Moulard, h. Lortat-Jacob, I.
Mondor, G. Roca, R. Wyatt, J. Sodroski, L. Zhao, W. Olson, P. D. Kwong, Q. J. Sattentau, J. Virol. 2000, 74, 1948–
1960.
a) G. Roderiquez, T. Oravecz, M. Yanagishita, D. C. Bou-Habib, h. Mostowski, M. A. Norcross, J. Virol. 1995, 69,
2233–2239; b) R. R. Vivès, A. Imberty, Q. J. Sattentau, h. Lortat-Jacob, J. Biol. Chem. 2005, 280, 21353–21357.
A. C. S. Saphire, M. D. Bobardt, Z. Zhang, G. David, P. A. Gallay, J. Virol. 2001, 75, 9187–9200.
O. Hartley, P. J. Klasse, Q. J. Sattentau, J. P. Moore, AIDS Res. Hum. Retroviruses 2005, 21, 171–189.
E. Crublet, J.-P. Andrieu, R. R. Vivès, h. Lortat-Jacob, J. Biol. Chem. 2008, 283, 15193–15200.
a) F. Baleux, L. Loureiro-Morais, Y. Hersant, P. Clayette, F. Arenzana-Seisdedos, D. Bonnaffe, h. Lortat-Jacob, Nat.
Chem. Biol. 2009, 5, 743–748; b) Bridgette J. Connell, F. Baleux, Y.-M. Coic, P. Clayette, D. Bonnaffé, h. LortatJacob, Chem. Biol. 2012, 19, 131–139.
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heparan sulfate mimetic alone, or the mCD4g peptide (288) alone was over 2 orders of magnitude
higher.236a

Figure 14: HS mimetic–mCD4g conjugates developed by LORTAT-JACOB as multivalent binders to gp120.

This suggests that multivalent binding is responsible for the high inhibitory activity of the conjugate
289. In a later publication, the group of LORTAT-JACOB prepared the conjugates 293a-c in which the
anionic moiety benefits from the ease of preparation compared to the heparan sulfate mimetic moiety
in 289.236b Compound 293a showed similar activity (ED50 = 0.5 nM) compared to 289 (ED50 =
1.4 nM) in an assay with LAI HIV strains, and compound 293b was only slightly less active (ED50 =
8.2 nM) indicating that there is no specificity for sulfonates over carboxylates as charge carrying
group. Interestingly, 293c was two orders of magnitude less active (ED50 = 98 nM) compared to the
sulfated analog 293a, underscoring the essence of an anionic group for activity. In all cases, the single
peptides as well as the single mCD4g were one to two orders of magnitude less active, proving the
viability of the conjugation approach.
These observations suggest that conjugation of pharmacophores to oligoanionic compounds may be
effective in the treatment of or prevention from HIV infections. In particular, the multivalency of these
conjugates might enhance binding efficiency and thus result in higher potency of the compound.
However, rapid screening of polyanionic compounds requires a fast, flexible and high-yielding route to
structurally defined compounds for the determination of structure-activity-relationships.
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Aims and Scope

Structurally defined GAG oligomers are notoriously difficult to prepare because of the large
number of steps that are needed for glycosylation reactions and protecting group manipulations (cf.
Scheme 32). Moreover, low selectivites along the synthesis result in poor yields and laborious
separation processes. For this reason, most efforts towards the preparation of heparan sulfate
surrogates rely on unselective functionalizations of preassembled oligosaccharides from natural
sources (see chapter 2.1.6). The products however, display a broad heterogeneity in size and charge
distribution and thus tend to be promiscuous in terms of bioactivity. In addition, the mixture of
compounds is difficult to characterize and their preparation is challenging to reproduce, which makes
them inappropriate vehicles to study structure activity relationships.185a Furthermore, the synthesic
routes towards these compounds cannot be easily adapted so that optimization or fine-tuning of lead
structures is complicated. The difficulty to synthesize defined GAG mimetics is highly contrasted by
their need for detailed biochemical investigations, and for the development of novel therapeutics. In
the light of the GAG’s tremendous spectrum of biological activities, further efforts directed towards
the synthesis of structurally defined mimetics and their investigation as therapeutic agents is of great
interest. To overcome the current limitations of the synthesis of GAG mimetics, we decided to develop
a fast, chemically robust synthesis of negatively charged hexasaccharides 295 from -cyclodextrin
(294, Scheme 33).

Scheme 33: Synthesic strategy to prepare polyanionic hexasaccharide 295 from -cyclodextrin (294).

For the ease of preparation and the cutback on protection-deprotection-reprotection cycles that are
usually required for selective introduction of charged groups into the 2- and 3-position (see Scheme 32
for an example), we decided to introduce the charged group in the 6-position of the oligosaccharide
backbone.237 The synthetic route should furthermore enable the introduction of different anionic
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Although some GAG-protein interactions require a specific charge pattern (cf. the interaction of anithrombin-III with
heparin, Chapter 2.1.5), in many cases electrostatic interactions between the negatively charged sugar and the positively
charged protein determinant are sufficient (as seen in the work by LORTAT-JACOB, see Figure 14). This is the reason
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groups as well as offer the possibility to conjugate the entire hexasaccharide to other molecules, such
as drugs or different biochemical probes (fluorescence dyes, affinity tags). For this purpose, we
planned to introduce a linker to the hexasaccharide 295 that contains a suitable functional group (FG)
for further functionalization, e.g. via click chemistry.
After the preparation of a suitable anionic hexasaccharide, we planned to explore its utility in the
context of HIV entry inhibition by the preparation of heparan sulfate mimetic–drug conjugates 296
(Figure 15). Inspired by the work of LORTAT-JACOB (cf. Figure 14), we decided to prepare a conjugate
of HS mimetic 295 to the HIV entry inhibitor NBD-556.

Figure 15. Selected HIV entry inhibitors for the conjugation to HS mimetic 295. Exit vectors for conjugation are indicated
by the dashed arrow.

Compound NBD-556 (297) is a small molecule CD4 mimetic that occupies the same binding
pocket of gp120 as the CD4 receptor, and locks the conformation of gp120 into the CD4 bound
conformation.238 This was shown by the enhancement of infection of CD4– CCR5+ cells by the
addition of NBD-556 to selected HIV strains.238b A conjugate of NBD-556 to the novel heparan sulfate

238

why numerous GAG analogs ranging from oligopeptides over dendrimers to charged polymers were successfully
developed (see chapter 2.1.6).
a) Q. Zhao, L. Ma, S. Jiang, h. Lu, S. Liu, Y. He, N. Strick, N. Neamati, A. K. Debnath, Virology 2005, 339, 213–225;
b) N. Madani, A. Schön, A. M. Princiotto, J. M. LaLonde, J. R. Courter, T. Soeta, D. Ng, L. Wang, E. T. Brower, S.-H.
Xiang, Y. Do Kwon, C.-c. Huang, R. Wyatt, P. D. Kwong, E. Freire, A. B. Smith Iii, J. Sodroski, Structure 2008, 16,
1689–1701; c) K. Yoshimura, S. Harada, J. Shibata, M. Hatada, Y. Yamada, C. Ochiai, h. Tamamura, S. Matsushita, J.
Virol. 2010, 84, 7558–7568.
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mimetic 295 (Figure 15) should thus have similar entry inhibitory properties as the conjugates
prepared by the group of LORTAT-JACOB, namely binding to both the CD4 binding site (by NBD-556)
and the coreceptor binding site that is made up of CD4i epitope and the V3 loop (by the HS mimetic in
296). This novel conjugate, however, should be much more readily accessible compared to the
compounds 289 and 293a,b from the LORTAT-JACOB group. Furthermore, a variation of the HS
mimetic moiety 296 should be much more easily to achieve as different anionic groups might be
readily incorporated. To expand the concept, other known gp120-binding HIV entry inhibitors, such as
BMS-626529 (298), 18A (299), or amphotericin B (300) would be conjugated to HS mimetic 295. The
binding of both the negatively charged polyanion as well as the drug to gp120 might significantly
enhance the affinity and thus improve the inhibitory effect compared to the drug alone. 18A was
shown to bind to gp120 but does not inhibit CD4 attachment, however it disrupts conformational
changes that are required for chemokine receptor binding, 239 BMS-626529 is a drug that is currently
undergoing clinical trials. It targets gp120 and inhibits binding to CD4, but it does not bind to the CD4
binding site.240 Finally, amphotericin B and some derivatives thereof display anti-HIV activity;
however, their mode of action is not entirely clear and it is assumed that they interfere with the virus’
cholesterol-rich envelope.241 For one derivative, it was shown that binding to the V3 loop of gp120
might be crucial for activity,241 and thus we decided to prepare an HS mimetic–amphotericin B
conjugate, in order to assess the influence of the attachment of an additional V3 loop binding moiety
(by the HS mimetic).
The hexasaccharide-drug conjugates 296 shown in Figure 15 would later be examined as HIV
entry inhibitors by a collaboration with the TRKOLA group at the UNIVERSITY

OF

ZÜRICH, and their

entry-inhibitory activity will be compared to their non-conjugated congeners 297-300. An increase in
activity might be expected as of two effects: firstly, the negatively charged heparan sulfate mimicking
moiety might increase the local concentration of the drug around gp120 due to the affinity to gp120’s
heparan sulfate binding sites, and secondly, multivalent binding of both the drug and the oligoanion
might increase the binding affinity and thus enhance the drug potency.
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a) A. Herschhorn, C. Gu, N. Espy, J. Richard, A. Finzi, J. G. Sodroski, Nat. Chem. Biol. 2014, 10, 845–852; for
computational studies on the interaction of 18A with gp120, see: b) E. Berinyuy, M. E. S. Soliman, J. Recept. Signal
Transduct. 2016, 36, 119–129.
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2.3

Results and Discussion

2.3.1

First

Generation

Approach

to

Heparan

Sulfate

Mimetic

295:

-Cyclodextrin Opening Followed by Functionalization
At the outset of the study, we investigated an approach in which -cyclodextrin (294) would be
subjected to cleavage to maltohexaose 310, and then functionalized in the 6-positions of the saccharide
to furnish hexaanion 295 (Scheme 34, top).

Scheme 34. First generation synthetic strategy towards heparan sulfate mimetic 295 (top), and literature precedence for the
ring-opening of functionalized -cyclodextrins 311 to linear hexasaccharides 312 (bottom).

Upon inspection of the literature, it was found that four different reaction conditions were reported
for the ring-cleaving reaction of functionalized -cyclodextrins 311 (Scheme 34, bottom and Table 5).
The ring cleaving reactions were generally affected by the action of a (LEWIS-)acid in conjunction with
a nucleophile to furnish hexasaccharides 312, in which the nucleophile is introduced to the anomeric
carbon at the reducing end of the saccharide. The reaction proceeds by coordination of the LEWIS-acid
to, or protonation of (in case of a BRØNSTED-acid) the exocyclic acetal oxygen to give adduct 313,
followed by formation of oxonium ion 314. In case R2 is an acyl group (acetate or benzoate), the
oxonium ion 314 is in equilibrium with oxonium ion 315, resulting from anchimeric assistance of the
neighboring carboxyl group. This however, is only possible after formation of oxonium 314, because
the leaving group is oriented syn to the neighboring R2O-group in 313. Subsequent attack of the
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nucleophile results in the formation of the ring-opened product 312, which is often obtained as a
mixture of - and -anomers. As with SN1-reactions in general, the rate-determining step in the overall
sequence from -cyclodetrin 311 to product 312 is the formation of the high energy oxonium ion 314.
Substituents (R2, R3, and R6) that stabilize this high energy intermediate inductively facilitate the
reaction and thus require less forcing reaction conditions. In glycosylation reactions, sugars bearing
electron-donating alkyl substituents are much more reactive than their counterparts containing electron
withdrawing acyl substituents; and even remote electron-withdrawing groups can have significant
effects on the rate of glycosylations.242 This difference in reactivity between acylated glycosyl donors
and alkylated glycosyl donors is well known and was used synthetically for tandem glycosylations
(“armed-disarmed-strategy”),205,243 and explains the different reaction conditions that were utilized for
the ring-opening of functionalized -cyclodextrins. The developed procedures for -cyclodextrin
openings are summarized in Table 5 and are sorted in ascending order ranging from electron poor
substituents (R1 = R2 = R6 = Bz, entry 1) to electron rich (R1 = R2 = R6 = Me, entry 5).
Table 5. Literature precedence for the ring-opening of functionalized -cyclodextrins 311 to hexasaccharides 312.
Entry

Author

R2

R3

R6

(LEWIS-)
acid

Solvent

Nu-H

R4

Conditions

Product
Yielda

1

KUZUHARA
SAKAIRI

Bz

Bz

Bz

H2SO4

Ac2O

AcOH

Ac

50 °C
32 h

312a
51%

2

KUZUHARA
SAKAIRI

Ac

Ac

Ac

H2SO4

Ac2O

AcOH

Ac

50-60 °C
20 h

312b
47%

3

VASELLA

Ac

Ac

Ac

HClO4

Ac2O

AcOH

Ac

RT
2h

312b
95%

4

KISHI

Bz

Bz

Me

BF3·OEt2

CH2Cl2b

2-methoxy
acetic acid

H

40 °C
1h

312c
82%

5

KUZUHARA
SAKAIRI

Me

Me

Me

ZnBr2

1,2-DCE

PhSHc

TMSd

RT
5d

312d
28%

a) Mixtures of - and -anomer; b) BF3·OEt2 and 2-methoxyacetic acid were used in large excesses (12% v/v each) and have to be considered as cosolvents; c) TMS-SPh was used as nucleophile; d) the labile TMS ether was directly converted to the corresponding benzoate before isolation.

Initially, it was reported that perbenzoylated and peracetylated -cyclodextrins can be cleaved by
subjection to concentrated H2SO4 in acetic anhydride at elevated temperatures to furnish the products
312a (entry 1) and 312b (entry 2) in 51% and 47% yield, respectively.244a,b This original procedure
reported by KUZUHARA and SAKAIRI, was later improved by VASELLA, who employed an excess of
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K. S. Kim, D.-H. Suk, “Effect of Electron-Withdrawing Protecting Groups at Remote Positions of Donors on
Glycosylation Stereochemistry”, in Reactivity Tuning in Oligosaccharide Assembly, Editors: B. Fraser-Reid, J.
Cristóbal López, Springer, Berlin Heidelberg, 2011, 109–140.
B. Fraser-Reid, J. C. López, “Armed–Disarmed Effects in Carbohydrate Chemistry: History, Synthetic and Mechanistic
Studies”, in Reactivity Tuning in Oligosaccharide Assembly, Editors: B. Fraser-Reid, J. Cristóbal López, Springer,
Berlin Heidelberg, 2011, 1–29.
a) N. Sakairi, L.-X. Wang, h. Kuzuhara, J. Chem. Soc., Chem. Commun. 1991, 289–290; b) N. Sakairi, h. Kuzuhara,
Chem. Lett. 1993, 22, 1093–1096; c) N. Sakairi, K. Matsui, h. Kuzuhara, Carbohydr. Res. 1995, 266, 263–268.
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70% HClO4 as the catalyst (entry 3).245 The use of the stronger BRØNSTED-acid allowed for the
isolation of 95% of 312b after 2 h at ambient temperature. The active catalyst in this transformation is
presumably protonated acetic acid, as the water content of 70% aq. HClO4 is readily eliminated by
reaction with acetic anhydride. The acetic acid produced in this step is the strongest base in the mixture
and HClO4 (pKa = –10)246a is acidic enough to protonate acetic acid (pKa = –6.4)246b. However, it
cannot be ruled out that acetylium ions are catalytically active. These species may be formed either by
elimination of water from protonated acetic acid, or by elimination of acetic acid from protonated
acetic anhydride. For the more electron-rich substrate 311 (with R2 = R3 = Bz, R6 = Me, entry 4), KISHI
was able to employ less forcing reaction conditions.247 Treatment of the substituted -cyclodextrin 311
with large excesses of BF3·OEt2 and 2-methoxyacetic acid in CH2Cl2 resulted in the formation of 312c
in 82% yield after 1 h at 40 °C. For the most electron rich substituted -cyclodextrin 311 (R2 = R3 = R6
= Me), KUZUHARA and SAKAIRI were able to affect the ring-opening already by exposure to the mild
LEWIS-acid ZnBr2 in the presence of TMS-SPh to furnish the product 312d in 28% yield after 5 days
(entry 5).244b
In our first approach, we attempted to use reaction conditions adapted from the work of KISHI for
the ring-opening of peracetylated -cyclodextrin 316 (Scheme 35). We investigated if a suitable
nucleophile other than 2-methoxyacetic acid could be introduced by exposure to BF3·OEt2. In
particular, the use of 2-chloroethanol or pent-4-ene-1-ol as nucleophiles were considered, as they allow
further functionalization to incorporate the desired functionality of the linker for later conjugation
reactions. Along these lines, peracetylated -cyclodextrin 316 was subjected to BF3·OEt2 in the
presence of 2-chloroethanol or pent-4-ene-1-ol under similar conditions as those reported by KISHI for
the cleavage of 311 (R2 = R3 = Bz, R4 = H, R6 = Me, entry 4). However, it was not possible to isolate
either of the desired products 317a or 317b, presumably because the increased electron-withdrawing
effect of a 6-acetate versus a 6-methoxide disfavors the formation of intermediate oxonium ion 314 (cf.
Scheme 34, bottom) by exposure to BF3·OEt2. For this reason, the cleavage of -cyclodextrin 316 was
affected under VASELLA’s conditions.245 According to the original report, a solution of peracetylated
-CD 316 in acetic anhydride was treated with 8.3 equiv of 70% aq. HClO4 at 0 °C overnight,
followed by 2 h at ambient temperature. The product hexasaccharide 318a was obtained in 95% yield
and predominantly as its -anomer.248 This finding can be deduced from the size of the coupling
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B. Hoffmann, D. Zanini, I. Ripoche, R. Bürli, A. Vasella, Helv. Chim. Acta 2001, 84, 1862–1888.
a) R. Boikess, Chemical Principles for Organic Chemistry, 1st Edition, Cengage Learning, Stamford, 2015; b) T. S.
Sorensen, Can. J. Chem. 1964, 42, 724–730.
M. Meppen, Y. Wang, h.-S. Cheon, Y. Kishi, J. Org. Chem. 2007, 72, 1941–1950.
In later experiments (cf. Scheme 37) it was found that the HClO 4-mediated opening of the brominated -cyclodextrin
325a resulted in the formation of a 68:9:9:7:7-mixture of hexa-:penta-:tetra-:tri-:disaccharide 328. It is thus expected
that the opening of 316 also furnished 318a as a mixture of oligosaccharides. However, at this point, the homogeneity
of the product 318a and of the subsequent products (cf. Scheme 35) was not determined.
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constant between H1 and H2 (3JH1,H2 = 3.7 Hz), which is in good agreement with the coupling constant
between equatorial (H1) and axial (H2) protons in carbohydrates.249

Scheme 35. Preparation of hexasaccharide 320 and attempted functionalization of the 6-OH groups. Reagents and
conditions: a) Ac2O–pyridine (1:1), RT, overnight, 80%; b)245 HClO4 (8.3 equiv), Ac2O, 0 °C, 20 h then RT, 2 h, 95%;
c) ZnI2 (4.5 equiv), TMS-SPh (4.5 equiv), DCE, RT, 24 h, 60%; d) 324 (2.5 equiv), NIS (1.2 equiv), TMSOTf (20 mol%),
4 Å MS, DCE, 0 °C, 2 h, 68%; e) Amberlyst® A26 (hydroxide form, 10 equiv w/w), MeOH, RT, 18 h, 87%.

The preference for the -anomer (1,2-syn) presumably arises from thermodynamic control under
the reaction conditions, as for protecting groups with anchimeric assistance in the 2-position usually
the 1,2-anti isomer is obtained under kinetic control.
As a subsequent step, the introduction of a functionalized linker at the reducing end of the
hexasaccharide 318a was investigated. Anomeric acetates were employed as glycosyl donors since the
seminal report of HELFERICH in 1933, and various promoters for their activation were developed since
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then.250 In our case, however, anomeric acetate 318a was found not to be reactive enough to undergo
direct glycosylation reactions of 2-chloroethanol, even in the presence of strong LEWIS-acids such as
BF3·OEt2, TMSOTf, or TiCl4. The lack of reactivity of 318a was overcome by preparation of the
corresponding thioglycoside 318b in 60% yield under the action of ZnI2 and TMS-SPh according to a
procedure by SAKAIRI.251 The thus obtained -thioglycoside 318b (3JH1,H2 > 10 Hz)252 was then
subjected to a glycosylation reaction with azido alcohol 324. Treatment of a mixture of 318b and
excess 324 with N-iodosuccinimide and 20 mol% TMSOTf afforded the desired glycoside 319 in 68%
yield predominantly as the kinetic -anomer (3JH1,H2 = 7.9 Hz). Subsequent acetate deprotection of 319
was firstly explored by treatment with NaOMe in MeOH, followed by purification by flash column
chromatography. Under these conditions, however, it was not possible to remove the sodium acetate
by-product, due to co-elution in the very polar eluent mixture (CH2Cl2–MeOH–H2O) necessary for the
purification of compound 320. As a consequence, we examined to quench the reaction mixture with
Amberlyst® 15 strongly acidic cation exchange resin which would result in the formation of volatile
acetic acid from sodium acetate. Unfortunately, the resin started to decompose the hexasaccharide
product and precluded the isolation of the nonadecaol 320. The high acid-sensitivity of deprotected
sugar 320 compared to its acetate protected counterpart 319 presumably arises from the lack of
electron-withdrawing ester groups that slow down the degradation via acetal hydrolysis or alcoholysis.
Finally, treatment of a methanolic solution of peracetate 319 with Amberlyst® A26 anion exchange
resin in its hydroxide form at ambient temperature overnight, followed by filtration yielded the desired
product 320 in 87% yield after flash column chromatographic purification.
Subsequently, the attention was turned to the introduction of the charged groups in the 6-position of
the hexasaccharide 320. For this purpose, the selective activation of its six 6-OH groups as bromides,
chlorides or sulfonate esters was examined (Scheme 35). Unfortunately, all attempts for the selective
functionalization of every of the six 6-OH groups of polyol 320 failed and only complex mixtures of
products were observed. Although primary OH-groups in carbohydrates can often be selectively
functionalized, the necessity for the same functionalization to occur six times consecutively drastically
complicates this endeavor.253 A thought experiment efficiently illustrates this problem: If the
selectivity for an individual functionalization of a single 6-OH in 320 was 90:10 (e.g.
primary:secondary), the theoretical yield of the product 321 would only be 7% in case that every
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For an overview of the use of glycosyl esters in glycosylations, see: a) S. K. Kim, B. h. Jeon, “Further Anomeric
Esters”, in Glycoscience: Chemistry and Chemical Biology, Editors: B. O. Fraser-Reid, K. Tatsuta, J. Thiem, Springer,
Berlin Heidelberg, 2008, 525–564; for the seminal report of HELFERICH, see: b) B. Helferich, E. Schmitz-Hillebrecht,
Chem. Ber. 1933, 66, 378–383.
N. Sakairi, L.-X. Wang, h. Kuzuhara, J. Chem. Soc., Perkin Trans. 1 1995, 437–443.
Coupling constant was estimated from the HSQC NMR spectrum, due to overlaps in the 1H NMR spectrum.
For a review on chemoselective hydroxyl group transformations, see: a) D. J. Trader, E. E. Carlson, Mol. BioSyst. 2012,
8, 2484–2493; for a review on regioselective modifications of unprotected glycosides, see: b) M. Jager, A. J. Minnaard,
Chem. Commun. 2016, 52, 656–664.
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transformation is not influenced by all the others.254 To be synthetically useful, it can be estimated that
a selectivity of >99:1 has to be achieved for each step in order to be able to obtain a theoretically
reasonable yield of product (75%). However, issues of separation of the desired product from all the
by-products of similar physical properties remains challenging even in this best case scenario. To
maximize the success of the desired transformation, reactions that were reported to proceed with high
selectivity for primary over secondary alcohols were chosen. Along these lines, we investigated the
selective tosylation (→321d),255a and mesitylenesulfonylation (→321e),255b as well as bromination
with VIELSMEIER-reagent 323.255c After these attempts were met with failure, the chlorination with
reagent 322 was examined. This reagent was developed by MIOSKOWSKI for the selective chlorination
of primary alcohols in the presence of secondary alcohols at ambient temperature, and was already
successfully applied for the functionalization of -cyclodextrin.256 In the case of 320, however, only a
complex mixture of products was observed. In a final attempt, the selective tritylation of the primary
hydroxyl groups was investigated. Yet, treatment with excess trityl chloride in pyridine did not yield
the desired product 321a and even prolonged reaction times did not drive the reaction to completion.
An alternative strategy consisting of the selective deprotection of the C6-acetates of compound 319
was put aside, since similar transformations of acylated -cyclodextrins were shown to be extremely
sluggish, due to the low selectivity between primary and secondary acetates and probably also because
of acyl migrations.254 Instead, a change in the order of events was envisioned in that the -cyclodextrin
was planned to be functionalized first in the 6-positions and then ring-opened to a linear
hexasaccharide.

2.3.2

Second Generation Approach to Heparan Sulfate Mimetic 295:
-Cyclodextrin Functionalization Followed by Ring-Opening

The second generation synthetic strategy (Scheme 36, top) involves the bromination of
-cyclodextrin to the corresponding hexabromo analog 325 followed by ring-opening and further
functionalization (introduction of the linker and the anionic groups in the 6-positions) to give 295.
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The formula for the theoretical maximum yield in a polysubstitution where two groups of functions (with n members in
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see: J. Boger, R. J. Corcoran, J.-M. Lehn, Helv. Chim. Acta 1978, 61, 2190–2218. In the case of 320, there are 6
primary OH-groups (n = 6) and 13 secondary OH-groups (m = 13). With a selectivity primary:secondary = x:y = 90:10,
the maximum yield of the 6-fold substitution is 7%.
For an example of the selective tosylation of methyl--D-glucopyranoside at 6-OH, see: a) B. R. Griffith, C. Krepel, X.
Fu, S. Blanchard, A. Ahmed, C. E. Edmiston, J. S. Thorson, J. Am. Chem. Soc. 2007, 129, 8150–8155; for the use of
mesitylenesulfonylchloride in the selective functionalization of carbohydrates, see: b) S. E. Creasey, R. D. Guthrie, J.
Chem. Soc., Perkin Trans. 1 1974, 1373–1378; for the selective hexabromination of -cyclodextrin with 323, see: c) D.
Vizitiu, C. S. Walkinshaw, B. I. Gorin, G. R. J. Thatcher, J. Org. Chem. 1997, 62, 8760–8766.
L. Gomez, F. Gellibert, A. Wagner, C. Mioskowski, Tetrahedron Lett. 2000, 41, 6049–6052.
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Scheme 36. Second generation strategy for the preparation of hexaanion 295. Reagents and conditions: a) Br2 (15 equiv),
PPh3 (15 equiv), DMF, 75 °C, 14 h, 86%; b) Ac2O–pyridine (10:7), RT 18 h, 84%; c) BzBr (35 equiv), pyridine, RT 16 h,
70%.

Along these lines, -cyclodextrin (294) was brominated at the primary 6-OH groups in 86% yield by
VIELSMEIER-reagent 323, which was prepared in situ by reaction of DMF with Br2 in the presence of
PPh3 according to the procedure reported by THATCHER (Scheme 36, bottom).255c Subsequent
exhaustive acylation with either acetic anhydride or benzoyl bromide in pyridine then furnished
peresters 325b and 325c in 84% and 70% yield, respectively. After the successful peresterification, the
attention was turned to the ring opening to target hexasaccharides 327a or 327b (Table 6). Initially, the
conditions reported by KISHI for a different substrate (cf. Table 5, entry 4), employing BF3·OEt2 as the
LEWIS-acid were investigated, but neither in the case of peracetate 325b (entry 1), nor in the case of
perbenzoate 325c (entry 2) any conversion to the product was observed. After a close inspection of the
literature, it was discovered that DJEDAÏNI-PILARD reported the acetolytic cleavage of protected
heptakis(6-bromo-6-deoxy)cyclomaltoheptaose (329a), derived from -cyclodextrin under the
conditions originally reported by KUZUHARA and SAKAIRI (cf. Table 5, entry 1 and 2).257 This finding
prompted us to investigate the same reaction conditions for the cleavage of the hexakis(6-bromo-6-
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deoxy)cyclomaltohexaose 325b, and indeed it was possible to obtain 14% of hexasaccharide 328 at
ambient temperature (entry 3) and 32% at 57 °C (entry 4).
Table 6. Optimization of the ring cleavage of functionalized -cyclodextrins 325a-c.
Entry

Starting
Material

Conditions

Y,X

Result

1

325b

BF3·OEt2 (115 equiv), 2-methoxyacetic acid
(186 equiv), CH2Cl2

H,
O2CCH2OMe

no reaction at RT, complex
mixture and low conversion
at 40 °C

2

325c

BF3·OEt2 (95 equiv), 2-methoxyacetic acid
(155 equiv), CH2Cl2, RT

H,
O2CCH2OMe

no reaction

3

325b

Ac2O–H2SO4 (97:3), RT

Ac, OAc

14% 328

4

325b

Ac2O–H2SO4 (97:3), 57 °C

Ac, OAc

32% 328

5

325c

Ac2O–H2SO4 (96:4), 57 °C

Ac, OAc

decomposition and poor
solubility of the starting
material

6

325b

HClO4 (8.3 equiv), Ac2O, RT 24 h

Ac, OAc

no conversion at 0 °C,
40% 328 at RT

7

325a

HClO4 (8.3 equiv), Ac2O, RT 24 h

Ac, OAc

62% 328

Following the observation of DJEDAÏNI-PILARD that perbenzoylated substrate 329b gave a better
yield of 330b in the acetolytic cleavage,257 perbenzoate 325b was also subjected to these reaction
conditions (entry 5). However, 325b showed very poor solubility in the reaction mixture and only
decomposition occurred upon heating in Ac2O–H2SO4. Ultimately, the conditions developed by
VASELLA for the cleavage of peracetylated -cyclodextrin (cf. Table 5, entry 3) were examined.
Although no conversion was observed for substrate 325b at 0 °C, it was possible to isolate 40% of 328
after 24 h at ambient temperature (entry 6).
After some additional experimentation, we found that treatment of a suspension of
bromocyclodextrin 325a in acetic anhydride at 0 °C with 8.3 equivalents of 70% aq. HClO4, followed
by warming to ambient temperature gave 62% of 328 predominantly as -anomer (3JH1,H2 = 3.7 Hz,
entry 7). Under these conditions, the separate preparation of acetate 325b was obsolete as the
esterification was affected under the same reactions conditions as the acetolytic cleavage. The product
328 was assigned to be a 68:9:9:7:7 mixture of hexa-:penta-:tetra-:tri-:disaccharide as determined by
integration of the UV absorption at 220 nm by HPLC and LC-MS.258 After optimization of the opening
of -cyclodextrin 325a, the glycosylation reaction for the introduction of the linker was investigated
(Scheme 37).
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The content of the monosacharide could not be determined due to overlapping peaks in the HPLC trace of compound
328.
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Scheme 37. Preparation of gylcosyl donors 331a-d. Reagents and conditions: a) HClO4 (8.3 equiv), Ac2O, RT, 24 h, 62%.

Initial experiments for the direct HELFERICH-glycosylation of azidoalcohols 332 or 324 with
anomeric acetate 328 failed under the influence of LEWIS-acids (BF3·OEt2, TMS-OTf, TiCl4, ZnBr2).
Presumably, the oxonium ion derived from 328 is destabilized by the electron-withdrawing acetates
and bromides, which is in accordance to the precious findings for the peracetylated hexasaccharide
318a (cf. Scheme 35). We therefore attempted to convert the anomeric acetate 328 into a more reactive
glycosyl donor 331 (Table 7).
Table 7: Conversion of anomeric acetate 328 to a more reactive glycosyl donor (331).
Entry

Conditions

Desired Product

Result

1

TMS-SPh (4.5 equiv), ZnI2 (4.5 equiv)
DCE, RT

331a

full conversion, complex mixture

2

PhSH (4.0 equiv), BF3·OEt2 (6.0 equiv)
DCE, RT

331a

no conversion

3

H2N-NH3OAc (1.0 equiv)
DMF, 50 °C

331b

low conversion, impure product

4

HF·pyridine–PhMe (1:3), RT

331c

33% 331c

5

30 % HBr in AcOH (108 equiv)
DCE, RT

331d

full conversion to 331d

Based on the success during the formation of glycoside 319 via the corresponding thioglycoside
318b (cf. Scheme 35), we attempted to transform anomeric acetate 328 into its corresponding
thioglycoside 331a under the same reaction conditions (TMS-SPh, ZnI2, entry 1). Unfortunately, the
action of ZnI2 and TMS-SPh resulted in a complex mixture of products, and from the integration of the
aromatic region in the 1H NMR it was apparent that additional substitution of the primary bromides by
phenylthiol must have occurred. The use of BF3·OEt2 in conjunction with thiophenol did not affect any
conversion at all (entry 2) and attention was therefore turned to the preparation of anomeric alcohol
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331b, a precursor for SCHMIDT’s trichloroacetimidates (entry 3).259 However, selective anomeric
hydrazinolysis did not furnish a clean sample of the desired alcohol.260 We speculated that the use of
strong nucleophiles in general might interfere with the reactive primary bromides of 328 and we
therefore decided to prepare glycsoyl fluoride 331c.261 Treatment of anomeric ester 328 with excess
HF·pyridine in toluene afforded the fluoride 331c (entry 4) as its -anomer (3JH1,H2 = 2.8 Hz),
however, 331c was unreactive towards the glycosylation of 332 in the presence of a LEWIS-acid
promoter (BF3·OEt2). Gratifyingly, the anomeric -bromide 331d (3JH1,H2 = 4.0 Hz) could be prepared
by treatment of glycosyl ester 328 with excess HBr in AcOH at ambient temperature (entry 5). A short
reaction time (45 min) was necessary to preclude noticeable cleavage of the hexasaccharide product
331d and concomitantly achieve full conversion to 331d. With the anomeric bromide 331d in hand,
the KOENIGS-KNORR glycosylation of alcohol 324 was examined under the effect of various promoters
(Table 8).262
Table 8. Glycosylation of alcohol 324 with bromoglycoside 331d.

Entry

Conditions

Result

1

324 (3.0 equiv), AgOTf (2.0 equiv), CH2Cl2, 0 °C to RT

complex mixture

2

324 (5.0 equiv), Ag2O (5.0 equiv), CH2Cl2, RT

no reaction

3

324 (5.0 equiv), HgBr2 (5.0 equiv), CH2Cl2, RT

no reaction

4

324 (5.0 equiv), BF3·OEt2 (5.0 equiv), CH2Cl2, RT

no reaction

5

324 (5.0 equiv), SnOTf2 (5.0 equiv), CH2Cl2, RT

331b was obtained

6

324 (5.0 equiv), ZnBr2 (5.0 equiv), CH2Cl2, RT

38% 333

7

324 (3.5 equiv), ZnBr2 (5.9 equiv), 4 Å MS, CH2Cl2, RT

71% 333 (from 328)

An initial screening of silver(I) salts, which are commonly used for the activation of anomeric
halides resulted in a complex mixture of products (AgOTf, entry 1) or no reaction (Ag2O, entry 2).
Presumably, the use of strong bromophiles such as AgOTf interferes with the primary bromides in the
6-position of 331d and results in competing nucleophilic displacements with the alcohol nucleophile.
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For an overview of the use of anomeric trichloroacetimidates as glycosyl donors, see: R. R. Schmidt, X. Zhu, “Glycosyl
Trichloroacetimidates”, in Glycoscience: Chemistry and Chemical Biology, Editors: B. O. Fraser-Reid, K. Tatsuta, J.
Thiem, Springer, Berlin Heidelberg, 2008, 451–524.
G. Excoffier, D. Gagnaire, J.-P. Utille, Carbohydr. Res. 1975, 39, 368–373.
Glycosyl fluorides are valuable intermediates in glycosylation reactions, see ref. 205, and: K. Toshima, Carbohydr. Res.
2000, 327, 15–26.
For an overview of the use of glycosyl halides in glycosylation reactions, see: K. Toshima, “Glycosyl Halides”, in
Glycoscience: Chemistry and Chemical Biology, Editors: B. O. Fraser-Reid, K. Tatsuta, J. Thiem, Springer, Berlin
Heidelberg, 2008, 429–449.
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Milder activating agents for anomeric bromides were thus employed. No reaction was observed
utilizing HgBr2 (entry 3) or BF3·OEt2 (entry 4) possibly because the glycoside is too deactivated by the
electron-withdrawing substituents. The use of the more potent promoter Sn(OTf)2 resulted in exclusive
hydrolysis of the bromoacetal and the anomeric alcohol 331b was obtained (entry 5) as evident by the
chemical shift of C1 in the

13

C NMR spectrum (C = 90.3 ppm in CDCl3) and HRMS analysis.

Gratifyingly, the rarely used promoter ZnBr2 was able to mediate the desired glycosylation reaction
and delivered the glycoside 333 (C = 100.1 ppm in CDCl3) in 38% yield (entry 6). The yield could be
further improved to 71% (over two steps from 328) by the addition of 4 Å molecular sieves and a
lower nucleophile:promoter-ratio (entry 7). The product 333 was obtained predominantly as -anomer
(3JH1,H2 = 7.8 Hz). With a route to glycoside 333 secured, the attention was turned to the deprotection
of the acetates, which would result in the preparation of compound 321b, that was previously
inaccessible from polyol 320 by chemoselective bromination of the 6-OH groups (cf. Scheme 35). The
results are summarized in (Table 9).
Table 9. Acetate deprotection in tridecaacetate 333.

Entry

Conditions

Result

1

LiOH·H2O (25 equiv), MeOH–H2O, 0 °C

complex mixture

2

Amberlyst® A26 (hydroxide form, 11 equiv by weight)
THF–MeOH–H2O (1:1:1), 0 °C

complex mixture

3

NaOMe (15 equiv), MeOH–THF (1:1), 0 °C, 1 h
then quench with Amberlyst® 15 (H+ form, 4.5 equiv by
weight) and filtration

56% yield

Initial attempts to hydrolyze the tridecaacetate 333 with LiOH·H2O in MeOH–H2O at 0 °C
(entry 1), or under the conditions developed for the hydrolysis of 319 (cf. Scheme 35), e.g.
Amberlyst® A26 in the hydroxide form (entry 2), resulted in decomposition of the starting material.
Fortunately, short exposure 333 to methanolic NaOMe at 0 °C, followed by neutralization with
Amberlyst® 15 cation exchange resin in its H+-form and immediate filtration after the reaction mixture
reached pH = 6, allowed for the isolation of the desired polyol 321b in 56% yield after flash column
chromatography (entry 3).
With 321b in hand, we opted for the installation of anionic groups in the 6-position of the
hexasaccharide to furnish the desired heparan sulfate mimetic 295. Along these lines, the displacement
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of the bromides in 321b was attempted with Na2SO3 in H2O–EtOH at 80 °C but only a complex
mixture of products was found according to TLC analysis (Scheme 38).263

Scheme 38. Attempted preparation of 334 and 335.

Upon closer inspection, we found that the linker azide 324 is not stable in the presence of Na2SO3 at
elevated temperature and is possibly reduced by Na2SO3, a reaction commonly known by sulfur
nucleophiles.264 The same side-reaction presumably took place with the azide 321b, and the liberated
amine might have undergone further alkylation reactions at a competitive rate with respect to Na2SO3,
so that a complex mixture of products was obtained. The option to introduce the negative charge by
other nucleophiles, such as mercaptoacetic acid or sodium 2-mercaptoethanesulphonate was thus put
aside. Instead, to circumvent the issue of competitive azide reduction, we decided to change the azide
functionality in the linker of 321b with an alkyne functionality, as this would still enable the desired
conjugation to HIV entry inhibitors or other biological probes via click-chemistry (see Chapter 2.2).
Accordingly, we attempted to convert azide 321b to alkyne 335a, and acetate protected azidosaccharide 333 to its corresponding alkyne 335b by means of reduction and subsequent acylation with
activated ester 336. Despite all efforts, under a range of conditions (PPh3 in the presence of 336, or
H2/PtO2 followed by 336), we were unable to prepare alkyne 335a starting from polyol 321b, or
polyacetate 335b starting from acetate protected hexabromide 333, respectively.
We therefore decided to return to the anomeric acetate 328 and to introduce the linker 340 that
contains the desired alkyne functionality instead of an azide, in order to prepare the so far inaccessible
hexasaccharide 335b (Scheme 39).
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A similar reaction on a glucose-derivative was reported previously, see: J. L. Sacoman, L. N. Badish, T. D. Sharkey, R.
I. Hollingsworth, Carbohydr. Res. 2012, 362, 21–29.
T. L. Gilchrist, “Reduction of N=N, N–N, N–O and O–O Bonds”, in Comprehensive Organic Synthesis, Editors: I.
Fleming, B. M. Trost, Pergamon, Oxford, 1991, 381–402.
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Scheme 39. Preparation of glycoside 338. Reagents and conditions: a) 30 % HBr in AcOH (108 equiv), DCE, RT, 45 min;
then 340 (3.0 equiv), ZnBr2 (5.0 equiv), 4 Å MS, DCE, RT, 18 h; b) NaOMe (15 equiv), MeOH–THF (1:2), 0 °C, 1 h; then
Amberlyst® 15 (H+-form, 4.3 equiv by weight), 19% (from 328).

However, even under the optimized reaction conditions for the glycosylation of the azidecontaining linker 324 (i.e. conversion of 328 to the corresponding anomeric bromide 331 and
activation with ZnBr2, see Table 8) it was impossible to observe any conversion at all. We
hypothesized that the amide moiety in 340 might interfere with the LEWIS-acidic reaction conditions
by deactivation of the promoter, and thus the use of the amide-free alkyne 341 was investigated.
Indeed, the glycosylation product 337 was obtained in ~40% yield by treatment of the corresponding
anomeric bromide of 328 with ZnBr2 (5.0 equiv) and 341 (3.0 equiv) in DCE. Acetate cleavage with
NaOMe in MeOH–THF then furnished the tridecaol 338 in 19% yield from 328 (three steps).
Unfortunately, the nucleophilic displacement with Na2SO3 or sodium 2-mercaptoethanesulphonate in
MeOH–H2O at elevated temperature did not yield any of the desired product 339 and only
decomposition was observed.
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Third Generation Approach to Heparan Sulfate Mimetic 295

Based on the insight that was gained during the work on the first and second generation approaches
to the desired anionic hexasaccharide 295, it was deemed necessary to take the following strategic
elements into account: Firstly, owed to the propensity of sulfur nucleophiles to reduce azides, the azide
in the linker should be introduced after the substitution of the bromides in the 6-position of the
hexasaccharide. Secondly, the linker should further contain a UV-chromophore (e.g. an aromatic
substituent) to facilitate both analysis and purification of the intermediates by HPLC and LC-MS.
The synthesis of the heparan sulfate mimetic 345 commenced with anomeric acetate 328 (as a
68:9:9:7:7 mixture of hexa-:penta-:tetra-:tri-:disaccharide)258 which was subjected to anomeric
bromination (→331d) with HBr–AcOH in DCE, followed by glycosylation with triethyleneglycol and
ZnBr2 to furnish alcohol 342 (Scheme 40).

3.2

3.7

4.2

4.7

5.2

5.7

6.2

6.7

Scheme 40. Preparation of tridecaacetate 345. Reagents and conditions: a) HClO4 (8.3 equiv), Ac2O, RT, 24 h, 62%;
b) 30% HBr in AcOH (108 equiv), DCE, RT, 45 min; 2. triethyleneglycol (7.0 equiv), ZnBr2 (11 equiv), 4 Å MS, DCE,
RT, 18 h, 34% (two steps); c) methyl-2-mercaptoacetate (30 equiv), NEt3 (20 equiv), DMF, 60 °C, 40 h, 86%; d) 344
(6.0 equiv), PPh3 (3.0 equiv), DEAD (3.0 equiv), 0 °C to RT, 2 h, 75%.

In order to achieve full conversion of the anomeric bromide, the amount of both triethyleneglycol
and ZnBr2 had to be increased to seven and eleven equivalents, respectively, compared to the initially
developed glycosylation conditions (cf. Table 8, entry 7). The glycoside 342 was obtained in 34%
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yield over two steps from anomeric acetate 328, and showed only slight degradation in terms of size
homogeneity (62:9:9:8:8:4-mixture of hexa-:penta-:tetra-:tri-:di-:monosaccharide), despite the harsh
conditions of anomeric bromination and glycosylation. We then set out for the displacement of the
primary bromides with methyl-2-mercaptoacetate. First attempts utilizing NEt3 in conjunction with
methyl-2-mercaptoacetate in MeCN or DMSO were unfruitful, and mixtures of products were
observed as judged by TLC analysis. In the case of DMSO, the solvent might have reacted as oxidant
in a KORNBLUM-oxidation of the primary bromides and would offer an explanation for the
unsuccessful reaction outcome.265 Finally, we found that treatment of the hexabromide with a large
excess of NEt3 and methyl-2-mercaptoacetate in DMF at 60 °C for 40 h furnished the desired
hexasubstituted product 343 in 86% yield.
After the nucleophilic displacement of the C6-bromides was accomplished, the stage was set for the
introduction of the azide functionality without risking azide reduction in a later step. Along these lines,
a MITSUNOBU reaction with phenol 344 in the presence of PPh3 and DEAD delivered azide 345 within
two hours at ambient temperature.266 The introduction of the UV chromophore 344 allowed for a
closer analysis of the purity of the hexasaccharide moiety in 345 by HPLC and LC-MS, and revealed
the compound to be a 59:13:12:10:5:1 mixture of hexa-:penta-:tetra-:tri-:di-:monosaccharide, as judged
by the integration at 225 nm (Scheme 40, bottom). Although the ratio of the individual components of
345 appears to be different from the precursor 342, this difference can be attributed to the enhanced
sensitivity of the measurement due to the presence of a strong UV chromophore in 345 that allowed
for a very sensitive detection of the impurities. The purity of 345 can thus be considered as the most
accurate. Compound 345 was easily purified by preparative HPLC on a reversed-phase stationary
phase using H2O–MeCN mixtures (modified with 0.1% TFA) as eluent. The pure hexasaccharide 345
was thus obtained in 30% overall yield from 343.
With purified 345 in hand, the complete hydrolysis of its ester functionalities was to be
investigated. Saponification of 345 would serve the dual purpose to not only liberate the alcohols but
also to release the anionic carboxylic acid groups. Considering the hydrolysis of the esters in 345,
initial attempts were hampered by the difference in solubility between the starting material 345 and the
product 346 (Scheme 41). The starting material 345 was only soluble in apolar organic solvents (THF,
AcOEt, MeCN) but not in protic solvents, whereas the product 346 was only soluble in solvent
mixtures with a high water content. This resulted in oily precipitates over the course of the reaction, or
the starting material remained undissolved and thus caused a sluggish reaction.
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Scheme 41. Preparation of the anionic hexasaccharide 346 by hydrolysis of peracetate 345.

It was possible to overcome the problem by a stepwise process: First, the deprotection of the
acetates was initiated by addition of 50 equiv NaOMe in MeOH to a solution of the substrate 345 in
THF at 0 °C. Afterwards, the hydrolysis of the methyl esters was achieved by dropwise addition of
H2O, until the solvent ratio was 1:1 THF–H2O (Scheme 41). Short exposure (2 min) to NaOMe and
low temperature were necessary to avoid the formation of various by-products as judged by LC-MS
analysis of the reaction mixture. After the addition of water was completed, the reaction mixture was
warmed to ambient temperature and quenched after 4 h by addition of AcOH, followed by
lyophilization. The crude hexacarboxylate 346 was virtually pure as judged by HPLC and was used in
the subsequent alkyne-azide click reactions without further purification.267

2.3.4

Conjugation of Clickable Heparan Sulfate Mimetic 346 to Probes for
Chemical Biology

With the clickable anionic hexasaccharide 346 in hand, the investigation of the click reaction with
different probes for chemical biology and to HIV entry inhibitors was envisaged. For the click
reactions, we decided to follow a copper-free variant,268 originally reported by WITTIG as early as
1961, but re-discovered as a formidable tool for biorthogonal conjugation by the group of BERTOZZI in
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The hexacarboxylate 346 was obtained as a mixture with NaOAc. This did not interfere with the subsequent click
reactions. A pure sample of the product 346 was easily obtained by preparative HPLC.
The use of copper-free click chemistry in conjunction with polyanionic compounds was found to be more reliable.
Personal communication with Dr. SÉBASTIEN GOUDREAU, a former PostDoc in the CARREIRA Group. For a review on
copper-free azide-alkyne click chemistry, see: J. C. Jewett, C. R. Bertozzi, Chem. Soc. Rev. 2010, 39, 1272–1279.
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2004.269 The copper-free click reactions rely on the use of strained cyclooctyne 350 as reaction partner
for the azide component (R2-N3) to give the cycloadduct 351 (Scheme 42). This spontaneous reaction
is enabled by the C≡C–C bond angle deformation to ≈ 160° in the cyclooctyne, resulting in a ring
strain of nearly 18 kcal·mol–1, which is released over the course of the reaction.269b This strain release
is already present to a significant extent in the transition state, while the hybridization changes from sp
to sp2 and thus the activation energy of the reaction is reduced, and allows the reaction to proceed at
ambient temperature without the need of a catalyst.270

Scheme 42. VAN DELFT’s efficient synthesis of cyclooctyne 353 from cyclooctadiene 352 for the use in copper-free click
reactions.

Initial applications of strained alkynes in click reactions were impeded by their laborious and lowyielding preparation. This challenge was overcome by a significant contribution by the group of

VAN

DELFT, who developed the synthesis of bicyclo[6.1.0]nonye 353, wich is readily available from
cyclooctadiene (352) in only four steps and with 35% overall yield (Scheme 42).271 Cyclooctyne 353
can be attached easily to molecules of choice by utilization of the alcohol moiety. Derivatives of
alcohol 353 undergo copper-free click reactions with ease, and the reaction rate with benzyl azide was
determined to be even faster (k = 0.14 M–1s–1) than that of cyclooctyne (k = 0.002 M–1s–1), probably
due to the further increase of ring strain by the cyclopropyl moiety.271

2.3.4.1

Conjugation of Heparan Sulfate Mimetic 346 to a RAMAN Reporter and to
Fluorescence Dyes

As a first attempt for the copper-free click reaction to azide 346, we decided to prepare diyne 358
and to investigate the preparation of conjugate 359 (Scheme 43), which could serve as a probe for
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a) G. Wittig, A. Krebs, Chem. Ber. 1961, 94, 3260–3275; b) N. J. Agard, J. A. Prescher, C. R. Bertozzi, J. Am. Chem.
Soc. 2004, 126, 15046–15047; c) for reviews of biorthogonal conjugation reactions, see: c) D. M. Patterson, L. A.
Nazarova, J. A. Prescher, ACS Chem. Biol. 2014, 9, 592–605; and d) C. P. Ramil, Q. Lin, Chem. Commun. 2013, 49,
11007–11022.
F. Schoenebeck, D. h. Ess, G. O. Jones, K. N. Houk, J. Am. Chem. Soc. 2009, 131, 8121–8133.
J. Dommerholt, S. Schmidt, R. Temming, L. J. A. Hendriks, F. P. J. T. Rutjes, J. C. M. van Hest, D. J. Lefeber, P.
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intracellular stimulated RAMAN scattering microscopy.272 Alkynes display RAMAN scattering within
the RAMAN-silent region of biological systems (1800–2800 cm–1), and a coupling of this unique
property with microscopy provides the ability to perform imaging of living cells. 272c Phenyldiynes
such as 358 are particularly suited as reporters for this purpose, as they show very intense RAMAN
scattering due to their high polarizability und thus provide a good sensitivity and high signal-to-noise
ratio.272e In contrast to fluorophores, alkynes are often much smaller in size, and thus result in a smaller
perturbation of the biological system, and in addition the RAMAN probes do not suffer from
photobleaching.272c

Scheme 43. Preparation of the HS mimetic-RAMAN reporter conjugate 359. Reagents and conditions: a) SuO-C(O)-OSu
(2.0 equiv), NEt3 (2.0 equiv), DMSO, RT, 10 min, 37%; b) 357 (0.8 equiv), NEt3 (2.0 equiv), RT, 30 min, 95%; c) 358
(3.0 equiv), 346 (1.0 equiv), MeOH–DMSO–H2O (3:2:1), RT overnight; then preparative HPLC, 56%.

With a conjugate of diyne 358 to the anionic hexasaccharide 346, the distribution of the polyanion
within a live cell or tissue could be tracked, and possibly the localization and dynamics (e.g. diffusion)
of GAG binding proteins could be visualized. The information of the distribution of 359 within a tissue
might be exploited to use the polyanion 346 as a drug carrier for drug targeting.273 Diyne 358 was
prepared from known diyne 355 by formation of the N-hydroxysuccinimidyl carbonate 356, followed
by carbamate formation with amine 357.274 The thus obtained subsequent copper-free click reaction
was easily performed by treatment of the azide 346 and cyclooctyne 358 in MeOH–DMSO–H2O and
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For applications of live-cell imaging by stimulated Raman scattering microscopy, see: a) L. Wei, F. Hu, Y. Shen, Z.
Chen, Y. Yu, C.-C. Lin, M. C. Wang, W. Min, Nat. Meth. 2014, 11, 410–412; b) h. J. Lee, W. Zhang, D. Zhang, Y.
Yang, B. Liu, E. L. Barker, K. K. Buhman, L. V. Slipchenko, M. Dai, J.-X. Cheng, Scientific Reports 2015, 5, 7930;
c) S. Hong, T. Chen, Y. Zhu, A. Li, Y. Huang, X. Chen, Angew. Chem. Int. Ed. 2014, 53, 5827–5831; d) D. Zhang, P.
Wang, M. N. Slipchenko, J.-X. Cheng, Acc. Chem. Res. 2014, 47, 2282–2290; e) h. Yamakoshi, K. Dodo, A. Palonpon,
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For an overview of drug-targeting techniques, see: V. P. Torchilin, Eur. J. Pharm. Sci. 2000, 11, Supplement 2, S81–
S91.
For the preparation of 355, see a) K. Balaraman, V. Kesavan, Synthesis 2010, 3461–3466; compound 357 is
commercially available from SIGMA-ALDRICH (catalog No.745073) or can be prepared according to a ref. 271.
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incubation overnight at ambient temperature. After preparative HPLC, the conjugate 359 was obtained
in 56% yield.
In addition to the preparation of an alkyne reporter tagged heparan sulfate mimetic 359, the
preparation of a conjugate between anionic hexasaccharide 346 and fluorescent probes was envisioned.
Fluorescence microscopy has evolved as a powerful tool for the investigation of cellular mechanisms
by specific staining of certain biomolecules, additionally it is a very sensitive method due to the high
signal-to-noise ratio.275 A fluorescent heparan sulfate mimetic would create a tool to visualize
structures of the cell that bind to HS. For the preparation of clickable fluorescent dyes, we subjected
fluorescein isothiocyanate 360 to nucleophilic addition of amine 357 and obtained thiourea 361 41%
yield (Scheme 45). Moreover, the clickable fluorescent dye 363 was prepared in 64% yield by
nucleophilic aromatic substitution between benzofurazan 362 and amine 357.

Scheme 44. Preparation of clickable fluorescent dyes. Reagents and conditions: a) 357 (1.0 equiv), CH2Cl2–DMF (5:1),
RT, 18 h, 41%; b) 357 (1.2 equiv), DIPEA (2.0 equiv), MeOH, RT, 4 h, 64%.

Both fluorescent dyes 361 and 363 were then coupled to HS mimetic 346 under the same conditions
as developed for conjugate 359, and the desired products 364 and 365 were obtained in 62% and 37%
yield, respectively, after preparative HPLC purification (Scheme 45). For compound 365 the
absorption and emission spectrum was recorded as a solution in MeOH (Scheme 45, bottom). The
wavelength of maximum absorbance was found to be abs = 462 nm and the emission wavelength after
excitation at ex = 462 nm was determined to be em = 534 nm, which corresponds to a bright green
color.
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Scheme 45. Preparation of the HS mimetic-fluorophore conjugates 364 and 365. Reagents and conditions: a) 361
(3.0 equiv), 346 (1.0 equiv), MeOH–DMSO–H2O (3:1:1), RT overnight; then preparative HPLC, 62%; b) 363 (3.0 equiv),
346 (1.0 equiv), MeOH–DMSO–H2O (3:2:1), RT overnight; then preparative HPLC, 37%.

2.3.4.2

Conjugation of Heparan Sulfate Mimetic 346 to Biotin and a Photoaffinity
Label

The highly selective and stable binding of streptavidin to biotin (Kd = 10–14 M), as well as its
stability towards higher temperature, extreme pH, and enzymatic degradation have resulted in the
strategic use of streptavidin-biotin interactions in chemical biology.276 Biotinylation of HS mimetic
346 would allow for interesting applications. As an example, proteins that bind to the HS mimeticbiotin conjugate 368 might be precipitated by the addition of beads with immobilized streptavidin and
could thus be identified.277 Possibly, the HS mimetic-biotin conjugate could similarly be immobilized
onto a chip that is coated with streptavidin. Afterwards, different proteins could be passed over the
sensor chip and a change in retention time would indicate a binding event. The synthesis of the HS
mimetic-biotin conjugate 368 is shown in Scheme 46: Commercially available activated biotin was
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For a review on streptavidin-biotin technology, see: C. M. Dundas, D. Demonte, S. Park, Appl. Microbiol. Biotechnol.
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treated with amine 357 in the presence of DIPEA to cleanly afford the clickable biotin derivative 367
in 82% yield. Click-reaction with HS mimetic 346 proceeded uneventfully and furnished the HS
mimetic-biotin conjugate 368 in 43% yield.

Scheme 46. Preparation of the HS mimetic-biotin conjugate 368: a) 357 (0.8 equiv), DIPEA (2.0 equiv), CH2Cl2, RT, 5 h,
82%; b) 367 (3.0 equiv), 346 (1.0 equiv), MeOH–DMSO–H2O (3:1:1), RT overnight; then preparative HPLC, 42%.

Finally, a conjujgate of heparan sulfate mimetic 368 to a diazirine photoaffinity label was prepared.
The modification of various kinds of biomolecules or ligands with a photoreactive group allows for the
identification of their specific interactions with other molecules such as proteins, drugs, and
cofactors.278 Diazirines are commonly used as photoreactive group, because they are small in size and
thus do not significantly disturb the biological system. Moreover, they readily generate carbenes upon
irradiation, which subsequently insert into various bonds of the nearest target structure.
Trifluormethylaryldiazirines 369 are among the most widely applied photoaffinity labels due to their
chemical stability, their comparatively long absorption wavelength ( > 320 nm), and the inability of
the generated carbene (370/371) to undergo intramolecular rearrangements (Scheme 47 top).279 Upon
irradiation, trifluormethylaryl diazirines (369) lose nitrogen and generate a benzylic carbene. Although
the ground-state triplet carbene 370 was detected by EPR spectroscopy, the carbene cleanly reacts via
its low energy singlet form 371 and inserts readily into X-Y bonds to give covalent conjugates 372.280
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For a review of diazirine based photoaffinity labeling, see: a) L. Dubinsky, B. P. Krom, M. M. Meijler, Biorg. Med.
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Scheme 47. Preparation of the HS mimetic–photoaffinity label conjugate 375. Reagents and conditions: a) 357 (0.9 equiv),
HATU (1.0 equiv), DIPEA (2.0 equiv), CH2Cl2, RT, 24 h, 83%; b) 374 (3.0 equiv), 346 (1.0 equiv), MeOH–DMSO–H2O
(3:1.3:1), RT overnight; then preparative HPLC, 32%.

For the synthesis of the clickable photoaffinity tag 374, acid 373 was coupled to amine 357 with
HATU and DIPEA to provide alkyne 374 in 83% yield. Conjugation to HS mimetic 346 and
subsequent preparative HPLC furnished the conjugate 375 in 32% yield. The labeled compound thus
obtained could be used to determine the binding site of the HS mimetic 346 to protein targets by
incubation with a binding protein, followed by photolytic labeling. Mass spectrometric analysis could
then provide information of the stoichiometry of the binding. Tryptic digestion of the labeled protein
followed by HPLC-MS analysis would also provide hints towards the amino acid sequence of the
binding site.281
The conjugates of HS mimetic 346 to the probes for chemical biology as discussed above could be
used to determine its biological interactions with cells or isolated proteins and would allow to devise
novel applications for the mimetic. The ease of functionalization by means of copper-free click
chemistry provides countless possibilities for further studies of this novel polyanionic hexasaccharide
and should engage its future use in a range of applications.

2.3.5

Conjugation of Clickable Heparan Sulfate Mimetic 346 to HIV Entry
Inhibitors

With established conditions for the copper-free click chemistry of azide 346 in hand, we set out to
prepare the desired conjugates of this HS mimetic to four different HIV entry inhibitors. At the outset
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of the study, the preparation of NBD-556 (297) as well as the preparation of its clickable variant 379
was envisioned (Scheme 48). NBD-556 (297) is a small molecule CD4 mimetic that occupies the same
binding pocket of gp120 as the CD4 receptor, and locks the conformation of gp120 into the CD4
bound conformation.282 A conjugate of NBD-556 to the novel HS mimetic 346 is expected to have
similar HIV entry inhibitory properties as the conjugates prepared by the group of LORTAT-JACOB (cf.
Figure 14), by binding to both the CD4 binding site (by NBD-556) and the coreceptor binding site by
the HS mimetic 346).

Scheme 48. Preparation of the HS mimetic-NBD-556 conjugate 381. Reagents and conditions: a) Methyl chlorooxoacetate
(1.1 equiv), NEt3 (1.2 equiv), CH2Cl2, RT, 77%; b) LiOH·H2O (1.1 equiv), THF–H2O (5:1), RT, 2 h, 90%; c) 377a
(1.0 equiv), 382 (1.0 equiv), PhMe, reflux, 72 h, 82%; d) Ethyl bromoacetate (5.0 equiv), NaHCO3 (3.0 equiv), EtOH,
reflux, 48 h, 54%; e) Benzyl bromoacetate (5.0 equiv), DIPEA (2.0 equiv), MeCN, reflux, 48 h, 74%; f) PtO2 (7.7 mol%),
H2 (1 bar), EtOH–AcOEt (1:1), RT, 4 h; g) 357 (1.0 equiv), 379 (1.3 equiv), HATU (1.2 equiv), DIPEA (2.0 equiv),
CH2Cl2, RT 71% (from 378b); h) 380 (2.0 equiv), 346 (1.0 equiv), MeOH–DMSO–H2O (3:1.3:1), RT 4 h; then preparative
HPLC, 44%.

Methyl ester 377a was prepared by the reaction of 4-chloroaniline (376) with methyl
chlorooxoacetate according to a known procedure of LAROCK.283 For the preparation of NBD-556
(297), hydrolysis of methyl ester 377a to the corresponding acid 377b, followed by HATU-mediated
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peptide coupling with amine 382 was investigated first.284 Although the reaction showed product
formation as judged by TLC in comparison to a reference sample, the product was difficult to separate
from the HATU-derived by-products. In the literature, the preparation of NBD-556 (297) was also
described by microwave irradiation of the corresponding ethyl ester of 377a with the amine 382 in a
sealed tube. However, conversion and yield were low and required tedious purification steps.285 In
contrast, we found that heating of a 1:1 mixture of amine 382 with the more reactive methyl ester 377
cleanly afforded the desired mixed oxalic acid diamide 297 in full conversion, in 82% yield, and
without the need for chromatographic purification. With sufficient quantities of the NBD-556 (297)
prepared, we attempted to functionalize the amine with an exit vector for the attachment of a strained
alkyne. Upon inspection of the literature, it was found that only highly reactive electrophiles
(iodomethane, allyl and benzyl iodides, -bromoacetates, and propiolic esters) react with the 2,2,6,6tetramethylpiperidine-derivatives, due to the significant steric encumbrance of the amine by the two
adjacent tertiary carbon atoms. In an initial endeavor, amine 297 was subjected to ethyl bromoacetate
in refluxing ethanol and ethyl ester 378a was obtained in 54% yield. However, saponification of the
ethyl ester with LiOH·H2O resulted in competitive exclusive cleavage of the aniline-derived amide
bond. Although somewhat surprising, the outcome of the reaction was not unexpected, as oxalic
amides are much more reactive than regular amides, due to the two adjacent carboxyl groups. The
side-reaction was overcome by the alkylation of amine 297 with benzyl bromoacetate to furnish 378b
in 74% yield. The solvent was changed to acetonitrile after the discovery that in ethanol, an
inseparable mixture of both esters 378a and 378b was obtained due to the long required reaction time.
Removal of the benzyl group was brought about by hydrogenation in the presence of ADAMS’s
catalyst, as the use of Pd/C resulted in partial hydrodechlorination of the aromatic chloride. The thus
obtained acid 379 was finally coupled with amine 357 to complete the synthesis of the clickable NBD556-derivative 380. The subsequent click reaction with hexasaccharide 346 proceeded smoothly and
furnished the HS mimetic-NBD-556 conjugate 381 in 44% yield after preparative HPLC.
In addition, hexasaccharide 346 was projected to be conjugated to amphotericin B (300,
Scheme 49). Amphotericin B and some derivatives thereof were shown to have anti-HIV activity, but
the mode of action could not be entirely understood at this point.241 For one derivative, however, it was
shown that binding to the V3 loop of gp120 might be crucial for activity, 241a and thus we decided to
prepare an HS mimetic-amphotericin B conjugate to probe weather the addition of an additional
V3-loop binding moiety (by the HS mimetic) might influence amphotericin B’s inhibitory activity.
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Along these lines, amphotericin B (300) was functionalized by reaction with NHS-carbonate 383 in a
mixture of DMF–MeOH and under the exclusion of light. The reaction mixture was purified by
precipitation in Et2O and subsequent filtration to yield the crude carbamate 384 which was sufficiently
pure as judged by LC-MS. The click reaction with hexasaccharide 346 was affected in a MeOH–
DMF–H2O-mixture in order to solubilize all the reaction components and produced conjugate 385 in
22% yield after HPLC purification.

Scheme 49: Preparation of the HS mimetic–amphotericin B conjugate 385. Reagents and conditions: a) 300 (2.5 equiv),
pyridine (7.0 equiv), DMF–MeOH (2:1), RT, 5 h, 80%; b) 384 (1.4 equiv), 346 (1.0 equiv), MeOH–DMF–H2O (2:2:3),
RT, overnight, then preparative HPLC, 22%.

In a study by SODROSKI, drug candidate 18A (299) was identified as HIV entry-inhibitor by highthroughput screening of 28 compound libraries, consisting of more than 200 000 compounds.239a It
inhibits a wide spectrum of HIV-1 isolates by binding to gp120 and obstructing the conformational
changes that are necessary for coreceptor binding after CD4 attachment.239a However, the CD4induced exposure of the HS binding V3-region of gp120 is not disturbed, and we thus anticipate that a
HS mimetic–18A-conjugate might display a higher inhibitory activity than 18A alone due to
multivalent binding.
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A synthetic procedure for compound 18A was not reported, however, we found that reaction of
aldehyde 386 with hydrazine hydrate furnished hydrazone 387, which could be acylated with
4-nitrophenyl carbamate 391 to give A18 (299) in 48% yield (Scheme 50, top).286

Scheme 50: Preparation of the HS mimetic–18A conjugate 393. Reagents and conditions: a) N2H4·H2O (1.2 equiv),
MeOH, RT, 1 h, 99%; b) 391 (1.1 equiv), pyridine (3.0 equiv), THF, RT, 16 h, 48%; c) 394 (1.1 equiv), PPh3 (1.2 equiv),
DEAD (1.2 equiv), THF, RT, 3 h, 43%; d) N2H4·H2O (1.1 equiv), MeOH, RT, 10 min, used crude; e) 4-nitrophenylchloroformate (1.2 equiv), pyridine (3.0 equiv), CH2Cl2, RT, 1 h, used crude; f) 391 (1.3 equiv), pyridine (4.0 equiv), THF,
RT, 4 h, 15% (over two steps from 388); g) 392 (2.6 equiv), 346 (1.0 equiv), MeOH–DMSO–H2O (3:1.6:1), RT overnight;
then preparative HPLC, 37%.

The formation of the clickable drug-derivative 392 was more troublesome, since both hydrazone
389 and carbamate 391 were highly sensitive, which precluded their chromatographic purification.
Both components had thus to be used without purification, however, by the choice of appropriate
reaction conditions, the intermediates were obtained in sufficient purity for the following steps.
Hydrazone 389 was prepared via a MITSUNOBU reaction between 4-hydroxybenzaldehyde 386 and
alcohol 394 to furnish 388 in 43% yield. Subsequent reaction with hydrazine hydrate gave sensitive
hydrazone 389, which was then immediately reacted with carbamate 391 to provide the desired alkyne
392 in 15% yield. The low yield of the semicarbazone 392 was mostly owed to the instability of
hydrazone 389, which decomposed readily at ambient temperature. Nevertheless, it was possible to
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prepare sufficient quantities of 392 to pursue the desired click reaction with hexasaccharide 346
providing conjugate 393 in 37% yield after HPLC purification.
Finally, the preparation of a HS mimetic–BMS-626529-conjugate was targeted. BMS-626529 (298)
is a small-molecule HIV-1 attachment inhibitor active against a variety of HIV-1 virus strains, with
half-maximal effective concentrations of < 10 nM in most cases.240 This compound binds to gp120 and
prevents binding to CD4 by stabilizing a conformation that does not recognize CD4 and thus inhibits
viral attachment to the target cell.240 In contrast to NBD-556, it does not bind to the CD4 binding site.
For the preparation of a clickable derivate of commercial BMS-626529 (298),287 compound 401 was
chosen as a suitable precursor (Scheme 51).288

Scheme 51. Preparation of the HS mimetic–BMS-626529 conjugate 402. Reagents and conditions: a) methyl
chlorooxoacetate (4.0 equiv), AlCl3 (15 equiv), CH2Cl2–MeNO2 (5:1), RT, 4.5 h, 79%; b) NaOH (2.1 equiv), MeOH–H2O
(1:2), RT, 15 min, 85%; c) Cbz-piperazine (1.1 equiv), HBTU (1.1 equiv), N-ethylmorpholine (3.0 equiv), DMF, RT, 6 h,
75%; d) H2 (1 atm), Pd/C (7.5 mol%), MeOH–CH2Cl2, RT, 22 h, 74%; e) 383 (1.0 equiv), DIPEA (5.0 equiv), CH2Cl2–
DMF–H2O (6:3:2), RT, 6 h, 98%; f) 400 (1.1 equiv), HBTU (1.1 equiv), N-ethylmorpholine (3.5 equiv), DMF, RT, 6 h,
62%; g) 401 (2.5 equiv), 346 (1.0 equiv), MeOH–DMSO–H2O (3:2:1), RT, overnight, 48%.
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The synthesis of 401 started with the FRIEDEL-CRAFTS acylation of commercial 6-azaindole
derivative 395 with methyl chlorooxoacetate in the presence of AlCl3 according to a modified
literature procedure and furnished 396a in 79% yield.289,290 Hydrolysis of the methyl ester with KOH,
followed by precipitation of the product after neutralization with HCl gave acid 396b in 85% yield.
The introduction of the piperazine moiety was achieved by HATU mediated peptide coupling of 396b
with Cbz-piperazine and furnished amide 397 in 75% yield. The Cbz protecting group was chosen,
because deprotection of the corresponding Boc-protected analog of 397 (not shown) with TFA in
CH2Cl2 was met with failure. In contrast, the Cbz group was easily removed by hydrogenolysis in the
presence of 7.5 mol% Pd/C to give deprotected piperazine 400 in 74% yield. Incorporation of the
clickable strained alkyne was achieved by carbamate formation between amine 398 with
N-hydroxysuccinimidyl ester 383 at ambient temperature to furnish acid 399 in 98% yield. Coupling of
acid 399 and amine 400 by HBTU-mediated peptide coupling provided piperazine 401 in 62% yield,
and the click reaction with the hexaanionic HS mimetic 346 was effected according to the standard
protocol and furnished conjugate 402 in 48% yield after HPLC purification.
After the preparation of the HS mimetic–drug conjugates 381, 385, 393 and 402, the compounds
were given to the group of Prof. TRKOLA at UNIVERSITY OF ZÜRICH, and are currently being tested for
their HIV entry-inhibitory properties.

2.3.6

Attempted Preparation of a Hexakis(2,6-Disulfated) Hexasaccharide from
-Cyclodextrin

In another approach towards a HS mimetic derived from -cyclodextrin, we attempted to selectively
prepare the 2,6-disulfated hexasaccharide 409 (Scheme 52). Due to the lack of selectivity in sulfation
reactions of polyols (see Chapter 2.1.6), we aimed at a hexasaccharide such as 407 or 408 in which the
alcohols in the 2- and 6- positions are orthogonally protected to the alcohols in the 3-positions. We
decided to protect the 3-positions as benzyl ethers, because of their relative chemical inertness and
facile removal by transition metal catalyzed hydrogenolysis, whereas the 2- and 6-positions were
thought to be protected as allyl ethers (407) or acetates (408). These protecting groups were chosen
due to their resistance towards acidic conditions that are needed for the ring-cleaving reaction of the cyclodextrin precursors (404 and 406), as well as for the glycosylation reaction upon introduction of
the linker. Firstly, -cyclodextrin (294) was protected as allyl ether in the 2- and 6-positions by the
action of allyl bromide and BaO/Ba(OH)2 as base.291
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Scheme 52. Attempted preparation of the selectively sulfated hexasaccharide 409 (S = SO3Na). Reagents and conditions:
a)291 allyl bromide (93 equiv), BaO (32 equiv). Ba(OH)2·8 H2O (15 equiv), DMSO–DMF (1:1), RT, 24 h, 46%; b) NaH
(45 equiv), BnBr (25 equiv), TBAI (30 mol%), DMF, RT, overnight, 84%; c) 411 (5.0 mol%), THF, RT, overnight; then
AcOH–H2O (4:1), 80 °C, 6 h; then Ac2O (50 equiv), DMAP (1.0 mol%), pyridine, RT, overnight, 90%.

The introduction of the allyl ethers then allowed for the clean benzylation reaction with NaH and
benzyl bromide in DMF to furnish 404 in 84% yield. In contrast to allyl, other protecting groups such
as TBS or acyl groups do not allow for the use of strong bases, because of competing protecting group
migrations, which result in a vast mixture of products. TBS groups in particular were shown to easily
migrate from the 2- to the 3-position in cyclodextrins in the case of alkylation reactions.292 Although
the 2-position is less sterically hindered in cyclodextrins and thus it is not possible to move a TBS
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The preparation of cyclodextrin 412 that is TBS-protected in the 3- and 6-position and benzylated in the 2-position has
been reported to be accessible from hexakis(2,6-di-O-TBS)-CD 413, see: P. R. Ashton, S. E. Boyd, G. Gattuso, E. Y.
Hartwell, R. Koeniger, N. Spencer, J. F. Stoddart, J. Org. Chem. 1995, 60, 3898–3903:
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group quantitatively from the 2- to the 3-position under thermodynamic control,293 the alkylating agent
reacts preferably with the 2-OH groups because of the reduced steric encumbrance and thus drives the
migration of the TBS group to the more crowded environment by kinetic control. Protected
cylcodextrin 404 was then attempted to be converted into its corresponding ring-opened
hexasaccharide 407, but under all conditions investigated (HClO4/Ac2O,294 BF3·OEt2/methoxyacetic
acid,295 ZnBr2/TMS-SPh296) only a complex mixture of products was observed. We reasoned that the
electron rich nature of the protecting groups renders the starting material 404 and the product 407 very
sensitive towards (LEWIS-)acids and that further degradation of the hexasaccharide 407 to smaller
oligosaccharides cannot be prevented. The allyl protecting groups were therefore thought to be
exchanged for more electron-deficient acetates to give 406. First investigations for the deprotection of
the allyl ethers exploiting -allyl cation chemistry by the use of PdCl2 in MeOH/DCE,297 or
N,N’-dimethylbarbituric acid/[Pd(PPh3)4]298 were unsuccessful. A two-step procedure consisting of
allyl ether (404) to enol ether (405) isomerization, followed by cleavage of the enol ether was
examined subsequently. The allyl ether to enol ether isomerization step was easily affected by cationic
iridium catalyst 411, which is prepared by purging a THF solution of complex 410 with hydrogen for
15 min, followed by degassing the obtained solution in order to avoid hydrogenation of the allyl
moiety.299 Treatment of 404 with the thus obtained solution resulted in full conversion to the
corresponding trans-enol ether 405 at ambient temperature. The trans-configurations of the enol ether
double bonds were determined by the couling constants between the two olefinic protons H and H
with 3JHH = 12.5 Hz and 12.2 Hz, respectively.300 Cleavage of the intermediate enol ether was then
affected by hydrolysis in AcOH–H2O at 80 °C for 6 h, after several other methods failed (KMnO4,
OsO4/NMO, HgCl2/H2O, I2/H2O).301 The intermediate alcohol was then directly protected as its
peracetate to yield 406 in 90% yield over the three steps. Subjection of 406 to the ring-opening
conditions of VASELLA (HClO4/Ac2O) at 0 °C resulted in an inseparable mixture of compounds, due to
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For a review of selective functionalizations of cyclodextrins, see: b) A. R. Khan, P. Forgo, K. J. Stine, V. T. D'Souza,
Chem. Rev. 1998, 98, 1977–1996.
Reaction conditions adapted from VASELLA, see ref. 245.
Reaction conditions adapted from KISHI, see ref. 247.
Reaction conditions adapted from SAKAIRI and KUZUHARA, see: ref. 244.
Conditions adapted from: J. K. Fairweather, E. Hammond, K. D. Johnstone, V. Ferro, Biorg. Med. Chem. 2008, 16,
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“Correlations of 1H Resonance Spectral Parameters with Molecular Structure”, in High Resolution Nuclear Magnetic
Resonance Spectroscopy, Pergamon, 1966, 665–870.
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a) P. G. M. Wuts, T. W. Greene, “Protection for the Hydroxyl Group, Including 1,2- and 1,3-Diols”, in Greene's
Protective Groups in Organic Synthesis, John Wiley & Sons, Inc., 2006, 16–366; for the cleavage of enol ethers with
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partial benzyl deprotection. Since the other known ring-opening conditions of KISHI (BF3·OEt2),247 and
SAKAIRI and KUZUHARA (ZnBr2)251 are known to be incompatible with benzyl ethers, the approach
towards compound 409 was discarded.301a

2.4

Conclusion and Outlook

In summary, part two of this thesis describes the preparation of the novel clickable heparan sulfate
mimetic 346 from brominated -cyclodextrin 325a in six steps and 5.5% overall yield, as well as its
conjugation to a range of biochemical probes and HIV entry inhibitors (Scheme 53).

Scheme 53: Overview of the preparation of heparan sulfate mimetic 346.

Key features of this novel approach to heparan sulfate mimetics are the use of -cyclodextrin as
hexasaccharide precursor, which reduces the number of difficult glycosylation steps, as well as the
selective functionalization of the oligosaccharide in the 6-position. This strategy allows for the
preparation of a well-defined oligoanionic hexasaccharide and provides a flexible approach towards a
range of different mimetics as well as conjugates thereof. Consequently, the synthetic strategy
presented herein allows for the future preparation of a range of different polyanionic heparan sulfate
mimetics from key intermediate 342 by introduction of other anionic groups such as sulfonates or
phosphonates.
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3.1

General Methods and Materials

Chemicals and Solvents: All chemicals and solvents were purchased from ABCR, ACROS, ALFAAESAR, COMBI-BLOCKS, FLUKA, FLUOROCHEM, MERCK, SIGMA-ALDRICH, or TCI and used as received
without further purification unless mentioned otherwise. Deuterated solvents for NMR spectroscopy
were obtained from ARMAR CHEMICALS. THF, Et2O, MeCN and CH2Cl2 were dried using an LC
TECHNOLOGY SOLUTIONS SP-1 solvent purification system under an atmosphere of dry N2. Pyridine
and HNiPr2 were distilled from KOH under an atmosphere of dry N2. NEt3, iPr2NEt and furan were
distilled from CaH2 under an atmosphere of dry N2. 1,2-DCE, DMSO, and DMF were stored over 4 Å
molecular sieves for 48 h prior to use.
General Procedures: All non-aqueous reactions were performed in dry glassware sealed with a
rubber septum under a positive pressure of dry N2. Reactions were magnetically stirred and monitored
by thin layer chromatography (TLC). Analytical TLC was performed on MERCK silica gel 60 F254 TLC
glass plates and visualized by UV fluorescence quenching at 254 nm and 366 nm and by staining with
aqueous KMnO4 (1.5 g KMnO4, 10 g K2CO3, 200 mL H2O, 2.5 mL 1 M aq. NaOH), SEEBACH’s CAM
stain (2.5 g phosphomolybdic acid hydrate, 1.0 g Ce(SO4)2, 6.0 mL conc. H2SO4, 94 mL H2O), or
ninhydrin (10 g ninhydrin, 300 mL EtOH). Solvent evaporation under reduced pressure was performed
by rotary evaporation at 40 °C at the appropriate pressure. Column chromatographic purification was
performed as flash column chromatography with 0.3–0.5 bar of overpressure using FLUKA silica gel 60
(230–400 mesh, 60 Å) or SILICYLCE SiliaFlash P60 (230–400 mesh, 60 Å) as stationary phase.302
Yields refer to chromatographically purified compounds, unless stated otherwise.
Nuclear Magnetic Resonance Spectroscopy (NMR): NMR data was recorded on VARIAN
Mercury (300 MHz), BRUKER AV (400 MHz, 500 MHz, 600 MHz) or BRUKER DRX (400 MHz,
500 MHz, 600 MHz) spectrometers. Measurements were carried out at ambient temperature. Chemical
shifts () are reported in ppm with the residual solvent signal as internal standard (CDCl3 at 7.26 and
77.16, CD2Cl2 at 5.32 and 54.00, CD3OD at 3.31 and 49.00, pyridine-d5 at 8.74 and 150.35,
tetrahydrofuran-d8 at 1.73 and 25.50, and dimethylsulfoxide-d6 at 2.50 and 39.52 ppm for 1H and
C NMR spectroscopy, respectively). The data is reported as  (s = singlet, d = doublet, t = triplet, q =
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quartet, M = multiplet or unresolved, br = broad signal, coupling constant(s), integration).
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C NMR

spectra were recorded with broadband 1H decoupling. Service measurements were performed by the
NMR service team of the LABORATORIUM

FÜR

ORGANISCHE CHEMIE at ETH ZÜRICH by RENÉ
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ARNOLD, RAINER FRANKENSTEIN, and PHILIPP ZUMBRUNNEN under direction of Dr. MARC-OLIVIER
EBERT.
Infrared spectroscopy (IR): Infrared spectra were recorded on a PERKIN ELMER Spectrum TWO
FT-IR (UATR) instrument as thin films. Absorptions  are given in wavenumbers (cm–1).
High Resolution Mass Spectrometry (HRMS): Mass spectrometric analyses were performed as
high resolution ESI measurements on a BRUKER DALTONICS maXis ESI-QTOF instrument, or as high
resolution EI measurements on a WATERS MICROMASS AutoSpec Ultima instrument, or as high
resolution MALDI measurements on a BRUKER DALTONICS solariX instrument by the mass
spectrometry service of the LABORATORIUM

FÜR

ORGANISCHE CHEMIE at ETH ZÜRICH by LOUIS

BERTSCHI, OSWALD GRETER and ROLF HÄFLIGER under direction of Dr. XIANGYANG ZHANG.
Elemental analysis (EA): Microanalyses were obtained using a LECO TrueSpec Micro (C, h, N)
and a LECO RO-478 (O) instrument. For determination of Br, the sample was first oxidized by the
SCHÖNINGER method303 and then analyzed by ion chromatography on a METROHM 761 Compact
IC. The measurements were performed by the microanalysis service of the LABORATORIUM

FÜR

ORGANISCHE CHEMIE at ETH ZÜRICH by MICHAEL SCHNEIDER.
Optical rotations: Optical rotations were measured on a JASCO DIP-2000 polarimeter at the
indicated wavelength  and at the temperature T with 100 mm path length cell, and are reported as
[]T(concentration in g/100 mL, solvent).
Melting point (Mp): Melting points were determined using a BÜCHI SMP-20 instrument in an open
capillary and are uncorrected.
X-Ray Diffraction: Single crystal X-ray diffraction analyses were performed on a BRUKER ApexII
Duo or on a BRUKER Kappa ApexII apparatus by MICHAEL SOLAR, Dr. NILS TRAPP, and Dr. MICHAEL
WÖRLE of the SMALL MOLECULE CRYSTALLOGRAPHY CENTER at ETH ZÜRICH.
Preparative and Analytical High Performance Liquid Chromatography (HPLC): Preparative
and analytical HPLC was performed at ambient temperature on a WATERS AutoPurification System
using mixtures of H2O (+0.1 vol% TFA) and MeCN (+0.1 vol% TFA) as mobile phase. Compounds
were detected by UV absorption. For analytical HPLC, a DR. MAISCH GMBH Reprosil Gold 120 C18,
5 m, 125 x 4.6 mm column was used as stationary phase at a flow rate of 1.40 mL/min. The mobile
phase gradient profile and detection wavelength are specified, retention times (tR) are given in min.
Analytical High Performance Liquid Chromatography-Mass Spectrometry (LC-MS):
Analytical LC-MS was performed at 50 °C on a DIONEX Ultimate 3000RS apparatus using mixtures of
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H2O (+0.1 vol% TFA) and MeCN as mobile phase at a flow rate of 0.5 mL/min. Compounds were
detected by UV absorption and mass spectrometry on a BRUKER amaZon speed ion trap mass
spectrometer. As stationary phase, a DR. MAISCH GMBH Reprosil Gold 120 C18, 5 m, 125 x 3.0 mm
column was used.
Supercritical Fluid Chromatography (SFC): Enantiomeric excesses were determined by SFC on
a chiral stationary phase using a JASCO 2080Plus apparatus. Column conditions are specified, retention
times (tR) are given in min.
Fluorescence Spectroscopy: Fluorescence spectra were recorded on THERMO SPECTRONIC Amnico
Bowman Series 2 Luminescence Spectrometer, the optical bandpass was 4 nm.
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3.2

Towards the Total Synthesis of Scabrosin Diacetate and
Related ETP Natural Products

(1RS,4RS)-Methyl 2-bromo-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylate (114).
According to a literature procedure,304 a solution of -bromoacrylic acid305 (5.00 g,
33.1 mmol, 1.00 equiv) in furan (36.4 mL, 497 mmol, 15.0 equiv) was added BH3·THF
(1.0 M in THF, 3.31 mL, 3.31 mmol, 10.0 mol%) at 0 °C dropwise over 15 min. The resulting clear
solution was stirred at 0 °C for 2 h and then left in the refrigerator (5 °C) overnight. Brine (30 mL) and
AcOEt (50 mL) were added and the organic layer was separated. The aqueous layer was extracted with
AcOEt (4 x 30 mL) and the combined organic layers were washed with brine (30 mL), dried over
Na2SO4, filtered and the solvent was removed under reduced pressure. The residue was dissolved in
MeCN–DMSO (3:1, 200 mL) and solid K2CO3 (6.87g, 49.7 mmol, 1.50 equiv) and MeI (4.14 mL,
66.2 mmol, 2.00 equiv) were added. The suspension was stirred over night at ambient temperature and
then water (150 mL) was added. The mixture was extracted with AcOEt (3 x 250 mL) and the
combined organic layers were washed with water (250 mL) and brine (250 mL), dried over Na2SO4
and evaporated under reduced pressure. The residue was purified by flash column chromatography
(4:1 hexanes:AcOEt) to yield the olefin (±)-114 (1.8:1 mixture of diastereoisomers, 5.7 g, 74%) as a
colorless oil.
TLC: Rf = 0.61 and 0.71 (2:1 hexanes:AcOEt), KMnO4, UV at 254 nm; 1H NMR (400 MHz,
CDCl3): major diastereoisomer: δ 6.53 (dd, J = 5.9, 1.8 Hz, 1H), 6.30 (dd, J = 5.8, 1.7 Hz, 1H), 5.18
(dd, J = 1.7, 1.0 Hz, 1H), 5.10 (dt, J = 4.6, 1.3 Hz, 1H), 3.74 (s, 3H), 2.54 (dd, J = 13.1, 4.6 Hz, 1H),
2.41 (d, J = 13.1 Hz, 1H); minor diastereoisomer: δ 6.57 – 6.55 (m, 1H), 6.48 (dd, J = 5.8, 1.7 Hz,
1H), 5.45 (dd, J = 1.8, 0.8 Hz, 1H), 5.04 (ddd, J = 4.8, 1.7, 0.8 Hz, 1H), 3.82 (s, 3H), 2.93 (dd, J =
13.0, 4.8 Hz, 1H), 1.72 (d, J = 13.1 Hz, 1H); 13C NMR (101 MHz, CDCl3): major diastereoisomer:
δ 169.7, 139.8, 133.0, 86.1, 79.5, 58.8, 53.2, 41.7; minor diastereoisomer: δ 170.8, 137.7, 134.1, 83.2,
79.5, 54.0, 53.6, 40.1; IR (neat)  3015, 2955, 1735, 1436, 1316, 1269, 1219, 1155, 1063, 1026, 907,
799, 673, 588 cm–1. HRMS (EI): m/z calculated for C7H6BrO2+ [(M – OMe)+] 200.9546, found
200.9548.
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(1RS,2RS,4RS,5RS)-Methyl 6-bromo-3,8-dioxatricyclo[3.2.1.02,4]octane-6carboxylate (115). A solution of olefin 114 (520 mg, 2.23 mmol, 1.00 equiv) and
mCPBA (70%, 1.10 g, 4.46 mmol, 2.00 equiv) in CH2Cl2 (10 mL) was heated to 40 °C
overnight. Aqueous work-up followed by flash column chromatography yielded the epoxide 115 (2:1
mixture of diastereoisomers, 600 mg, quantitative) as a white solid.
TLC: Rf = 0.34 and 0.39 (2:1 hexanes:AcOEt), CAM, UV at 254 nm; 1H NMR (400 MHz,
CDCl3): major diastereoisomer: δ 4.71 (s, 1H), 4.64 (d, J = 5.1 Hz, 1H), 3.84 (s, 3H), 3.38 (d, J =
3.3 Hz, 1H), 3.32 (d, J = 3.3 Hz, 1H), 2.62 (d, J = 14.3 Hz, 1H), 2.51 (dd, J = 14.3, 5.2 Hz, 1H); minor
diastereoisomer: δ 4.93 (s, 1H), 4.53 (d, J = 5.3 Hz, 1H), 3.82 (d, J = 3.5 Hz, 1H), 3.81 (s, 3H), 3.49
(d, J = 3.3 Hz, 1H), 3.04 (dd, J = 13.9, 5.4 Hz, 1H), 1.97 (d, J = 13.9 Hz, 1H); 13C NMR (101 MHz,
CDCl3): major diastereoisomer: δ 168.9, 82.0, 75.3, 59.7, 53.6, 49.0, 47.1, 42.8; minor
diastereoisomer: δ 169.7, 77.5, 75.4, 56.7, 53.8, 49.4, 49.2, 41.6; IR (neat):  3014, 2957, 1733, 1437,
1268, 1241, 1158, 1096, 1016, 923, 861, 794, 624 cm–1; HRMS (ESI): m/z calculated for C8H10BrO4+
[(M + H)+] 248.9757, found 248.9760.
(1RS,2RS,4SR,5SR)-Methyl 3,8-dioxatricyclo[3.2.1.02,4]oct-6-ene-6carboxylate (116). To a solution of a 1.1:1 endo:exo-mixture of bromide (±)-trans133 (2.00 g, 8.03 mmol, 1.00 equiv) in Et2O (100 mL) was added a solution of DBU
(3.03 mL, 20.1 mmol, 2.50 equiv) in Et2O (3 mL) dropwise. The reaction mixture was stirred for 3 h
and then quenched by addition of brine (50 mL) and 2 M HCl (50 mL). The organic layer was
separated and the aqueous layer was extracted with CH2Cl2 (4 x 100 mL). The combined organic
layers were washed with 2 M HCl (50 mL) and brine (50 mL), dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. The residue was purified by flash column
chromatography (2:1→1:1→1:2 Hex:AcOEt) to yield the enoate (±)-116 (1.07 g, 79%) as a white
powder.
TLC: Rf = 0.36 (1:1 hexanes:AcOEt), KMnO4, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 7.35 (d, J = 1.9 Hz, 1H), 5.06 (s, 1H), 4.93 (dd, J = 1.9, 0.4 Hz, 1H), 3.77 (s, 3H), 3.64 (d, J =
3.6 Hz, 1H), 3.56 (d, J = 3.7 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 163.1, 148.5, 146.5, 78.3, 77.1,
55.5, 55.3, 52.2; IR (neat):  3026, 2956, 1712, 1594, 1436, 1326, 1288, 1232, 1215, 1099, 1033, 998,
914, 875, 864, 740, 716, 669 cm–1; HRMS (EI): m/z calculated for C7H7O3+ [(M – CHO)+] 139.0390,
found 139.0390; Mp: 84 °C.
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((1RS,2SR,4RS)-2-Bromo-7-oxabicyclo[2.2.1]hept-5-en-2-yl)methanol

(118).

Compound 118 can be prepared by reduction of the 1.8:1 diastereomeric mixture of 114
(550 mg, 2.36 mmol, 1.00 equiv) with LiAlH4 (90.0 mg, 2.36 mmol, 1.00 equiv), in THF
(5 mL) at 0°C, followed by flash column chromatography (5:1→2:1 hexanes:AcOEt) to furnish 118
(120 mg, 25%) in low yield. For a more efficient preparation as well as analytical data, see the
preparation of ent-151.
((1RS,2RS,4RS,5RS,6SR)-6-Bromo-3,8-dioxatricyclo[3.2.1.02,4]octan-6yl)methanol (119). To a solution of alcohol 118 (1.40 g, 6.83 mmol, 1.00 equiv) in
CH2Cl2 (25 mL) was added mCPBA (75%, 3.14 g, 13.7 mmol, 2.00 equiv) and the
reaction mixture was stirred at ambient temperature overnight. The reaction was washed with 10%
Na2SO3 solution (25 mL) and satd. aq. NaHCO3 solution (25 mL). The combined aqueous layers were
extracted with AcOEt (4 x 25 mL) and the combined organic layers were dried over Na2SO4, filtered
and the solvent was removed under reduced pressure. The residue was purified by flash column
chromatography (1:1 hexanes:AcOEt) to yield the epoxide (±)-119 (1.36 g, 90%) as an off-white solid.
TLC: Rf = 0.11 (2:1 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 4.51
(t, J = 2.6 Hz, 2H), 3.79 (d, J = 3.3 Hz, 1H), 3.72 (d, J = 12.2 Hz, 1H), 3.65 (d, J = 12.2 Hz, 1H), 3.48
(d, J = 3.3 Hz, 1H), 2.14 (dd, J = 13.6, 5.2 Hz, 1H), 1.96 (d, J = 13.5 Hz, 1H); 13C NMR (101 MHz,
CDCl3): δ 76.3, 75.4, 70.6, 69.5, 50.0, 49.4, 40.7; IR (neat):  3454, 1449, 1372, 1175, 1076, 1007,
980, 860, 788, 624 cm–1; HRMS (MALDI): m/z calculated for C7H9BrNaO3+ [(M + Na)+] 242.9627,
found 242.9627; EA: calculated: 38.04% C, 4.10% h, 21.71% O, 36.15% Br, found: 37.94% C,
4.04% h, 21.60% O, 36.08% Br. Mp: 89–95 °C.
(1'RS,2RS,2'RS,4'RS,5'RS)-3',8'-Dioxaspiro[oxirane-2,6'tricyclo[3.2.1.02,4]octane] (120). To a suspension of NaH (60% in mineral oil, 407 mg,
10.2 mmol, 1.50 equiv) in THF (50 mL) was added a solution of bromoalcohol 119
(1.50 g, 6.79 mmol, 1.00 equiv) in THF (10 mL) dropwise at 0 °C. After 5 min the reaction mixture
was warmed to ambient temperature and stirred for 30 min. Satd. aq. NaHCO3 solution (25 mL) and
AcOEt (25 mL) were added, the organic layer was separated and the aqueous layer was extracted with
AcOEt (3 x 25 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent
was removed under reduced pressure. The residue was purified by flash column chromatography (1:1
hexanes:AcOEt) to yield the bis(epoxide) (±)-120 (860 mg, 90%) as a colorless oil.
TLC: Rf = 0.31 (3:7 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 4.56
(d, J = 5.0 Hz, 1H), 3.99 (s, 1H), 3.40 (d, J = 3.4 Hz, 1H), 3.32 (d, J = 3.4 Hz, 1H), 2.95 (d, J = 4.3 Hz,
1H), 2.84 (d, J = 4.2 Hz, 1H), 1.96 (dd, J = 13.3, 5.1 Hz, 1H), 1.81 (d, J = 13.3 Hz, 1H);

13

C NMR

116 Experimental Part
(101 MHz, CDCl3): δ 77.4, 74.2, 64.1, 50.4, 47.2, 46.5, 34.4; IR (neat)  3006, 1489, 1440, 1398,
1192, 1096, 1012, 975, 927, 899, 857, 813, 789, 718, 616, 541 cm–1; HRMS (EI): m/z calculated for
C7H8O3+ [M+] 140.0468, found 140.0470.
(1RS,4RS)-2-Cyano-7-oxabicyclo[2.2.1]hept-5-en-2-yl acetate (126). According to the
literature procedure,306a a mixture of 1-cyanovinyl acetate (15.9 mL, 149 mmol, 1.00 equiv),
furan (21.4 mL, 297 mmol, 2.0 equiv), and ZnI2 (14.2 g, 44.6 mmol, 30 mol%) was stirred
in the dark for 5 d. Aqueous work-up and flash column chromatography (4:1 hexanes:AcOEt) yielded
the product 126 (15 g, 46%) as a 5:1 mixture of diastereoisomers.
1

H NMR (300 MHz, CDCl3) major diastereoisomer: δ 6.63 (dd, J = 5.8, 1.8 Hz, 1H), 6.21 (ddt, J =

5.8, 1.7, 0.4 Hz, 1H), 5.59 (dd, J = 1.7, 0.9 Hz, 1H), 5.13 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 2.73 (ddd, J =
12.7, 4.8, 0.5 Hz, 1H), 2.05 (s, 3H), 1.73 (d, J = 12.7 Hz, 1H); minor diastereoisomer: δ 6.71 (dd, J =
5.9, 1.7 Hz, 1H), 6.55 – 6.46 (m, 1H), 5.27 (dd, J = 1.8, 1.0 Hz, 1H), 5.17 – 5.14 (m, 1H), 2.22 (dd, J =
4.2, 0.6 Hz, 1H), 2.16 (s, 3H). The data is in accordance with the literature.306b
(1RS,2RS,4RS,5RS)-6-Cyano-3,8-dioxatricyclo[3.2.1.02,4]octan-6-yl

acetate

(127). Compound 127 was prepared following the literature procedure,307 from olefin
126 (10.5 g, 58.6 mmol, 1.00 equiv) and mCPBA (75%, 20.2 g, 87.9 mmol, 1.50 equiv)
in CH2Cl2 (200 mL). Flash column chromatography (4:1→2:1 hexanes:AcOEt) yielded the epoxide
(±)-127 (5:1 mixture of diastereoisomers, 11.8 g, quantitative) as a white solid. For analytical
purposes, a small sample was purified by careful flash column chromatography and yielded epoxide
(±)-127 as 8:1 mixture of diastereoisomers. However, the 5:1 mixture was carried forward for the
synthesis of 128.
TLC: Rf = 0.13 and 0.21 (2:1 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3):
major diastereoisomer: δ 5.01 (s, 1H), 4.65 (d, J = 5.3 Hz, 1H), 3.46 (d, J = 3.2 Hz, 1H), 3.44 (d, J =
3.2 Hz, 1H), 2.75 (dd, J = 13.9, 5.3 Hz, 1H), 2.16 (s, 3H), 1.90 (d, J = 13.9 Hz, 1H); minor
diastereoisomer: δ 4.81 (s, 1H), 4.65 (d, J = 5.3 Hz, 1H), 3.72 (d, J = 3.2 Hz, 1H), 3.52 (d, J = 3.2 Hz,
1H), 2.44 (d, J = 13.9 Hz, 1H), 2.30 (dd, J = 13.9, 4.9 Hz, 1H), 2.14 (s, 3H);

13

C NMR (101 MHz,

CDCl3): major diastereoisomer: δ 169.1, 117.7, 78.5, 75.4, 74.2, 48.6, 46.5, 41.4, 20.5; minor
diastereosiomer: δ 169.2, 115.8, 79.1, 74.1, 74.5, 49.4, 46.4, 44.0, 20.8; IR (neat):  3018, 1752, 1442,
1372, 1232, 1210, 1184, 1078, 1053, 1030, 862, 717, 623 cm–1; HRMS (ESI): m/z calculated for
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a) K. A. Black, P. Vogel, Helv. Chim. Acta 1984, 67, 1612–1615; b) E. Vieira, P. Vogel, Helv. Chim. Acta 1982, 65,
1700–1706.
C. Le Drian, P. Vogel, Helv. Chim. Acta 1987, 70, 1703–1720.
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C9H9NNaO4+ [(M + Na)+] 218.0424, found 218.0423. The spectroscopic data is in accordance with the
literature.307
(1RS,2RS,4RS,5RS)-3,8-Dioxatricyclo[3.2.1.02,4]octan-6-one (128). According to a
literature procedure,307 a solution of a 5:1 diasteremeric mixture of cyanoacetate 127
(7.50 g, 38.4 mmol, 1.00 equiv) in MeOH (200 mL) was treated with NaOMe (2.49 g,
46.1 mmol, 1.20 equiv) and the reaction mixture was stirred for 20 min. Formaldehyde solution (36%
in H2O, 8.82 mL, 115 mmol, 3.00 equiv) was added and stirring was continued for 20 min. The
reaction mixture was poured onto a mixture of satd. aq. NaHCO3 solution (50 mL) and AcOEt
(100 mL), the organic layer was separated and the aqueous layer was extracted with CHCl3–iPrOH
(2:1, 5 x 50 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The residue was purified by flash column chromatography (1:1
pentane:Et2O) to yield the ketone (±)-128 (3.20 g, 66%) as a white solid.
TLC: Rf = 0.21 (2:1 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 4.73
(d, J = 5.3 Hz, 1H), 4.30 (s, 1H), 3.61 (d, J = 3.2 Hz, 1H), 3.49 (d, J = 3.2 Hz, 1H), 2.45 (dd, J = 17.3,
5.3 Hz, 1H), 2.01 (d, J = 17.1 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 206.6, 76.8, 73.6, 51.2, 46.1,
38.5. IR (neat):  1765, 1408, 1364, 1294, 1219, 1138, 1120, 1021, 939, 917, 855, 837, 784, 732, 613,
552 cm–1; HRMS (EI): m/z calculated for C6H6O3+ [M+] 126.0312, found 126.0313; Mp: 55 °C. The
spectroscopic data is in accordance with the literature.307
(1RS,4SR)-Methyl 3-bromo-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxylate (trans132). To a solution of (E)-3-bromoacrylic acid308 (8.50 g, 56.3 mmol, 1.00 equiv) in
furan (61.8 mL, 845 mmol, 15.0 equiv) and CH2Cl2 (20 mL) was added BH3·THF
(1.0 M in THF, 5.63 mL, 5.63 mmol, 10.0 mol%) at 0 °C dropwise over 15 min. The resulting clear
solution was stirred at 0 °C for 2 h and then left in the refrigerator (5 °C) overnight. Brine (30 mL) and
AcOEt (50 mL) were added and the organic layer was separated. The aqueous layer was extracted with
AcOEt (4 x 30 mL) and the combined organic layers were washed with brine (30 mL), dried over
Na2SO4, filtered and the solvent was removed under reduced pressure. The residue was dissolved in
DMF (150 mL) and solid NaHCO3 (14.2 g, 169 mmol, 3.00 equiv) and MeI (10.6 mL, 169 mmol,
3.00 equiv) were added. The suspension was stirred overnight at ambient temperature and then water
(150 mL) was added. The mixture was extracted with Et2O (3 x 150 mL) and the combined organic
layers were washed with water (150 mL) and brine (150 mL), dried over Na2SO4 and evaporated under
reduced pressure. The residue was purified by flash column chromatography (4:1 hexanes:AcOEt) to
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yield the olefin (±)-trans-132 (1.3:1 mixture of endo:exo diastereoisomers, 10.0 g, 76%) as a yellow
oil.
TLC: Rf = 0.33 (4:2 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): endo
diastereoisomer: δ 6.44 (dd, J = 5.8, 1.8 Hz, 1H), 6.40 (dd, J = 5.8, 1.5 Hz, 1H), 5.21 (dt, J = 4.8,
1.2 Hz, 1H), 5.08 (dd, J = 1.8, 1.0 Hz, 1H), 4.02 (d, J = 2.8 Hz, 1H), 3.68 (s, 3H), 3.41 (dd, J = 4.8,
2.9 Hz, 1H); exo diastereoisomer: δ 6.56 (dd, J = 5.9, 1.8 Hz, 1H), 6.52 (dd, J = 5.8, 1.6 Hz, 1H), 5.18
(dd, J = 1.8, 0.8 Hz, 1H), 5.12 (ddd, J = 4.3, 1.7, 0.8 Hz, 1H), 4.43 (dd, J = 4.2, 3.4 Hz, 1H), 3.77 (s,
3H), 2.55 (d, J = 3.4 Hz, 1H);

13

C NMR (101 MHz, CDCl3): endo diastereoisomer: δ 170.3, 136.1,

135.2, 86.7, 79.8, 55.5, 52.4, 46.1; exo diastereoisomer: δ 171.4, 135.9, 135.9, 82.7, 80.9, 53.5, 52.8,
42.4; IR (neat):  3017, 2954, 1733, 1436, 1340, 1312, 1274, 1211, 1179, 1023, 903, 864, 802,
731 cm–1; HRMS (EI): m/z calculated for C7H6BrO2+ [(M – OMe)+] 200.9546, found 200.9546.
(1SR,2SR,4SR,5SR)-Methyl

7-bromo-3,8-dioxatricyclo[3.2.1.02,4]octane-6-

carboxylate (trans-133). A solution of a 1.3:1 endo:exo-mixture of olefin (±)-trans132 (530 mg, 2.27 mmol, 1.00 equiv) and mCPBA (70%, 2.24 g, 9.10 mmol,
4.00 equiv) in CH2Cl2 (20 mL) was heated to 40 °C for 5 h. Aqueous work-up followed by flash
column

chromatography

yielded

the

epoxide

(±)-trans-133

(1.1:1

mixture

of

endo:exo

diastereoisomers, 480 mg, 85%) as a white solid.
TLC: Rf = 0.30 (7:3 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): endo
diastereoisomer: δ 4.74 (d, J = 5.2 Hz, 1H), 4.64 (s, 1H), 4.23 (d, J = 3.7 Hz, 1H), 3.77 (s, 3H), 3.47
(dd, J = 5.3, 3.6 Hz, 1H), 3.40 – 3.36 (m, 2H).; exo diastereoisomer: δ 4.74 (s, 1H), 4.58 (d, J =
4.5 Hz, 1H), 4.45 (t, J = 4.4 Hz, 1H), 3.83 (d, J = 3.3 Hz, 1H), 3.77 (s, 3H), 3.52 (d, J = 3.3 Hz, 1H),
2.78 (d, J = 4.1 Hz, 1H);

13

C NMR (101 MHz, CDCl3): endo diastereoisomer: δ 169.2, 82.5, 75.8,

59.8, 52.8, 47.9, 47.6, 45.1; exo diastereoisomer: δ 170.5, 78.5, 75.6, 55.1, 53.0, 49.3, 48.8, 45.5; IR
(neat):  3012, 2955, 1732, 1436, 1272, 1213, 1167, 1003, 983, 935, 856, 796, 676 cm–1; HRMS (EI):
m/z calculated for C8H9O4+ [(M – Br)+] 169.0496, found 169.0494.
(3aSR,4SR,5SR,6SR,7SR,7aSR)-Methyl 6-bromo-2,2-dimethylhexahydro4,7-epoxybenzo[d][1,3]dioxole-5-carboxylate
(3aSR,4SR,7RS,7aRS)-Methyl

(134)

and

2,2-dimethyl-3a,4,7,7a-tetrahydro-4,7-

epoxybenzo[d][1,3]dioxole-5-carboxylate (135). To a solution of a 1.3:1
endo:exo-mixture of bromide (±)-trans-132 (300 mg, 1.29 mmol, 1.00 equiv) in
MeCN–H2O (4:1, 5.0 mL) was added methanesulfonamide (6.12 mg, 64.3 mol, 5.00 mol%), OsO4
(4.0% in H2O, 818 L, 129 mol, 10.0 mol%) and H2O2 (30% in H2O, 394 L, 12.9 mmol,
3.86 equiv) and the mixture was stirred at 40 °C for 5 h. Afterwards the reaction mixture was cooled to
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ambient temperature, diluted with AcOEt (20 mL) and satd. aq. Na2SO3 solution (20 mL), the organic
layer was separated and the aqueous layer was extracted with AcOEt (4 x 20 mL). The combined
organic layers were dried over Na2SO4, filtered and the solvent was removed under reduced pressure.
The residue was dissolved in acetone (10 mL) and 2,2-dimethoxypropane (1.56 mL, 12.9 mmol,
10.0 equiv), and pTsOH (24.5 mg, 129 mol, 10.0 mol%) was added. After stirring at ambient
temperature for 1 h, NEt3 (500 L) was added and the mixture was evaporated under reduced pressure.
Flash column chromatography (4:1 hexanes:AcOEt) yielded exo-bromide (±)-134 (136 mg, 34%) as a
colorless oil along with olefin (±)-135 (116 mg, 40%) as a white solid.
(±)-134: TLC: Rf = 0.38 (4:1 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3):
δ 5.03 (d, J = 5.5 Hz, 1H), 4.59 (d, J = 0.9 Hz, 1H), 4.51 – 4.47 (m, 1H), 4.39 (d, J = 5.6 Hz, 1H), 4.36
(t, J = 5.0 Hz, 1H), 3.77 (s, 3H), 2.51 (d, J = 4.9 Hz, 1H), 1.47 (s, 3H), 1.32 (s, 3H);

13

C NMR

(101 MHz, CDCl3): δ 170.8, 112.3, 82.9, 81.6, 81.5, 79.9, 53.0, 53.0, 41.5, 26.0, 25.3; IR (neat):
 3006, 2957, 1733, 1437, 1344, 1299, 1204, 1177, 1019, 860, 762, 631 cm–1; HRMS (ESI): m/z
calculated for C11H16BrO5+ [(M + H)+] 307.0176, found 307.0180.
(±)-135: TLC: Rf = 0.67 (1:1 hexanes:AcOEt), KMnO4, UV active at 254 nm; 1H NMR (400 MHz,
CDCl3): δ 7.05 (d, J = 1.9 Hz, 1H), 5.00 (d, J = 0.9 Hz, 1H), 4.90 (dd, J = 1.8, 1.0 Hz, 1H), 4.61 – 4.27
(m, 2H), 3.76 (s, 3H), 1.51 (s, 3H), 1.32 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 162.9, 145.0, 142.1,
116.5, 82.8, 81.2, 79.6, 79.4, 52.1, 26.4, 25.8; IR (neat):  2987, 2941, 1720, 1610, 1438, 1373, 1335,
1245, 1208, 1160, 1073, 999, 921, 861, 825, 748, 675 cm–1; HRMS (ESI): m/z calculated for
C11H14NaO5+ [(M + Na)+] 249.0733, found 249.0739; Mp: 115 °C.
2,2-Dimethyl-3a,4,7,7a-tetrahydro-4,7-epoxybenzo[d][1,3]dioxole-5carboxylate (135). To a solution of an endo:exo-mixture of bromide (±)-134
(7.50 g, 24.4 mmol, 1.00 equiv) in Et2O (200 mL) was added a solution of DBU
(4.42 mL, 29.3 mmol, 1.20 equiv) in Et2O (10 mL) dropwise. The reaction mixture was stirred at
ambient temperature for 3 h and then filtered through a plug of silica gel and the silica gel was washed
further with hexanes–AcOEt (1:1, 200 mL). The filtrate was evaporated and the residue was purified
by flash column chromatography (2:1→1:1→1:2 hexanes:AcOEt) to yield the enoate (±)-135 (3.70g,
67%) as a white solid.
TLC: Rf = 0.67 (1:1 hexanes:AcOEt), KMnO4, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 7.05 (d, J = 1.9 Hz, 1H), 5.00 (d, J = 0.9 Hz, 1H), 4.90 (dd, J = 1.8, 1.0 Hz, 1H), 4.61 – 4.27 (m, 2H),
3.76 (s, 3H), 1.51 (s, 3H), 1.32 (s, 3H);

13

C NMR (101 MHz, CDCl3): δ 162.9, 145.0, 142.1, 116.5,

82.8, 81.2, 79.6, 79.4, 52.1, 26.4, 25.8; IR (neat):  2987, 2941, 1720, 1610, 1438, 1373, 1335, 1245,
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1208, 1160, 1073, 999, 921, 861, 825, 748, 675 cm–1; HRMS (ESI): m/z calculated for C11H14NaO5+
[(M + Na)+] 249.0733, found 249.0739; Mp: 115 °C.
((3aSR,4SR,7RS,7aRS)-2,2-Dimethyl-3a,4,7,7a-tetrahydro-4,7epoxybenzo[d][1,3]dioxol-5-yl)methanol (136). To a solution of enoate (±)-135
(3.50 g, 15.5 mmol, 1.00 equiv) in toluene (100 mL) was added DIBAL-H (1.0 M
in hexanes, 34.0 mL, 34.0 mmol, 2.20 equiv) dropwise at 0 °C. After 10 min, the reaction was
quenched by addition of AcOEt (100 mL), water (100 mL) and satd. aq. sodium potassium tartrate
solution (100 mL) and the mixture was stirred for 2 h at ambient temperature. The organic layer was
separated and the aqueous layer was extracted with AcOEt (4 x 100 mL). The combined organic layers
were dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The residue
was purified by flash column chromatography (1:2→1:4 hexanes:AcOEt) to yield allylic alcohol
(±)-136 (1.90 g, 62%) as a white solid.
TLC: Rf = 0.19 (1:1 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.07
(q, J = 1.9 Hz, 1H), 4.78 (dd, J = 1.7, 0.9 Hz, 1H), 4.69 (d, J = 0.8 Hz, 1H), 4.40 (m, J = 5.4 Hz, 1H),
4.38 (m, J = 5.4 Hz, 1H), 4.20 – 4.36 (m, 2H), 1.84 (t, J = 5.7 Hz, 1H), 1.50 (d, J = 0.7 Hz, 3H), 1.32
(d, J = 0.7 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 150.4, 128.6, 115.9, 81.9, 81.7, 80.6, 79.7, 59.2,
26.4, 25.7; IR (neat):  3445, 2986, 2938, 1373, 1246, 1207, 1160, 1066, 698, 929, 892, 862, 827, 665,
644 cm–1; HRMS (EI): m/z calculated for C9H11O4+ [(M – CH3)+] 183.0652, found 183.0650; Mp:
101 °C.
(3aSR,4SR,7RS,7aRS)-5-(Bromomethyl)-2,2-dimethyl-3a,4,7,7a-tetrahydro4,7-epoxybenzo[d][1,3]dioxole (137). To a solution of allylic alcohol (±)-136
(1.84 g, 9.28 mmol, 1.00 equiv) in THF (50 mL) was added at 0 °C NEt3 (1.94 mL,
13.9 mmol, 1.50 equiv) and MsCl (723 L, 9.28 mmol, 1.00 equiv). After complete consumption of
the starting material, lithium bromide (2.02 g, 23.2 mmol, 2.50 equiv) was added and stirring was
continued at ambient temperature for 45 min. The reaction mixture was filtered through a plug of silica
gel and the filter cake was washed with hexanes–AcOEt (1:1, 100 mL). The filtrate was evaporated
under reduced pressure and the residue was purified by flash column chromatography (4:1→2:1
hexanes:AcOEt) to yield allylic bromide (±)-137 (2.30 g, 95%) as a white solid.
TLC: Rf = 0.47 (2:1 AcOEt:hexanes), KMnO4, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 6.20 (q, J = 1.4 Hz, 1H), 4.81 – 4.76 (m, 1H), 4.70 (d, J = 0.9 Hz, 1H), 4.56 (d, J = 5.4 Hz, 1H), 4.39
(d, J = 5.4 Hz, 1H), 4.10 – 4.02 (m, 2H), 1.50 (s, 3H), 1.33 (s, 3H);

13

C NMR (101 MHz, CDCl3):

δ 146.0, 133.1, 115.9, 83.1, 82.4, 80.6, 79.9, 26.4, 25.8, 25.5; IR (neat):  2984, 2937, 1372, 1270,
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1245, 1208, 1158, 1065, 1022, 966, 934, 825, 859, 825, 709, 623 cm–1; HRMS (EI): m/z calculated for
C9H10BrO3+ [(M – CH3)+] 244.9808, found 244.9811; Mp: 79 °C.
(1RS,2SR,4SR,5SR,6RS,7RS)-7-Methoxy-3,8-dioxatricyclo[3.2.1.02,4]octane-6carboxylic acid (138). Analytical data for compound 138: 1H NMR (400 MHz,
CDCl3): δ 9.38 (br s, 1H), 4.72 (d, J = 5.1 Hz, 1H), 4.54 (s, 1H), 3.88 (d, J = 3.0 Hz, 1H),
3.58 (d, J = 3.3 Hz, 1H), 3.37 (s, 3H), 3.31 (d, J = 3.3 Hz, 1H), 3.08 (dd, J = 5.1, 3.0 Hz, 1H);
13

C NMR (101 MHz, CDCl3): δ 177.5 or 175.0, 83.5, 78.5, 74.4, 57.3, 56.2, 49.1, 47.1.
2-(((3aSR,4SR,7RS,7aRS)-2,2-Dimethyl-3a,4,7,7a-tetrahydro-4,7-

epoxybenzo[d][1,3]dioxol-5-yl)methyl)-3,6-diethoxy-2,5-dihydropyrazine
(141a). 3,6-diethoxy-2,5-dihydropyrazine309 (274 mg, 1.61 mmol, 1.50 equiv) was
suspended in THF (20 mL) and cooled to –78 °C. nBuLi (1.6 M in hexanes,
938 L, 1.50 mmol, 1.40 equiv) was added dropwise and the reaction was stirred at ambient
temperature until the solids dissolved (gentle warming to 40 °C helped occasionally). A solution of
allyl bromide (±)-137 (280 mg, 1.07 mmol, 1.00 equiv) in THF (2 mL) was added dropwise and
stirring was continued for 30 min. The reaction mixture was poured onto satd. aq. NaHCO3 (10 mL)
and AcOEt (10 mL) was added. The organic layer was separated and the aqueous layer was extracted
with AcOEt (3 x 10 mL). The combined organic layers were dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. Flash column chromatography (5:1→2:1→1:2
hexanes:AcOEt) yielded the product (±)-141a (340 mg, 90%) as a colorless oil.
TLC: Rf = 0.42 (1:1 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 5.87
(q, J = 1.5 Hz, 1H), 4.68 (dd, J = 1.7, 0.9 Hz, 1H), 4.56 (d, J = 0.9 Hz, 1H), 4.44 (d, J = 5.4 Hz, 1H),
4.31 (d, J = 5.3 Hz, 1H), 4.18 – 4.04 (m, 5H), 3.98 (d, J = 1.1 Hz, 1H), 3.97 (d, J = 1.5 Hz, 1H), 2.70
(ddd, J = 14.7, 4.3, 1.4 Hz, 1H), 2.47 (ddd, J = 14.7, 7.3, 1.6 Hz, 1H), 1.49 (s, 3H), 1.37 – 1.19 (m,
9H);

13

C NMR (101 MHz, CDCl3): δ 163.4, 162.5, 147.2, 130.6, 115.6, 83.6, 81.8, 80.7, 79.4, 61.3,

61.1, 54.5, 46.8, 32.9, 26.5, 25.6, 14.5, 14.4; IR (neat):  2979, 2935, 1692, 1369, 1234, 1208, 1161,
1070, 1036, 864 cm–1; HRMS (ESI): m/z calculated for C18H27N2O5+ [(M + H)+] 351.1914, found
351.1918.
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2-(((3aSR,4SR,7RS,7aRS)-2,2-Dimethyl-3a,4,7,7a-tetrahydro-4,7epoxybenzo[d][1,3]dioxol-5-yl)methyl)-3,6-dimethoxy-2,5-dihydropyrazine
(141b). 3,6-dimethoxy-2,5-dihydropyrazine310 (70.8 mg, 498 mol, 1.30 equiv)
was dissolved in THF (10 mL) and cooled to –78 °C. nBuLi (1.6 M in hexanes,
287 L, 460 mol, 1.20 equiv) was added dropwise and the reaction was stirred for 30 min, before a
solution of allyl bromide (±)-137 (100 mg, 383 mol, 1.00 equiv) in THF (1 mL) was added dropwise
and stirring was continued for 30 min. The reaction was warmed to 0 °C and stirring was continued for
another 30 min. The reaction mixture was poured onto satd. aq. NaHCO3 (10 mL) and AcOEt (10 mL)
was added. The organic layer was separated and the aqueous layer was extracted with AcOEt (3 x
10 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was removed
under reduced pressure. Flash column chromatography (2:1→1:1 hexanes:AcOEt) yielded the product
(±)-141b (117 mg, 94%) as a colorless oil.
TLC: Rf = 0.20 (1:1 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 5.87
(q, J = 1.6 Hz, 1H), 4.67 (dd, J = 1.7, 0.9 Hz, 1H), 4.54 (d, J = 0.9 Hz, 1H), 4.42 (d, J = 5.4 Hz, 1H),
4.30 (d, J = 5.4 Hz, 1H), 4.16 (dq, J = 7.1, 4.1 Hz, 1H), 4.00 (dd, J = 4.1, 1.5 Hz, 2H), 3.69 (s, 3H),
3.67 (s, 3H), 2.70 (ddd, J = 14.7, 4.2, 1.3 Hz, 1H), 2.46 (ddd, J = 14.6, 7.2, 1.6 Hz, 1H), 1.48 (s, 3H),
1.30 (s, 3H); 13C NMR (101 MHz, CDCl3): δ 163.7, 163.0, 147.0, 130.8, 115.6, 83.5, 81.8, 80.6, 79.3,
54.4, 52.9, 52.8, 46.7, 32.8, 26.5, 25.6, IR (neat):  2983, 2945, 1696, 1437, 1370, 1241, 1207, 1163,
1100, 1068, 1016, 863 cm–1; HRMS (ESI): m/z calculated for C16H23N2O5+ [(M + H)+] 323.1601,
found 323.1601.
Methyl

2-amino-3-((3aSR,4SR,7RS,7aRS)-2,2-dimethyl-3a,4,7,7a-

tetrahydro-4,7-epoxybenzo[d][1,3]dioxol-5-yl)propanoate

hydrochloride

(143). 2,5-dihydropyrazine (±)-141b (400 mg, 1.24 mmol, 1.00 equiv) was
dissolved in THF–2 M aq. HCl (10:1, 10 mL) and the reaction mixture was stirred for 30 min. The
solvent was evaporated under reduced pressure and the oily residue was dissolved in acetone
(100 mL). pTsOH (23.6 mg, 124 mol, 10.0 mol%) and 2,2-dimethoxypropane (3.04 mL, 24.8 mmol,
20.0 equiv) were added, and the mixture was sonicated for 30 min and then stirred overnight. Solid
NaHCO3 (10 g) was added and the mixture was stirred for 1 h, then it was filtered and the filtrate was
evaporated under reduced pressure. Flash column chromatography (20:1 CH2Cl2:MeOH) yielded the
free amine as an oil. The residue was taken up in a minimum amount of ether and the hydrochloride
salt was precipitated by addition of HCl (4 M in dioxane, 310 L). The solid was filtered and dried
under high vaccum to give the product (±)-143 (250 mg, 66%) as an off-white powder.
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TLC: Rf = 0.56 (free amine) (1:10 MeOH:CH2Cl2), ninhydrin, not UV active; 1H NMR (400 MHz,
CD3OD): δ 6.17 (q, J = 1.7 Hz, 1H), 4.72 (dd, J = 1.8, 0.9 Hz, 1H), 4.53 (d, J = 0.9 Hz, 1H), 4.43 (d, J
= 5.4 Hz, 1H), 4.41 (d, J = 5.4 Hz, 1H), 4.33 (dd, J = 6.9, 5.7 Hz, 1H), 3.85 (s, 3H), 2.91 – 2.65 (m,
2H), 1.44 (s, 3H), 1.32 (s, 3H);

13

C NMR (101 MHz, CD3OD): δ 170.3, 144.8, 133.5, 116.8, 84.0,

83.3, 81.5, 80.3, 53.8, 52.1, 29.8, 26.5, 25.7; IR (neat):  3161, 1839, 2804, 1671, 1740, 1495, 1446,
1245, 1201, 1062, 936, 854, 822, 734, 614 cm–1; HRMS (MALDI): m/z calculated for C13H20NO5+
[(M + H)+] 270.1336 (protonated free amine), found 270.1336.
Methyl

2-amino-3-((3aSR,4SR,5RS,7RS,7aRS)-2,2-dimethylhexahydro-

4,7-epoxybenzo[d][1,3]dioxol-5-yl)propanoate

hydrochloride

(145).

Hydrogen was passed through a suspension of olefin (±)-143 (95.0 mg,
311 mol, 1.00 equiv) in MeOH (5 mL) and 10% Pd/C (33.1 mg, 31.1 mol, 10.0 mol%). After
45 min, the reaction mixture was filtered through a syringe filter and the filter cake was washed with
MeOH (2 x 5 mL). The combined filtrates were evaporated under reduced pressure to yield acetonide
(±)-145 (96 mg, quant.) as a white solid.
TLC: Rf = 0.37 (free amine), (1:10 MeOH:CH2Cl2), ninhydrin, not UV active; 1H NMR (400 MHz,
CD3OD): δ 4.56 (d, J = 5.6 Hz, 1H), 4.33 (d, J = 6.1 Hz, 1H), 4.29 (d, J = 5.6 Hz, 1H), 4.25 (d, J =
5.0 Hz, 1H), 4.04 (t, J = 6.7 Hz, 1H), 3.87 (s, 3H), 2.18 – 2.07 (m, 1H), 2.06 – 1.89 (m, 3H), 1.41 (s,
3H), 1.29 (s, 3H), 0.89 (dd, J = 12.3, 5.3 Hz, 1H); 13C NMR (101 MHz, CD3OD): δ 170.8, 111.9, 83.6,
81.8, 80.8, 79.7, 53.9, 53.4, 35.3, 32.1, 31.5, 25.9, 25.1; IR (neat):  3414, 2938, 1746, 1598, 1514,
1442, 11374, 1232, 1206, 1162, 1063, 1002, 938, 863, 822, 595, 518 cm–1; HRMS (ESI): m/z
calculated for C13H22NO5+ [(M + H+)] 272.1492 (protonated free amine), found 272.1497.
(3aSR,4RS,8aRS,8bSR)-Methyl

4-((tert-butyldimethylsilyl)oxy)-2,2-

dimethyl-4,6,7,8,8a,8b-hexahydro-3aH-[1,3]dioxolo[4,5-g]indole-7carboxylate (146). To a suspension of ammonium salt (±)-145 (40.0 mg,
130 mol, 1.00 equiv) in CH2Cl2 (5 mL) was added 2,6-lutidine (151 L,
1.30 mmol, 10.0 equiv) followed by TBSOTf (184 L, 780 mol, 6.00 equiv). The reaction mixture
was stirred for 8 h at ambient temperature, and then poured onto sat. aq. NaHCO3 solution (10 mL)
and CH2Cl2 (10 mL). The organic layer was separated and the aqueous layer was extracted with
CH2Cl2 (10 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The residue was purified by flash column chromatography (99:1
CH2Cl2:MeOH) to yield silyl ether (±)-146 (30 mg, 60%) as a colorless oil.
TLC: Rf = 0.56 (AcOEt), ninhydrin, not UV active; 1H NMR (400 MHz, CDCl3): δ 4.18 (ddd, J =
7.2, 3.8, 1.8 Hz, 1H), 4.12 (dd, J = 8.0, 5.9 Hz, 1H), 4.06 (dd, J = 8.0, 3.8 Hz, 1H), 3.81 (dd, J = 9.6,
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7.2 Hz, 1H), 3.71 (s, 3H), 3.49 (dd, J = 8.8, 6.0 Hz, 1H), 2.48 (ddd, J = 16.6, 9.5, 7.7 Hz, 1H), 2.36
(ddd, J = 12.4, 8.0, 7.2 Hz, 1H), 2.09 (dt, J = 13.8, 7.6 Hz, 1H), 1.54 (dt, J = 12.5, 9.8 Hz, 1H), 1.47 (s,
3H), 1.31 (s, 3H), 1.13 (ddd, J = 13.8, 7.1, 1.8 Hz, 1H), 0.88 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H);
13

C NMR (101 MHz, CDCl3): δ 174.9, 108.3, 79.1, 76.2, 66.6, 60.0, 59.5, 52.2, 37.5, 33.9, 31.9, 26.7,

26.1, 24.5, 18.4, –4.3, –4.9; IR (neat):  2952, 2930, 2887, 2856, 1739, 1461, 1380, 1251, 1206, 1164,
1111, 1077, 1056, 859, 835, 775 cm–1; HRMS (ESI): m/z calculated for C19H36NO5Si+ [(M + H)+]
386.2357, found 286.2357.
(1S,2S,4S)-7-Oxaspiro[bicyclo[2.2.1]hept[5]ene-2,2'-oxirane] (148). To a solution
of alcohol ent-151 (500 mg, 2.44 mmol, 1.00 equiv) in THF (20 mL) was added tBuOK
(328 mg, 2.93 mmol, 1.20 equiv) at 0 °C. The reaction was stirred at 0 °C for 2 h, then
quenched with satd. aq. NH4Cl solution (10 mL) and diluted with AcOEt (10 mL). The organic layer
was separated and the aqueous layer was extracted with AcOEt (3 x 10 mL). The combined organic
layers were dried over Na2SO4, filtered and the solvent was removed under reduced pressure.
Purification by flash column chromatography (1:4→1:2→1:1 Et2O:pentane) yielded the epoxide 148
(250 mg, 83%) as a slightly yellow solid.
TLC: Rf = 0.29 (1:2 Et2O:pentane), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.56
(dd, J = 5.9, 1.6 Hz, 1H), 6.39 (dd, J = 5.9, 1.8 Hz, 1H), 5.10 (dt, J = 4.5, 1.2 Hz, 1H), 4.40 (dd, J =
1.6, 0.9 Hz, 1H), 2.92 (d, J = 4.2 Hz, 1H), 2.82 (d, J = 4.2 Hz, 1H), 1.94 (dd, J = 12.2, 4.5 Hz, 1H),
1.70 (d, J = 12.1 Hz, 1H);

13

C NMR (101 MHz, CDCl3): δ 140.0, 133.1, 82.6, 78.8, 64.8, 47.9, 32.1;

IR (neat): 3006, 2947, 1490, 1394, 1313, 1175, 1083, 1023, 1008, 899, 842, 812, 792, 706, 607, 530,
516 cm–1; HRMS (EI): m/z calculated for C6H7O+ [(M – CHO)+] 95.0492, found 95.0488; []22D:
–145 (c = 1.00, CHCl3); Mp: 52 °C.
((1S,2R,4S)-2-Bromo-7-oxabicyclo[2.2.1]hept-5-en-2-yl)methanol
and

(ent-151)

(R)-4-((S)-1-(1H-indol-3-yl)ethyl)-2-butyl-3-tosyl-1,3,2-oxazaborolidin-5-

one (ent-153). (2R,3S)-152 (9.66 g, 25.9 mmol, 7.00 mol%) was suspended in
CH2Cl2 (120 mL) and nBuBCl2311 (3.34 g, 24.1 mmol, 6.50 mol%) was added
dropwise at 0 °C. After complete addition, the reaction mixture was stirred at
ambient temperature for 1 h. The solvent was completely removed under vacuum
and the off-white residue (ent-153) was dissolved in CH2Cl2 (300 mL). The reaction
mixture was cooled to –78 °C and furan (135 mL, 1.85 mol, 5.00 equiv) was added dropwise. After
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10 min, 2-bromoacrylaldehyde312 (50.0 g, 370 mmol, 1.00 equiv) was added dropwise and the reaction
was stirred at –78 °C for 5 h.
NaBH4 (28.0 g, 741 mmol) was added in portions to THF–Water (5:1, 600 mL) at 0 °C. After the
hydrogen evolution settled, the –78 °C cold reaction mixture was quickly transferred to this solution by
cannula under vigorous stirring. After another 10 min, satd. aq. NH4Cl solution (500 mL) was added
dropwise at 0 °C and the reaction mixture was stirred until gas evolution ceased. 2 M HCl (500 mL)
was added carefully at 0 °C followed by AcOEt (500 mL). The layers were separated and the aqueous
layer was extracted with AcOEt (3 x 250 mL). The combined organic layers were washed with 2 M
HCl (250 mL) and brine (250 mL), dried over Na2SO4, filtered and evaporated. The residue was
purified by flash column chromatography (3:1 hexanes:AcOEt) to yield ent-151 in 85% ee (determined
by its benzoate ent-151-Bz). The product was dissolved in a minimum of refluxing Et2O–pentane (1:1)
and the mixture was then cooled to ambient temperature. Pentane was added dropwise until the
solution turned cloudy and the mixture was then kept at –20 °C overnight. Filtration yielded a first
crop of crystals and from the mother liquor another two crops of crystals could be obtained in the same
way to yield alcohol ent-151 (45.5 g, 60%, 98% ee as determined by its benzoate ent-151-Bz).
Samples of this compound suitable for single crystal X-ray diffraction were obtained by crystallization
from Et2O-pentane.313
ent-151: TLC: Rf = 0.33 (2:1 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz,
CDCl3): δ 6.50 (dd, J = 5.9, 1.7 Hz, 1H), 6.45 (dd, J = 6.0, 1.7 Hz, 1H), 5.03 – 5.00 (m, 2H), 3.85 (dd,
J = 12.1, 5.2 Hz, 1H), 3.78 (dd, J = 12.1, 8.7 Hz, 1H), 2.31 (dd, J = 8.7, 5.2 Hz, 1H), 2.09 (dd, J =
12.7, 4.7 Hz, 1H), 1.73 (d, J = 12.8 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 136.2, 135.4, 81.8, 79.4,
70.7, 67.6, 39.0; IR (neat): 3273, 3007, 2937, 1450, 1441, 1362, 1262, 1181, 1089, 1045, 1002, 930,
863, 782, 719, 704, 613, 538 cm–1; EA: calculated for C7H9BrO2: 41.00% C, 4.42% h, 15.61% O,
38.97% Br, found: 41.07% C, 4.33% h, 15.54% O, 38.81% Br; []23D: –25.1 (c = 1.00, CHCl3); Mp:
63 °C.
ent-153: 1H NMR (400 MHz, CD2Cl2): δ 8.29 (br s, 1H), 7.85 (d, J = 7.9 Hz, 1H), 7.77 (d, J =
8.3 Hz, 2H), 7.40 – 7.30 (m, 3H), 7.22 – 7.08 (m, 2H), 7.05 (d, J = 2.5 Hz, 1H), 4.26 (qd, J = 7.5,
3.3 Hz, 1H), 4.18 (d, J = 3.1 Hz, 1H), 2.43 (s, 3H), 1.68 (d, J = 7.5 Hz, 3H), 1.10 – 0.93 (m, 2H), 0.87
– 0.72 (m, 4H), 0.65 – 0.58 (m, 3H);

13

C NMR (101 MHz, CD2Cl2): δ 172.5, 145.7, 137.3, 136.5,

130.8, 127.7, 127.4, 123.2, 122.7, 120.7, 120.2, 114.0, 111.6, 66.9, 34.6, 25.5, 25.2, 21.9, 17.5, 14.0,
12.8.
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126 Experimental Part
2-((1S,2R,4S)-2-Bromo-7-oxabicyclo[2.2.1]hept-5-en-2-yl)-1-phenylethanone

(ent-

151-Bz). To a solution of alcohol ent-151 (320 mg, 1.56 mmol, 1.00 equiv) in CH2Cl2
(5 mL) was added NEt3 (653 L, 4.68 mmol, 3.00 equiv) followed by BzCl (362 L,
3.12 mmol, 2.00 equiv) and DMAP (38.1 mg, 312 mol, 20.0 mol%). After 12 h at ambient
temperature, 2 M HCl (5 mL) was added, the layers were separated, and the aqueous layer was
extracted with CH2Cl2 (1 x 5 mL). The combined organic layers were dried over Na2SO4, filtered and
the solvent was removed under reduced pressure. The residue was purified by flash column
chromatography (9:1→4:1 Pentane:Et2O) to yield the product ent-151-Bz (423 mg, 88%) as a colorless
oil that solidified slowly.
TLC: Rf = 0.36 (4:1 hexanes:Et2O), KMnO4, UV at 254 nm; 1H NMR (400 MHz, CDCl3): δ 8.16 –
8.09 (m, 2H), 7.63 – 7.56 (m, 1H), 7.52 – 7.43 (m, 2H), 6.53 (dd, J = 5.8, 1.6 Hz, 1H), 6.50 (dd, J =
5.8, 1.6 Hz, 1H), 5.10 (d, J = 1.5 Hz, 1H), 5.08 – 5.05 (m, 1H), 4.72 (d, J = 11.9 Hz, 1H), 4.53 (d, J =
2.0 Hz, 1H), 2.21 (dd, J = 12.7, 4.7 Hz, 1H), 1.83 (d, J = 12.7 Hz, 1H); 13C NMR (101 MHz, CDCl3):
δ 166.0, 136.2, 135.3, 133.4, 129.9, 128.6, 82.1, 79.5, 71.5, 60.4, 39.9; IR (neat): 3010, 1723, 1602,
1451, 1372, 1316, 1272, 1178, 1112, 1071, 1013, 1028, 709 cm–1; HRMS (ESI): m/z calculated for
C14H1479BrO3+ [(M + H)+] 309.0121, found 309.0125; []23D: –33.3 (c = 1.00, CHCl3); Mp: 45 °C;
SFC (DAICEL Chiralpak IB, 1% iPrOH in CO2, 100 bar, 2.0 mL/min, 25 °C): tR(major enantiomer) =
13.45 min, tR(minor enantiomer) = 15.29 min, 98% ee.
(2R,3S)-3-(1H-Indol-3-yl)-2-(4-methylphenylsulfonamido)butanoic

acid

[(2R,3S)-152]. To a solution of ester 161 (59.0 g, 147 mmol, 1.00 equiv) in THF–
EtOH (1:1, 400 mL) was added LiOH·H2O (18.7 g, 442 mmol, 3.00 equiv) and the
resulting reaction mixture was heated to reflux for 14 h. It was cooled to 0 °C and
2 M HCl (300 mL) was added dropwise. AcOEt (300 mL) was added, the organic layer was separated
and the aqueous layer extracted with AcOEt (2 x 300 mL). The combined organic layers were washed
with brine (300 mL), dried over Na2SO4, filtered and the solvent was removed under reduced pressure.
Benzene (300 mL) was added to the residue and the slurry evaporated under reduced pressure. This
was repeated twice. The residue was then suspended in benzene (200 mL) and warmed to 40 °C. The
warm suspension was filtered and the filter cake was washed with benzene (2 x 150 mL). The filter
cake was dried under reduced pressure to yield the product as a benzene solvate. The white solid was
suspended in cyclohexane (500 mL) and the solvent was evaporated under reduced pressure. This was
repeated twice and then three times with CH2Cl2 (500 mL) to yield (2R,3S)-152 (51.7 g, 94%) as a
white solid.
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TLC: Rf = 0.50 (4:1 CH2Cl2:MeOH), KMnO4, UV at 254 nm; 1H NMR (400 MHz, CD3OD):
δ 7.47 – 7.39 (m, 1H), 7.38 – 7.30 (m, 2H), 7.29 – 7.21 (m, 1H), 7.08 – 7.01 (m, 1H), 7.00 – 6.96 (m,
3H), 6.96 – 6.90 (m, 1H), 4.12 (d, J = 5.5 Hz, 1H), 3.59 – 3.50 (m, 1H), 2.28 (s, 3H), 1.35 (d, J =
7.2 Hz, 3H); 13C NMR (101 MHz, CD3OD): δ 174.9, 144.0, 138.5, 138.0, 130.0, 127.6, 127.6, 123.3,
122.1, 119.6, 119.2, 116.5, 112.3, 61.9, 34.8, 21.5, 15.9; IR (neat): 3476, 3390, 1720, 1691, 1459,
1424, 1333, 1170, 1161, 1095, 910, 823, 752, 736, 534 cm–1; HRMS (ESI): m/z calculated for
C19H21N2O4S [(M + H)+] 373.1217, found 373.1217; []23D: +42.7 (c = 1.00, MeOH); Mp: 192 °C.
N-(1-(1H-Indol-3-yl)ethyl)propan-2-amine (156). According to the literature
procedure,314 compound 156 was prepared from indole (200 g, 1.71 mol,
1.00 equiv), iPrNH2 (161 mL 1.88 mol, 1.10 equiv) and acetaldehyde (101 mL,
1.79 mol, 1.05 equiv) in AcOH–toluene (4:1, 1.0 L). Indole (±)-156 (125 g, 36%) was obtained as a
slightly brown powder.
1

H NMR (300 MHz, CDCl3): δ 8.15 (br s, 1H), 7.72 (ddt, J = 7.8, 1.5, 0.7 Hz, 1H), 7.43 – 7.35 (m,

1H), 7.24 – 7.03 (m, 3H), 4.34 – 4.18 (m, 1H), 2.87 (p, J = 6.3 Hz, 1H), 1.52 (d, J = 6.6, 3H), 1.35 (br
s, 1H), 1.09 (d, J = 4.7 Hz, 3H), 1.07 (d, J = 4.9 Hz, 3H). The spectroscopic data is in accordance with
the literature.314
(2SR,3RS)-Ethyl 3-(1H-indol-3-yl)-2-nitrobutanoate (157). According to the
literature procedure,314 compound 157 was prepared from indole (±)-156 (141 g,
697 mmol, 1.00 equiv) and ethyl nitroacetate (97.0 g, 732 mmol, 1.05 equiv) in
toluene (560 mL). -Nitro ester (±)-157 (150g, 78%) as obtained as a white powder.
1

H NMR (300 MHz, CDCl3): δ 8.18 (br s, 1H), 7.68 (ddt, J = 7.7, 1.6, 0.8 Hz, 1H), 7.44 – 7.37 (m,

1H), 7.30 – 7.16 (m, 2H), 7.14 (d, J = 2.5 Hz, 1H), 5.48 (d, J = 9.2 Hz, 1H), 4.23 (dq, J = 9.3, 7.0 Hz,
1H), 4.09 – 3.96 (m, 2H), 1.60 (d, J = 7.0 Hz, 3H), 1.00 (t, J = 7.0 Hz, 3H). The spectroscopic data is
in accordance with the literature.314
(2SR,3RS)-Ethyl 2-amino-3-(1H-indol-3-yl)butanoate (158). According to the
literature procedure,314 compound 158 was prepared from nitroester 157 (180 g,
651 mmol, 1.00 equiv) and zinc dust (850 g, 13.0 mol, 20.0 equiv) in AcOH–THF
(2:1, 1.4 L and 1:4, 1.2 L for the addition of the substrate). Aminoester (±)-158 (128 g, 79%) was
obtained as a white solid.
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1

H NMR (300 MHz, CDCl3): δ 8.37 (br s, 1H), 7.75 – 7.63 (m, 1H), 7.41 – 7.31 (m, 1H), 7.25 –

7.06 (m, 2H), 7.02 (dd, J = 2.5, 1.0 Hz, 1H), 4.26 – 4.10 (m, 2H), 3.92 (dd, J = 4.1, 1.2 Hz, 1H), 3.75 –
3.61 (m, 1H), 1.46 (br s, 2H), 1.32 (d, J = 7.1 Hz, 3H), 1.25 (t, J = 7.1 Hz, 3H). In accordance with the
spectroscopic data in the literature.314
(2SR,3RS)-Ethyl

2-amino-3-(1H-indol-3-yl)butanoate

methanesulfonate

salt (160). According to the literature procedure,314 compound 160 was prepared
from

aminoester

(±)-158

(128 g,

518 mmol,

1.00 equiv),

(R)-2-(4-

hydroxyphenoxy)propionic acid (159) (49.8 g, 260 mmol, 0.502 equiv) and MeSO3H (20.2 mL,
311 mmol, 60.0 mol%). (2R,3S)-160 (65 g, 37%) was obtained as a white solid. The enantiomeric
excess was determined by SFC on a chiral stationary phase after conversion to the corresponding
N-tosyl derivative 161.
(2R,3S)-Ethyl

3-(1H-indol-3-yl)-2-(4-methylphenylsulfonamido)butanoate

(161). A solution of NEt3 (72.0 mL, 517 mmol, 3.00 equiv) in CH2Cl2 (400 mL)
was cooled to 0 °C, then 160 (59.0 g, 172 mmol, 1.00 equiv) was added in portions
over 10 min. DMAP (0.421 g, 3.45 mmol, 2.00 mol%) was added, followed by dropwise addition of a
solution of pTsCl (33.5 g, 172 mmol, 1.00 equiv) in CH2Cl2 (150 mL). After complete addition, the
reaction mixture was warmed to ambient temperature and stirred for 3 h. 2 M HCl (300 mL) was
added and the layers were separated. The aqueous layer was extracted with Et2O (2 x 250 mL). The
combined organic layers were washed with 1 M HCl (300 mL), water (300 mL) and brine (300 mL)
and dried over Na2SO4. The solvent was evaporated and the residue was recrystallized from EtOH
(180 mL) to yield the product 161 (60.9 g, 88%) as a white powder. Samples of this compound
suitable for single crystal X-ray diffraction were obtained by crystallization from CDCl3.315
TLC: Rf = 0.55 (1:1 hexanes:AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
CDCl3): δ 8.10 (s, 1H), 7.55 – 7.49 (m, 3H), 7.31 – 7.26 (m, 1H), 7.18 – 7.13 (m, 1H), 7.11 – 7.00 (m,
4H), 5.23 (d, J = 10.0 Hz, 1H), 4.13 (dd, J = 9.9, 5.7 Hz, 1H), 3.75 (qd, J = 7.2, 1.7 Hz, 2H), 3.50 (dt, J
= 12.9, 7.0 Hz, 1H), 2.32 (s, 3H), 1.41 (d, J = 7.1 Hz, 3H), 0.90 (t, J = 7.1 Hz, 3H);

13

C NMR

(101 MHz, CDCl3): δ 171.3, 143.4, 136.4, 136.2, 129.4, 127.2, 126.5, 122.1, 119.5, 118.8, 115.8,
111.3, 61.5, 60.8, 34.5, 21.6, 16.3, 13.8; IR (neat): 3403, 3277, 2936, 1730, 1598, 1458, 1337, 1194,
1159, 1122, 1091, 1022, 921, 813, 742, 665, 554 cm–1; HRMS (ESI): m/z calculated for C21H25N2O4S
[(M + H)+] 401.1530, found 401.1532; []25D: –7.3 (c = 1.0, CHCl3); Mp: 141 °C; SFC (DAICEL
Chiralcel OJ-H, 15% iPrOH in CO2, 100 bar, 2.0 mL·min–1, 25 °C): tR(major enantiomer) =
13.59 min, tR(minor enantiomer) = 16.56 min, >99.5% ee.
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The crystal structure of 161 was deposited in the Cambridge Crystallographic Data Centre (CCDC 1010073).
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(1RS,2SR,4RS)-3'H-7-Oxaspiro[bicyclo[2.2.1]hept[5]ene-2,2'-furan]-5'(4'H)-one
(168). To a solution of ethoxyethyne (50% in hexanes, 377 L, 1.93 mmol, 3.00 equiv) in
THF (3.0 mL) was added nBuLi (1.60 M in hexanes, 1.00 mL, 1.61 mmol, 2.50 equiv)
dropwise at –78 °C. After 30 min, BF3·OEt2 (204 L, 1.61 mmol, 2.50 equiv) was added slowly
followed by a solution of epoxide (±)-148 (80.0 mg, 644 mol, 1.00 equiv) in THF (3.0 mL). The
reaction mixture was stirred at –78 °C for 3 h and quenched with MeOH (1.0 mL). Brine (5 mL) and
AcOEt (10 mL) were added, the organic layer was separated and the aqueous layer was extracted with
AcOEt (2 x 10 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent
was evaporated under reduced pressure. The residue was dissolved in CH2Cl2 (5.0 mL), H2O (11.6 L,
644 mol, 1.0 equiv) and pTsOH (12.3 mg, 64.4 mmol, 10.0 mol%) were added and the mixture was
stirred vigorously overnight. The solvent was evaporated and the residue was purified by flash column
chromatography (1:1 hexanes:AcOEt) to yield lactone (±)-168 (65.0 mg, 61%) as a white solid.
TLC: Rf = 0.29 (1:2 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.61
(dd, J = 5.9, 1.7 Hz, 1H), 6.39 (dd, J = 5.9, 1.8 Hz, 1H), 5.11 (dt, J = 4.7, 1.3 Hz, 1H), 4.79 (dd, J =
1.9, 0.9 Hz, 1H), 2.61 – 2.56 (m, 2H), 2.25 (ddd, J = 12.0, 4.7, 0.5 Hz, 1H), 2.12 – 2.04 (m, 2H), 1.64
(d, J = 12.0 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 176.1, 141.3, 132.1, 90.8, 84.6, 78.7, 41.6, 30.7,
29.4; IR (neat): = 1766, 1430, 1287, 1262, 1159, 1072, 1046, 1011, 867, 730, 704 cm–1; HRMS
(ESI): m/z calculated for C9H10NaO3+ [(M + Na)+] 189.0522, found 189.0528; Mp: 97 °C. The
spectroscopic data is in accordance with the literature.316b
(1RS,2SR,4RS)-4'-Amino-3'H-7-oxaspiro[bicyclo[2.2.1]hept[5]ene-2,2'-furan]5'(4'H)-one (169). According to a literature procedure,316 a solution of LiHMDS
(453 mg, 2.71 mmol, 1.50 equiv) in CH2Cl2 (18 mL) was slowly added to a solution of
lactone (±)-168 (300 mg, 1.81 mmol, 1.00 equiv) in CH2Cl2 (2.0 mL) at –78 °C. After 30 min, the
reaction mixture was allowed to warm to –50 °C and a solution of 2,4,6-triisopropylbenzenesulfonyl
azide (726 mg, 2.35 mmol, 1.30 equiv) in CH2Cl2 (2.0 mL) was added rapidly and stirring was
continued for 2.00 min. A saturated solution of KOAc in AcOH (1.0 mL) was added and the mixture
was warmed to ambient temperature and stirred for 30 min. The reaction was quenched by addition of
satd. aq. NaHCO3 solution (20 mL), the organic layer was separated and the aqueous layer was
extracted with CH2Cl2 (2 x 20 mL). The combined organic layers were washed with brine (10 mL),
dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography (hexanes–AcOEt) to yield 110 mg of the impure azide.
100 mg of the crude azide (483 mol, 1.00 equiv) were dissolved in MeCN (5.0 mL) and the solution
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a) S. Diethelm, Diss. ETH No. 21575, 2013; b) S. Diethelm, C. S. Schindler, E. M. Carreira, Chem. Eur. J. 2014, 20,
6071–6080.
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was degassed (freeze-pump-thaw). After warming to ambient temperature, PMe3 (1.0 M in THF,
1.93 mL, 1.93 mmol, 4.00 equiv) was added dropwise and the reaction was stirred for 30 min. H2O
(200 L) was added and stirring was continued for 1 h. The reaction mixture was dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. The residue was purified by flash
column chromatography (50:1 CH2Cl2:MeOH) to give the aminolactone (±)-169 (62 mg, 18%) as a
white solid and as a 4:1 mixture of diastereoisomers.
TLC: Rf = 0.18 (15:85 MeOH:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3):
major diastereoisomer: δ 6.61 (dd, J = 5.8, 1.7 Hz, 1H), 6.39 (dd, J = 5.9, 1.9 Hz, 1H), 5.13 (dt, J =
4.7, 1.2 Hz, 1H), 4.83 (dd, J = 1.9, 0.9 Hz, 1H), 3.80 (dd, J = 11.5, 8.1 Hz, 1H), 2.25 (dd, J = 12.6,
8.1 Hz, 1H), 2.13 (dd, J = 11.8, 4.7 Hz, 1H), 1.96 (dd, J = 12.6, 11.5 Hz, 1H), 1.69 (d, J = 11.8 Hz,
1H), 1.62 (br s, 2H); minor diastereosiomer: δ = 6.62*, 6.39*, 5.09 (dt, J = 4.7, 1.2 Hz, 1H), 4.74 (dd,
J = 2.0, 0.8 Hz, 1H), 3.81*, 2.36 (dd, J = 12.3, 4.7 Hz, 1H), 2.26*, 2.14*, 1.62*, 1.61 (d, J = 12.4 Hz,
1H);

13

C NMR (101 MHz, CDCl3): major diastereoisomer: δ 177.8, 141.2, 131.8, 87.2, 85.1, 78.8,

51.6, 41.0, 40.2; minor diastereoisomer: δ 177.8*, 141.4, 132.1, 87.5, 84.2, 78.3, 52.1, 41.4, 40.4; IR
(neat): = 3369, 1771, 1671, 1318, 1259, 1156, 1046, 910, 740, 709 cm–1; HRMS (ESI): m/z
calculated for C9H11NNaO3+ [(M + Na)+] 204.0631, found 204.0632. * signal is overlapping with
major diastereoisomer
(1S,2S,4S)-2-(Hydroxymethyl)-7-oxabicyclo[2.2.1]hept-5-en-2-ol

(181).

K2CO3

(53.9 g, 390 mmol, 2.00 equiv), alcohol ent-151 (40.0 g, 195 mmol, 1.00 equiv) and
18-Crown-6 (1.03 g, 3.90 mmol, 2.00 mol%) were dissolved in dioxane–water (1:1,
520 mL) and heated to reflux for 20 h. The reaction was cooled to ambient temperature and most of the
solvent was removed under reduced pressure. The residue was lyophilized to complete dryness and the
solid residue was washed with AcOEt until no product was detected by TLC in the washing any more.
The filtrate was dried over Na2SO4, evaporated and the residue was purified by flash column
chromatography (9:1→5:1 CH2Cl2:MeOH). To the yellow crystalline product was added Et2O
(100 mL) and the solid was crushed to a fine powder. It was filtered and the filter cake was washed
with Et2O (50 mL). The white solid was dried under vacuum to yield the diol 181 (22.9 g, 83%).
TLC: Rf = 0.45 (9:1 CH2Cl2:MeOH), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3):
δ 6.42 – 6.37 (m, 2H), 5.02 (dd, J = 4.6, 1.3 Hz, 1H), 4.71 (d, J = 1.3 Hz, 1H), 3.66 (dd, J = 11.5,
4.2 Hz, 1H), 3.49 (s, 1H), 3.32 (dd, J = 11.5, 7.6 Hz, 1H), 3.16 (dd, J = 7.8, 4.4 Hz, 1H), 1.77 (dd,
J = 12.3, 4.8 Hz, 1H), 1.36 (d, J = 12.3 Hz, 1H);

13

C NMR (101 MHz, CDCl3): δ 138.1, 133.2, 85.7,

81.5, 78.3, 67.6, 38.9; IR (neat): = 3380, 3312, 3002, 2962, 1402, 1371, 1314, 1175, 1091, 1024,
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1007, 912, 720, 670 cm–1; HRMS (ESI): m/z calculated for C7H10NaO3+ [(M + Na)+] 165.0522, found
165.0530; []22D: –22.7 (c = 1.00, CHCl3); Mp: 84 °C.
((1S,2S,4S)-2-(Benzyloxy)-7-oxabicyclo[2.2.1]hept-5-en-2-yl)methanol (183). Diol
181 (18.0 g, 127 mmol, 1.00 equiv) was dissolved in CH2Cl2 (150 mL) and benzaldehyde
dimethyl acetal (19.0 mL, 127 mmol, 1.00 equiv), followed by CSA (735 mg, 3.17 mmol,
2.50 mol%) were added. After 1 h at ambient temperature, the reaction was evaporated. The residue
was dissolved in CH2Cl2 (150 mL), benzaldehyde dimethyl acetal (9.50 mL, 63.3 mmol, 0.50 equiv)
was added and the reaction was stirred at ambient temperature for 30 min. NEt3 (529 L, 3.80 mmol,
3.00 mol%) was added and the reaction mixture was evaporated. The residue was dried under high
vacuum for 30 min, dissolved in CH2Cl2 (300 mL) and the solution was cooled to 0 °C. DIBAL-H
(1.0 M in CH2Cl2, 317 mL, 317 mmol, 2.50 equiv) was added dropwise and the reaction was stirred for
4 h at 0 °C. MeOH (103 mL, 2.54 mol, 20.0 equiv) was added dropwise at 0 °C and after the gas
evolution ceased, the reaction was carefully poured onto a mixture of satd. aq. Rochelle's salt solution
(500 mL), ice (500 g) and AcOEt (500 mL) and stirred overnight. The organic layer was separated and
the aqueous layer was extracted with AcOEt (3 x 300 mL). The combined organic layers were dried
over Na2SO4 and the solvent was evaporated. The residue was purified by flash column
chromatography (2:1→4:1 Et2O:Pentane) to yield the product as a yellow solid. Hexanes (150 mL)
were added to the residue and the solid was carefully crushed to a fine powder. The slurry was filtered
and the filter cake was washed with hexanes (150 mL) to yield the alcohol 183 (22.5 g, 76%) as a
white powder.
TLC: Rf = 0.32 (4:1 Et2O:Pentane), KMnO4, 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.42 – 7.24
(m, 5H), 6.49 (dd, J = 5.9, 1.8 Hz, 1H), 6.46 (dd, J = 5.8, 1.6 Hz, 1H), 5.09 (dt, J = 4.8, 1.3 Hz, 1H),
4.95 (t, J = 1.4 Hz, 1H), 4.64 (s, 2H), 3.80 (dd, J = 11.9, 3.7 Hz, 1H), 3.34 (dd, J = 11.9, 8.9 Hz, 1H),
2.17 (dd, J = 9.0, 3.7 Hz, 1H), 2.08 (dd, J = 12.3, 4.8 Hz, 1H), 1.22 (d, J = 12.3 Hz, 1H);
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C NMR

(101 MHz, CDCl3): δ 139.0, 138.6, 134.2, 128.6, 127.7, 127.5, 87.5, 83.7, 78.4, 66.8, 66.4, 33.3; IR
(neat): 3290, 3076, 3009, 2944, 1497, 1453, 1372, 1318, 1192, 1133, 1099, 1048, 1007, 916, 892,
732, 697 cm–1; HRMS (ESI): m/z calculated for C14H16NaO3+ [(M + Na)+] 255.0992, found 255.0996;
[]22D: –14.1 (c = 1.00, CHCl3); Mp: 64 °C.
(Z)-1-Acetyl-3-(((1S,2S,4S)-2-(benzyloxy)-7-oxabicyclo[2.2.1]hept-5-en-2yl)methylene)piperazine-2,5-dione (185). A solution of (COCl)2 (339 L,
3.87 mmol, 1.50 equiv) in CH2Cl2 (15 mL) was cooled to –78 °C and a solution of
DMSO (367 L, 5.17 mmol, 2.00 equiv) in CH2Cl2 (1 mL) was added dropwise.
After 10 min, a solution of alcohol 183 (600 mg, 2.58 mmol, 1.00 equiv) in CH2Cl2 (3 mL) was added
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dropwise and the solution was stirred for 45 min at –78 °C. A solution of DBU (2.34 mL, 15.5 mmol,
6.00 equiv) in CH2Cl2 (2 mL) was added dropwise so that the internal temperature did not rise above
–70 °C. After complete addition, solid 1,4-diacetylpiperazine-2,5-dione (173, 665 mg, 3.36 mmol,
1.30 equiv) was added in one portion and the reaction was warmed to 0 °C. After 2 h, the reaction was
quenched by addition of satd. aq. NH4Cl solution (20 mL), the organic layer was separated and the
aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined organic layers were dried over
Na2SO4 and the solvent was evaporated. Flash column chromatography (2:1→1:1→1:2
hexanes:AcOEt) yielded N-acetyl diketopiperazine 185 (753 mg, 79%) as a white solid.
TLC: Rf = 0.62 (1:2 hexanes:AcOEt), KMnO4, 254 nm; 1H NMR (400 MHz, CD2Cl2): δ 8.91 (s,
1H), 7.42 – 7.28 (m, 5H), 6.58 (dd, J = 5.9, 1.7 Hz, 1H), 6.39 (dd, J = 5.9, 1.8 Hz, 1H), 5.91 (s, 1H),
5.13 (dt, J = 4.5, 1.2 Hz, 1H), 5.10 – 5.08 (m, 1H), 4.55 (d, J = 11.2 Hz, 1H), 4.49 (d, J = 11.3 Hz,
1H), 4.42 – 4.30 (m, 2H), 2.56 (s, 3H), 2.40 (dd, J = 11.9, 4.7 Hz, 1H), 1.72 (d, J = 11.8 Hz, 1H);
13

C NMR (101 MHz, CD2Cl2): δ 173.0, 162.0, 159.5, 140.6, 137.9, 133.4, 129.6, 129.1, 128.6, 128.4,

120.6, 86.0, 83.8, 79.3, 68.0, 46.7, 42.1, 27.6; IR (neat): 3315, 3008, 1700, 1640, 1430, 1368, 1228,
1108, 1065, 1022, 920, 800, 742, 701, 618, 566 cm–1; HRMS (ESI): m/z calculated for
C20H20N2NaO5+ [(M + Na)+] 391.1264, found 391.1267; []23D: –52.5 (c = 0.50, CHCl3); Mp: 106 °C
(decomposition).
(3Z,6Z)-3,6-Bis(((1S,2S,4S)-2-(benzyloxy)-7-oxabicyclo[2.2.1]hept-5-en2-yl)methylene)piperazine-2,5-dione (186). Method A: (COCl)2 (8.48 mL,
97.0 mmol, 1.50 equiv) was dissolved in CH2Cl2 (400 mL) and cooled to –
78 °C. A solution of DMSO (9.17 mL, 129 mmol, 2.00 equiv) in CH2Cl2
(75 mL) was added dropwise at a rate that kept the internal temperature below –70 °C. After 5 min, a
solution of alcohol 183 (15.0 g, 64.6 mmol, 1.00 equiv) in CH2Cl2 (75 mL) was added dropwise at a
rate that kept the internal temperature below –70 °C. The turbid reaction mixture was stirred for
45 min and then a solution of DBU (48.7 mL, 323 mmol, 5.00 equiv) in CH2Cl2 (50 mL) was added
dropwise at a rate that kept the internal temperature below –70 °C. After complete addition, 1,4diacetylpiperazine-2,5-dione (173, 4.86 g, 24.5 mmol, 0.380 equiv) was added in one portion, followed
by a solution of DBU (146 mL, 969 mmol, 15.0 equiv) in CH2Cl2 (100 mL). It was warmed to 0 °C
and stirred for 48 h. The reaction was poured onto satd. aq. NH4Cl solution (600 mL) and the organic
layer was separated. The aqueous layer was extracted with CH2Cl2 (4 x 300 mL) and the combined
organic layers were dried over Na2SO4. The solvent was evaporated and the residue was purified by
flash column chromatography (4:1 CH2Cl2:AcOEt) to give the product as a yellow solid. Et2O
(100 mL) was added to the residue and the solid was crushed to a fine powder. Filtration yielded
bis(alkylidene)diketopiperazine 186 (7.52 g, 57 % (referred to 173)) as a white powder.
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Method B: (COCl)2 (67.8 L, 775 mol, 1.80 equiv) was dissolved in CH2Cl2 (7 mL) and cooled
to –78 °C. A solution of DMSO (76.4 L, 1.08 mmol, 2.50 equiv) in CH2Cl2 (1 mL) was added
dropwise at a rate that kept the internal temperature below –70 °C. After 5 min, a solution of alcohol
183 (100 mg, 431 mol, 1.00 equiv) in CH2Cl2 (1 mL) was added dropwise at a rate that kept the
internal temperature below –70 °C. The reaction mixture was stirred for 45 min and then a solution of
DBU (973 L, 6.46 mmol, 15.0 equiv) in CH2Cl2 (1 mL) was added dropwise at a rate that kept the
internal temperature below –70 °C. After complete addition, N-acetyldiketopiperazine 185 (127 mg,
344 mol, 0.80 equiv) was added in one portion and it was warmed to 0 °C and stirred for 48 h. The
reaction was poured onto satd. aq. NH4Cl solution (20 mL) and the organic layer was separated. The
aqueous layer was extracted with CH2Cl2 (3 x 20 mL) and the combined organic layers were dried
over Na2SO4. The solvent was evaporated and the residue was purified by flash column
chromatography (4:1→2:1→1:2 hexanes:AcOEt) to give the product as a yellow solid. Et2O (2 mL)
was added to the residue and the solid was crushed to a fine powder. Filtration yielded
bis(alkylidene)diketopiperazine 186 (112 mg, 60 % (referred to 185)) as a white powder.
TLC: Rf = 0.24 (1:1 hexanes:AcOEt), KMnO4, 254 nm and 366 nm; 1H NMR (400 MHz,
CDCl3): δ 9.10 (s, 2H), 7.46 – 7.27 (m, 10H), 6.54 (dd, J = 5.8, 1.6 Hz, 2H), 6.39 (dd, J = 5.8, 1.8 Hz,
2H), 5.73 (s, 2H), 5.15 (dt, J = 4.6, 1.1 Hz, 2H), 5.08 (dd, J = 1.7, 0.8 Hz, 2H), 4.58 (d, J = 11.4 Hz,
2H), 4.53 (d, J = 11.4 Hz, 2H), 2.41 (dd, J = 11.9, 4.7 Hz, 2H), 1.68 (d, J = 11.9 Hz, 2H);
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C NMR

(101 MHz, CDCl3): δ 155.3, 139.9, 137.3, 133.2, 128.8, 128.5, 128.2, 127.9, 118.2, 85.7, 83.6, 78.8,
67.7, 41.4; IR (neat): 3316, 2953, 1694, 1654, 1417, 1338, 1313, 1221, 1065, 1022, 918, 746, 699,
466 cm–1; HRMS (ESI): m/z calculated for C32H30N2NaO6+ [(M + Na)+] 561.1996, found 561.1991;
[]23D: –109 (c = 0.50, THF); Mp: 112 °C (decomposition).
((1S,2S,4S)-2-hydroxy-7-oxabicyclo[2.2.1]hept-5-en-2-yl)methyl pivalate (187). To
a solution of diol 181 (1.00 g, 7.03 mmol, 1.00 equiv), NEt3 (1.96 mL, 14.1 mmol,
2.00 equiv) and DMAP (129 mg, 1.06 mmol, 15.0 mol%) in CH2Cl2 (30 mL) was added
pivaloyl chloride (909 L, 7.39 mmol, 1.05 equiv) dropwise. After complete addition, the reaction was
stirred for 30 min and then quenched by addition of satd. aq. NH4Cl solution (20 mL) and water
(10 mL). The organic layer was separated and the aqueous layer was extracted with AcOEt
(3 x 20 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was
evaporated. Flash column chromatography (1:2→0:1 hexanes:AcOEt) yielded the crude pivalate,
which was dissolved in a AcOEt (10 mL) and hexanes were added until precipitation started. The
mixture was evaporated to yield pivalate 187 (1.48 g, 93%) as a white solid.
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TLC: Rf = 0.63 (AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.45 (dd,
J = 5.9, 1.7 Hz, 1H), 6.33 (dd, J = 5.9, 1.8 Hz, 1H), 5.06 (dt, J = 4.8, 1.2 Hz, 1H), 4.66 (t, J = 1.3 Hz,
1H), 4.23 (d, J = 11.7 Hz, 1H), 3.88 (dd, J = 11.8, 0.8 Hz, 1H), 2.43 (d, J = 0.9 Hz, 1H), 1.85 (dd,
J = 12.3, 4.7 Hz, 1H), 1.49 (d, J = 12.3 Hz, 1H), 1.24 (s, 9H); 13C NMR (101 MHz, CDCl3): δ 178.5,
138.6, 133.1, 85.9, 79.6, 78.3, 69.2, 39.6, 39.1, 27.3; IR (neat): 3490, 3438, 2960, 1725, 1706, 1294,
1183, 1093, 917 cm–1; HRMS (ESI): m/z calculated for C12H19O4+ [(M + H)+] 227.1278, found
227.1283; []23D: –27.0 (c = 0.50, CHCl3); Mp: 66 °C.
((1S,2S,4S)-2-((tert-Butyldimethylsilyl)oxy)-7-oxabicyclo[2.2.1]hept-5-en-2yl)methanol (188). A solution of pivalate 187 (1.35 g, 5.97 mmol, 1.00 equiv) and 2,6lutidine (1.39 mL, 11.9 mmol, 2.00 equiv) was cooled to 0 °C and TBSOTf (1.64 mL,
7.16 mmol, 1.20 equiv) was added dropwise. After 30 min the reaction was warmed to ambient
temperature and stirred for 3 h. The reaction was quenched by addition of satd. aq. NH4Cl solution
(30 mL), the organic layer was separated and the aqueous layer was extracted with CH 2Cl2 (2 x
30 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was
evaporated. To the crude product was added Toluene (100 mL) and the mixture was evaporated. The
residue was dissolved in CH2Cl2 (50 mL) and cooled to –78 °C, then DIBAL-H (1.2 M in PhMe,
14.9 mL, 17.9 mmol, 3.00 equiv) was added dropwise and the reaction was stirred for 30 min at
–78 °C. MeOH (6 mL) was added dropwise and after complete addition the reaction was warmed to
0 °C. Satd. aq. Rochelle's salt solution (25 mL) and water (25 mL) were carefully added and the
mixture was stirred at ambient temperature for 2 h. The organic layer was separated and the aqueous
layer was extracted with AcOEt (3 x 50 mL). The combined organic layers were washed with brine
(1 x 50 mL), dried over Na2SO4, filtered and the solvent was evaporated. Flash column
chromatography (6:1 hexanes:AcOEt) yielded the silyl ether 188 (1.13 g, 74%) as an oil.
TLC: Rf = 0.53 (2:1 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3):
δ 6.43 – 6.36 (m, 2H), 5.04 – 4.99 (m, 1H), 4.68 (d, J = 1.3 Hz, 1H), 3.56 (dd, J = 11.1, 3.9 Hz, 1H),
3.25 (dd, J = 11.1, 9.1 Hz, 1H), 2.17 (dd, J = 9.1, 3.8 Hz, 1H), 1.87 (dd, J = 12.3, 4.8 Hz, 1H), 1.26 (d,
J = 12.3 Hz, 1H), 0.89 (s, 9H), 0.17 (s, 6H); 13C NMR (101 MHz, CDCl3): δ 138.7, 133.6, 85.1, 84.4,
78.2, 69.6, 37.7, 26.1, 18.4, –2.6, –3.2; IR (neat): 3476, 2953, 2929, 2856, 1249, 1313, 1097, 1059,
1004, 915, 834, 804, 776 cm–1; HRMS (ESI): m/z calculated for C13H24NaO3Si+ [(M + Na)+]
279.1387, found 279.1394; []22D: +12.8. (c = 0.735, CHCl3).
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(3Z,6Z)-3-(((1RS,2RS,4RS)-2-(Benzyloxy)-7-oxabicyclo[2.2.1]hept-5-en2-yl)methylene)-6-(2-(benzyloxy)allylidene)piperazine-2,5-dione

(190).

Analytical data for compound (±)-190: Appearance: slightly yellow solid; TLC:
Rf = 0.80 (3:7 hexanes:AcOEt), KMnO4, 254 nm and 366 nm;

1

H NMR

(400 MHz, CDCl3): δ 9.52 (s, 1H), 9.05 (s, 1H), 7.48 – 7.26 (m, 10H), 6.52 (dd, J = 5.8, 1.7 Hz, 1H),
6.35 (dd, J = 5.8, 1.9 Hz, 1H), 6.30 (s, 1H), 5.70 (s, 1H), 5.14 (dt, J = 4.6, 1.2 Hz, 1H), 5.10 – 5.05 (m,
1H), 4.96 (s, 2H), 4.58 – 4.47 (m, 4H), 2.41 (dd, J = 11.8, 4.7 Hz, 1H), 1.67 (d, J = 11.8 Hz, 1H);
13

C NMR (101 MHz, CDCl3): δ 157.3, 155.9, 155.4, 139.8, 137.2, 135.5, 133.2, 129.1, 128.8, 128.2,

128.0, 127.6, 126.0, 117.5, 111.1, 94.9, 85.6, 83.5, 78.8, 70.7, 67.7, 41.6; IR (thin film): 3347, 2248,
1688, 1645, 1589, 1454, 1397, 1369, 1335, 1310, 1219, 1059, 1026, 916, 801, 729, 698, 473; HRMS
(MALDI): m/z calculated for C28H27N2O5+ [(M + H)+] 471.1914, found 471.1916.
(2S,4aR,7aS,9S,11aR,14aS)-7a,14a-bis(benzyloxy)-2,9-dihydroxy1,7a,8,9,11a,14a-hexahydropyrazino[1,2-a:4,5-a']diindole6,13(2H,4aH)-dione (192). A solution of bis(alkylidene)diketopiperazine
186 (7.50 g, 13.9 mmol, 1.00 equiv) and 2,6-lutidine (13.0 mL,
111 mmol, 8.00 equiv) in CH2Cl2 (150 mL) was cooled to 0 °C and Me3SiOTf (15.1 mL, 84.0 mmol,
6.00 equiv) was added dropwise. After 30 min, the reaction was warmed to ambient temperature and
stirred overnight. Methanol (5.63 mL, 139 mmol, 10.0 equiv) was added dropwise at 0 °C and then the
reaction was poured onto satd. aq. NaHCO3 solution (200 mL). The organic layer was separated and
the aqueous layer was extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were dried
over Na2SO4 and the solvent was evaporated to furnish the crude bis(silyl ether) 191. The residue was
dissolved in MeOH–THF (4:1, 200 mL) and K2CO3 (15.4 g, 111 mmol, 8.00 equiv) was added. After
30 min of vigorous stirring, the reaction was poured onto a mixture of H2O (100 mL) satd. aq.
NaHCO3 solution (100 mL) and CH2Cl2 (200 mL). The organic layer was separated and the aqueous
layer was extracted with CH2Cl2 (3 x 200 mL). The combined organic layers were dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. Flash column chromatography
(3:7→7:3→0:1 CH2Cl2:AcOEt) yielded the product as a yellow powder. Trituration with AcOEt
(100 mL) and filtration yielded pentacycle 192 (5.77 g, 77%) as a slightly yellow powder.
TLC: Rf = 0.31 (AcOEt), KMnO4, 254 nm and 366 nm; 1H NMR (400 MHz, THF-D8): δ 7.33 –
7.11 (m, 10H), 6.17 (s, 2H), 5.94 (d, J = 3.2 Hz, 4H), 4.89 (d, J = 2.6 Hz, 2H), 4.53 (d, J = 11.2 Hz,
2H), 4.44 (d, J = 11.2 Hz, 2H), 4.22 (d, J = 6.0 Hz, 2H), 4.10 (dt, J = 10.7, 5.3 Hz, 2H), 2.61 (dd,
J = 12.2, 4.9 Hz, 2H), 1.84 (dd, J = 12.2, 10.8 Hz, 2H); 13C NMR (101 MHz, THF-D8) δ 152.2, 140.1,
139.7, 138.4, 129.0, 128.4, 128.1, 122.2, 118.5, 84.4, 65.7, 65.6, 62.7, 40.7; IR (neat): 3419, 2867,
1683, 1636, 1418, 1336, 1083, 1050, 896, 851, 776, 670, 746 cm–1; HRMS (ESI): m/z calculated for
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C32H30N2NaO6+ [(M + Na)+] 561.1996, found 561.1997; []22D: +119 (c = 0.50, THF); Mp: 146 °C
(decomposition).
((1S,2S,4S,5S,6S)-6-(Benzyloxy)-3,8-dioxatricyclo[3.2.1.02,4]octan-6yl)methanol (194). To a solution of benzyl ether 183 (600 mg, 2.58 mmol, 1.00 equiv)
in CH2Cl2 (10 mL) was added mCPBA (75% purity, 892 mg, 3.87 mmol, 1.50 equiv)
and the reaction was stirred at ambient temperature overnight. The reaction was cooled to 0°C and
quenched by addition of satd. aq. Na2S2O3 solution (10 mL) and H2O (10 mL). The organic layer was
separated and the aqueous layer was extracted with AcOEt (3 x 20 mL). The combined organic layers
were washed with satd. aq. NaHCO3 solution (20 mL), dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The residue was purified by flash column chromatography (1:2→1:4
hexanes:AcOEt). The thus obtained oil was dissolved in a minimum of AcOEt and hexanes were
added until the solution turned cloudy. The solvent was then removed under reduced pressure to yield
the epoxide 194 (594 mg, 93%) as a white solid.
TLC: Rf = 0.22 (1:4 hexanes:AcOEt), KMnO4, UV at 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.40
– 7.26 (m, 5H), 4.62 (s, 2H), 4.60 – 4.54 (m, 2H), 3.91 (dd, J = 12.2, 3.7 Hz, 1H), 3.60 (dd, J = 12.2,
9.2 Hz, 1H), 3.49 (d, J = 3.2 Hz, 1H), 3.36 (d, J = 3.2 Hz, 1H), 2.16 (dd, J = 9.2, 3.7 Hz, 1H), 2.08 (dd,
J = 13.4, 5.5 Hz, 1H), 1.41 (d, J = 13.3 Hz, 1H); 13C NMR (101 MHz, CDCl3): δ 138.7, 128.7, 127.8,
127.5, 89.1, 78.4, 74.2, 66.1, 64.6, 50.0, 48.2, 36.3; IR (neat): 3490, 2999, 1307, 1116, 1088, 1073,
1051, 1028, 1039, 1017, 978, 951, 936, 881, 865, 757, 737, 699, 632 cm–1; HRMS (ESI): m/z
calculated for C14H16NaO4+ [(M + Na)+] 271.0941, found 271.0946; []23D (c = 0.50, CHCl3): +10.1;
Mp: 94 °C.
(3Z,6Z)-3,6-Bis(((1S,2S,4S,5S,6S)-6-(benzyloxy)-3,8dioxatricyclo[3.2.1.02,4]octan-6-yl)methylene)piperazine-2,5-dione (195).
A solution of (COCl)2 (450 L, 5.14 mmol, 1.50 equiv) in CH2Cl2 (50 mL)
was cooled to –78 °C, then a solution of DMSO (486 L, 6.85 mmol,
2.00 equiv) in CH2Cl2 (2.0 mL) was added dropwise. After 10 min, a solution of alcohol 194 (850 mg,
3.42 mmol, 1.00 equiv) in CH2Cl2 (3.0 mL) was added dropwise and the reaction was stirred for
45 min. A solution of DBU (7.74 mL, 51.4 mmol, 15.0 equiv) in CH2Cl2 (7.0 mL) was added dropwise
at a rate so that the internal temperature did not rise above –70 °C. After complete addition, 1,4diacetylpiperazine-2,5-dione (173, 271 mg, 1.37 mmol, 0.400 equiv) was added in one portion. After
10 min, the reaction was warmed to 0 °C and stirred for 3 h, then it was warmed to ambient
temperature and stirred overnight. The reaction was quenched by addition of satd. aq. NH 4Cl solution
(20 mL), the organic layer was separated and the aqueous layer was extracted with CH2Cl2
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(3 x 20 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The crude product was purified by flash column chromatography
(2:1→1:1 CH2Cl2:AcOEt) to yield the product as a wax. iPr2O (10 mL) was added and the suspension
was sonicated for 30 min. The solvent was evaporated to yield the diketopiperazine 195 (630 mg, 81%
(referred to 173)) as a white powder.
TLC: Rf = 0.35 (1:1 CH2Cl2:AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
CD2Cl2): δ 9.04 (s, 2H), 7.41 – 7.28 (m, 10H), 5.97 (s, 2H), 4.66 (s, 2H), 4.61 (d, J = 5.2 Hz, 2H), 4.53
– 4.41 (m, 4H), 3.42 (d, J = 3.3 Hz, 2H), 3.36 (d, J = 3.3 Hz, 2H), 2.39 (dd, J = 13.1, 5.3 Hz, 2H), 1.83
(d, J = 13.1 Hz, 2H); 13C NMR (101 MHz, CD2Cl2): δ 155.2, 137.6, 130.6, 129.2, 128.7, 128.4, 114.1,
88.0, 80.9, 75.4, 67.1, 50.6, 47.9, 42.4; IR (neat): 3316, 3008, 1695, 1651, 1419, 1384, 1342, 1246,
1061, 1025, 927, 863, 793, 751, 698, 623, 460 cm–1; HRMS (ESI): m/z calculated for C32H30N2NaO8+
[(M + Na)+] 593.1894, found 593.1893; []22D: +39.3 (c = 0.50, CHCl3); Mp: 177 °C (decomposition).
Pyrazino[1,2-a:4,5-a']diindole-6,13-dione

(196).

To

a

suspension

of

diketopiperazine 192 (200 mg, 371 mol, 1.00 equiv) in CH2Cl2 (10 mL) was
added MeSO3H (2.41 L, 37.1 mol, 10 mol%) and the reaction mixture was
stirred for 1 h at ambient temperature. The solvent was evaporated under reduced
pressure and the residue was triturated with Et2O (10 mL), filtered and the filter cake was washed with
Et2O (3 x 10 mL) to yield diketopiperazine 196 (100 mg, 94%) as a yellow powder.
1

H NMR (500 MHz, DMSO-d6, 120°C): δ 8.50 (d, J = 8.2 Hz, 2H), 7.92 – 7.85 (m, 2H), 7.81 (d, J

= 2.8 Hz, 2H), 7.68 – 7.58 (m, 2H), 7.45 (dd, J = 9.1, 6.2 Hz, 2H). The spectroscopic data is in
accordance with the literature.317
((3aS,4S,5S,7S,7aS)-5-(Benzyloxy)-2,2-dimethylhexahydro-4,7epoxybenzo[d][1,3]dioxol-5-yl)methanol (197). A solution of olefin 183 (1.00 g,
4.31 mmol, 1.00 equiv), N-methylmorpholine N-oxide hydrate (1.01 g, 8.61 mmol,
2.00 equiv) and K2OsO4·2 H2O (79.0 mg, 215 mol, 5.00 mol%) in acetone–MeCN–H2O (2:2:1,
25 mL) was heated to 60 °C for 18 h. The reaction was cooled to ambient temperature and diluted with
H2O (10 mL), 2 M HCl (10 mL) and CHCl3–iPrOH (2:1, 20 mL). The organic layer was separated and
the aqueous layer was extracted with CHCl3–iPrOH (2:1, 5 x 20 mL). The combined organic layers
were dried over Na2SO4, filtered and the solvent was removed under reduced pressure. Toluene
(20 mL) was added to the mixture and the solvent was evaporated. The residue was suspended in
acetone (10 mL) and 2,2-dimethoxypropane (580 L, 4.74 mmol, 1.10 equiv) was added, followed by

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
317
G. Gross, C. Wentrup, J. Chem. Soc., Chem. Commun. 1982, 360–361.
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CSA (100 mg, 431 mol, 10.0 mol%) and the reaction mixture was stirred for 10 min. Water (100 L)
was added and the reaction was stirred for another 5 min, before it was quenched by addition of NEt3
(500 L). The solvent was evaporated and the residue was purified by flash column chromatography
(2:1→1:1→1:2 hexanes:AcOEt) to yield acetonide 197 (738 mg, 56%) as a white powder.
TLC: Rf = 0.42 (1:2 hexanes:AcOEt), CAM, 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.37 – 7.27
(m, 5H), 4.62 – 4.59 (m, 2H), 4.55 (d, J = 5.4 Hz, 1H), 4.54 – 4.52 (m, 1H), 4.50 (dd, J = 6.3, 1.3 Hz,
1H), 4.22 (d, J = 5.5 Hz, 1H), 3.82 (dd, J = 12.2, 4.6 Hz, 1H), 3.49 (dd, J = 12.1, 7.9 Hz, 1H), 2.19 (dd,
J = 7.9, 4.6 Hz, 1H), 2.00 (dd, J = 13.7, 6.3 Hz, 1H), 1.50 (s, 3H), 1.30 (s, 3H), 1.27 (d, J = 13.7 Hz,
1H);

13

C NMR (101 MHz, CDCl3): δ 138.7, 128.6, 127.7, 127.4, 112.1, 85.1, 83.7, 82.1, 79.6, 78.7,

65.9, 64.8, 34.4, 26.0, 25.2; IR (neat): 3478, 2986, 1456, 1376, 1275, 1200, 1100, 1048, 988, 938,
872, 824, 722, 697, 582 cm–1; HRMS (ESI): m/z calculated for C17H22NaO5+ [(M + Na)+] 329.1359,
found 329.1362; []22D: +13.0 (c = 0.50, CHCl3); Mp 139 °C.
(3Z,6Z)-3,6-Bis(((3aS,4S,5S,7S,7aS)-5-(benzyloxy)-2,2dimethylhexahydro-4,7-epoxybenzo[d][1,3]dioxol-5yl)methylene)piperazine-2,5-dione (198). A solution of (COCl)2
(118 L, 1.35 mmol, 1.80 equiv) in CH2Cl2 (10 mL) was cooled to –
78 °C and a solution of DMSO (133 L, 1.88 mmol, 2.50 equiv) in
CH2Cl2 (1 mL) was added dropwise. After 10 min, a solution of acetonide 197 (230 mg, 751 mol,
1.00 equiv) in CH2Cl2 (3 mL) was added dropwise and the reaction stirred for 45 min. A solution of
DBU (1.67 mL, 11.3 mmol, 15.0 equiv) in CH2Cl2 (1 mL) was added dropwise at a rate so that the
internal temperature did not rise above –70 °C. After complete addition, 1,4-diacetylpiperazine-2,5dione (173, 59.5 mg, 0.300 mmol, 0.400 equiv) was added in one portion. After 10 min, the reaction
was warmed to 0 °C and stirred for 3 h; then it was warmed to ambient temperature and stirred
overnight. The reaction was quenched by addition of satd. aq. NH4Cl solution (20 mL), the organic
layer was separated and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The combined
organic layers were dried over Na2SO4, filtered and the solvent was removed under reduced pressure.
The residue was purified by flash column chromatography (2:1→1:1→1:2 hexanes:AcOEt) to yield
198 as a slightly yellow solid. Et2O (5 mL) was added and the solid was crushed to a fine powder. The
suspension was filtered and the filter cake was dried to yield bis(acetonide) 198 (164 mg, 80%
(referred to 173)) as a white powder.
TLC: Rf = 0.27 (1:1 hexanes:AcOEt), KMnO4, 254 nm and 366 nm; 1H NMR (400 MHz,
CD2Cl2): δ 9.00 (s, 2H), 7.41 – 7.28 (m, 10H), 5.91 (s, 2H), 4.58 (s, 2H), 4.54 (dd, J = 6.2, 1.2 Hz,
2H), 4.48 (d, J = 5.4 Hz, 2H), 4.46 (d, J = 10.8 Hz, 2H), 4.40 (d, J = 11.3 Hz, 2H), 4.30 (d, J = 5.5 Hz,
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2H), 2.33 (dd, J = 13.5, 6.3 Hz, 2H), 1.57 (d, J = 13.6 Hz, 2H), 1.43 (s, 6H), 1.26 (s, 6H);

13

C NMR

(101 MHz, CD2Cl2): δ 155.2, 137.8, 130.8, 129.1, 128.6, 128.4, 114.9, 112.6, 86.5, 84.5, 82.3, 80.2,
79.5, 66.6, 39.5, 26.1, 25.4; IR (neat): 3318, 2990, 2940, 1695, 1638, 1418, 1381, 1338, 1209, 1168,
1095, 1053, 1016, 928, 876, 736, 679, 469 cm–1; HRMS (ESI): m/z calculated for C38H42N2NaO10+
[(M + Na)+]

709.2732,

found

709.2725;

[]22D:

+93.6

(c = 0.50,

CHCl3);

Mp:

224 °C

(decomposition).
(3aS,4S,5S,7S,7aS)-5-(Benzyloxy)-5-(hydroxymethyl)hexahydro-4,7epoxybenzo[d][1,3]dioxol-2-one (200). To a solution of 183 (500 mg, 2.15 mmol,
1.00 equiv), N-methylmorpholine N-oxide hydrate (573 mg, 4.31 mmol, 2.00 equiv),
methanesulfonamide (61.4 mg, 646 mol, 30.0 mol%) in Acetone–H2O (2:1, 10 mL) was added
K2OsO4·2 H2O (39.7 mg, 108 mol, 5.00 mol%) and the reaction was stirred at 60°C for 5 d. The
reaction was cooled to ambient temperature and diluted with 2 M HCl (20 mL) and CHCl3–iPrOH
(2:1, 20 mL). The organic layer was separated and the aqueous layer extracted with CHCl 3–iPrOH
(2:1, 5 x 20 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. Flash column chromatography (9:1 CH2Cl2:MeOH) yielded the
crude diol that was dissolved in THF (15 mL) and cooled to –78 °C. Pyridine (1.74 mL, 21.5 mmol,
10.0 equiv) was added, followed by a solution of triphosgene (570 mg, 2.15 mmol, 1.00 equiv) in THF
(2 mL). After 5 min the reaction was warmed to ambient temperature and stirred for 30 min. It was
quenched by addition of satd. aq. NaHCO3 solution (20 mL) and AcOEt (20 mL). The organic layer
was separated and the aqueous layer was extracted with AcOEt (3 x 20 mL). The combined organic
layers were dried over Na2SO4, filtered and the solvent was removed under reduced pressure. Flash
column chromatography (1:1→1:2 hexanes:AcOEt) yielded the product 200 (331 mg, 53%) as a white
powder.
TLC: Rf = 0.59 (AcOEt), CAM, not UV active; 1H NMR (400 MHz, CD3OD): δ 7.40 – 7.19 (m,
5H), 5.23 (d, J = 6.1 Hz, 1H), 4.89 (d, J = 6.0 Hz, 1H), 4.67 – 4.65 (m, 2H), 4.63 – 4.52 (m, 2H), 4.00
(d, J = 12.6 Hz, 1H), 3.53 (d, J = 12.6 Hz, 1H), 2.00 (dd, J = 13.8, 7.3 Hz, 1H), 1.60 (d, J = 13.8 Hz,
1H); 13C NMR (101 MHz, CD3OD): δ 157.0, 140.2, 129.2, 128.6, 128.4, 86.2, 85.9, 82.3, 81.3, 79.9,
66.5, 63.1, 35.6; IR (neat): 3484, 2884, 1796, 1379, 1165, 1099, 1075, 1008, 802, 767, 740, 699,
590 cm–1; HRMS (ESI): m/z calculated for C15H20NO6+ [(M + NH4)+] 310.1285, found 310.1291;
[]23D: +41.3 (c = 1.00, MeOH); Mp: 171 °C.
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(3Z,6Z)-3,6-Bis(((3aS,4S,5S,7S,7aS)-5-(benzyloxy)-2-oxohexahydro4,7-epoxybenzo[d][1,3]dioxol-5-yl)methylene)piperazine-2,5-dione
(201). A solution of (COCl)2 (80.7 L, 924 mol, 1.80 equiv) in CH2Cl2
(10 mL) was cooled to –78 °C and a solution of DMSO (90.8 L,
1.28 mmol, 2.50 equiv) in CH2Cl2 (1 mL) was added dropwise. After 10 min, a solution of carbonate
200 (150 mg, 513 mol, 1.00 equiv) in THF (3 mL) was added dropwise and the reaction was stirred
for 45 min. A solution of DBU (1.16 mL, 7.70 mmol, 15.0 equiv) in CH2Cl2 (1 mL) was added
dropwise at a rate so that the internal temperature did not raise above –70 °C After complete addition
1,4-diacetylpiperazine-2,5-dione (173, 40.7 mg, 205 mol, 0.400 equiv) was added in one portion.
After 10 min, the reaction was warmed to 0 °C and stirred for 3 h then it was warmed to ambient
temperature and stirred overnight. The reaction was quenched by addition of satd. aq. NH4Cl (20 mL)
and water (20 mL), the organic layer was separated and the aqueous layer was extracted with CH2Cl2
(3 x 20 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was
removed under reduced pressure. The crude product was purified by flash column chromatography
(95:5 CH2Cl2:MeOH) to yield the crude product as an oil. To the residue was added AcOEt (3 mL) and
the suspension was sonicated for 30 min. It was filtered and the filter cake washed with Et2O (5 mL) to
yield the product 201 (89.7 mg, 66% (referred to 173)) as a white solid.
TLC: Rf = 0.35 (3:7 hexanes:AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
THF-D8): δ 9.19 (s, 2H), 7.38 – 7.20 (m, 10H), 5.90 (s, 2H), 5.00 (s, 2H), 4.92 (d, J = 6.0 Hz, 2H),
4.88 (d, J = 6.1 Hz, 2H), 4.72 – 4.68 (m, 2H), 4.49 – 4.36 (m, 4H), 2.51 – 2.42 (m, 2H), 1.80 (d, J =
13.8 Hz, 2H); 13C NMR (101 MHz, THF-D8): δ 155.7, 154.9, 138.9, 132.4, 129.3, 128.9, 128.6, 112.5,
86.7, 84.5, 81.1, 79.1, 66.5, 39.9; IR (neat):  3316, 1803, 1697, 1645, 1423, 1372, 1341, 1159, 1094,
1053, 1012, 929, 804, 764, 697, 465 cm–1; HRMS (ESI): m/z calculated for C34H34N3O12+
[(M + NH4)+] 676.2137, found 676.2133; []23D: +38.4 (c = 0.50, DMSO); Mp: 188 °C
(decomposition).
(4aR,7aS,11aR,14aS)-7a,14a-Bis(benzyloxy)-1,7a,8,14atetrahydropyrazino[1,2-a:4,5-a']diindole-2,6,9,13(4aH,11aH)-tetraone
(203). To a suspension of diol 192 (2.00 g, 3.71 mmol, 1.00 equiv) in
CH2Cl2 (50 mL) was added activated MnO2 (Fluka 63548-250G-F, 11.3 g,
130 mmol, 35.0 equiv) and the suspension was stirred for 30 min. The reaction mixture was filtered
over celite and the filter cake was washed with warm AcOEt (2 x 50 mL). The filtrate was evaporated
to yield the crude enone 203 (1.66 g, 84%), which was used in the next step without further
purification. An analytically pure sample was obtained by flash column chromatography (2:1→1:2
hexanes:AcOEt) to furnish enone 203 as a white powder.
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TLC: Rf = 0.38 (1:1 hexanes:AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
pyridine-d5): δ 7.38 – 7.25 (m, 10H), 7.11 (dd, J = 10.3, 3.5 Hz, 2H), 6.76 (s, 2H), 6.14 (dd, J = 10.3,
1.8 Hz, 2H), 5.57 (dd, J = 3.7, 1.8 Hz, 2H), 4.64 (d, J = 11.1 Hz, 2H), 4.58 (d, J = 11.1 Hz, 2H), 3.37
(d, J = 15.8 Hz, 2H), 3.20 (d, J = 15.8 Hz, 2H);

13

C NMR (101 MHz, pyridine-d5): δ 195.6, 153.0,

139.6, 139.1, 137.0, 131.2, 129.2, 128.5, 128.5, 119.3, 84.6, 65.86, 62.1, 45.2; IR (neat):  1684, 1634,
1413, 1336, 1534, 745, 699 cm–1; HRMS (MALDI): m/z calculated for C32H27N2O6+ [(M + H)+]
535.1864, found 535.1864; []22D: –127 (c = 0.50, CH2Cl2); Mp: 169 °C (decomposition).
(4R,5R,7R,10S,15R,16R,18R,21S)-10,21-Bis(benzyloxy)-6,17dioxa-3,14-diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosa1(22),11-diene-2,8,13,19-tetrone (204). A solution of enone 203 (1.60 g,
2.99 mmol, 1.00 equiv) and tBuOOH (5.5 M in decane, 5.44 mL,
29.9 mmol, 10.0 equiv) in CH2Cl2 (100 mL) was cooled to –78 °C and a solution of DBU (902 L,
5.99 mmol, 2.00 equiv) in CH2Cl2 (1.0 mL) was added dropwise. After 5 min, the reaction was
warmed to –50 °C and stirred for 90 min. A solution of AcOH (857 L, 15.0 mmol, 5.00 equiv) in
CH2Cl2 (1.0 mL) was added dropwise and the reaction was then poured onto a mixture of satd. aq.
NH4Cl solution (50 mL) and H2O (50 mL). The organic layer was separated and the aqueous layer was
extracted with CH2Cl2 (3 x 30 mL). The combined organic layers were washed with satd. aq. Na2SO3
solution (20 mL) and with satd. aq. NH4Cl solution (20 mL), dried over Na2SO4 and the solvent was
removed under reduced pressure. Flash column chromatography (2:1→1:1→1:2 hexanes:AcOEt)
yielded the epoxyketone 204 as a yellow solid. Et2O (20 mL) was added, the solid was finely crushed
and filtered to yield the product 204 (1.45 g, 86%) as a slightly yellow solid. Crystals suitable for
single crystal X-ray analysis were obtained by slow diffusion of pentane into a solution of 204 in
AcOEt at ambient temperature.318
TLC: Rf = 0.65 (1:1 hexanes:AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
CDCl3): δ 7.38 – 7.23 (m, 10H), 6.10 (s, 2H), 5.18 (d, J = 1.4 Hz, 2H), 4.49 (d, J = 10.9 Hz, 2H), 4.43
(d, J = 10.8 Hz, 2H), 4.00 (dd, J = 3.8, 1.4 Hz, 2H), 3.50 (d, J = 12.9 Hz, 2H), 3.34 (d, J = 3.8 Hz, 2H),
2.71 (d, J = 13.0 Hz, 2H);

13

C NMR (101 MHz, CDCl3): δ 202.6, 151.3, 136.8, 136.3, 128.8, 128.4,

127.8, 119.2, 87.7, 66.0, 60.0, 55.4, 54.5, 42.3; IR (neat):  1726, 1689, 1405, 1338, 1301, 1084, 1062,
1017, 878, 797, 745, 700 cm–1; HRMS (MALDI): m/z calculated for C32H26N2NaO8+ [(M + Na)+]
589.1581, found 589.1577; []23D: –15.6 (c = 0.50, CHCl3); Mp: 191 °C (decomposition).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
318
The crystal structure of 204 was deposited in the Cambridge Crystallographic Data Centre (CCDC 1045963).

142 Experimental Part
(1R,4R,5R,7R,10R,12R,15R,16R,18R,21R)-10,21-Bis(benzyloxy)-6,17dioxa-3,14-diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosane2,8,13,19-tetrone (205). Analytical data for compound 205: 1H NMR
(600 MHz, CD2Cl2): δ 7.46 – 7.16 (m, 10H), 4.71 – 4.64 (m, 2H), 4.55 –
4.52 (m, 2H), 4.51 (d, J = 9.6 Hz, 2H), 4.48 (d, J = 11.1 Hz, 2H), 3.83 (dt, J
= 3.6, 0.6 Hz, 2H), 3.33 – 3.28 (m, 4H), 2.62 – 2.57 (m, 2H), 2.51 (ddd, J = 14.0, 6.1, 1.3 Hz, 2H),
1.88 (dd, J = 13.9, 11.3 Hz, 2H);

13

C NMR (151 MHz, CD2Cl2): δ 203.6, 167.6, 137.8, 129.1, 128.5,

128.0, 86.2, 65.7, 59.7, 58.8, 56.4, 55.6, 40.6, 36.5; HRMS (ESI): m/z calculated for C32H31N2O8+
[(M + H)+] 571.2075, found 571.2075.
(1R,4R,5R,7R,10R,12R,15R,16R,18R,21R)-10,21-Dihydroxy-6,17dioxa-3,14-diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosane2,8,13,19-tetrone (206). Hydrogen was purged through a suspension of
benzyl ether 204 (220 mg, 388 mol, 1.00 equiv) and 10% Pd/C (1.03 g,
971 mol, 2.50 equiv) in AcOEt (20 mL) for 45 min.319 Afterwards, the reaction was purged with
Nitrogen for 5 min and then the mixture was filtered under nitrogen. The filter cake was washed with
AcOEt–MeOH (2:1, 2 x 25 mL) and the filtrate was evaporated. The residue was purified by flash
column chromatography (AcOEt) to yield the diol 206 (96.7 mg, 64%, contains 6.0 w/w% AcOEt) as a
white powder.
TLC: Rf = 0.18 (AcOEt), CAM, not UV active; 1H NMR (600 MHz, DMSO-d6): δ 5.95 (br s, 2H),
4.73 (dd, J = 11.0, 6.2 Hz, 2H), 4.20 (s, 2H), 3.64 (d, J = 3.7 Hz, 2H), 3.31 – 3.25 (m, 2H), 3.02 (d,
J = 13.6 Hz, 2H), 2.34 (dd, J = 13.6, 1.0 Hz, 2H), 2.00 (ddd, J = 13.2, 6.3, 1.2 Hz, 2H), 1.65 (dd, J =
13.1, 11.2 Hz, 2H); 13C NMR (151 MHz, DMSO-d6): δ 204.5, 167.5, 79.7, 60.6, 58.8, 56.1, 54.4, 44.3,
37.6; IR (neat):  3397, 2933, 1718, 1656, 1413, 1317, 1282, 1248, 1075, 1055, 1017, 940, 804, 672,
485 cm–1; HRMS (MALDI): m/z calculated for C18H19N2O8+ [(M + H)+] 391.1136, found 391.1136;
[]23D: –195 (c = 0.330, DMSO); Mp: 193 °C (decomposition).
(6aR,13aR)-6,13-Dioxo-6,6a,7,13,13a,14-hexahydropyrazino[1,2a:4,5-a']diindole-2,3,9,10-tetrayl tetraacetate (208). Analytical data
for compound 208: 1H NMR (300 MHz, CDCl3): δ 7.95 (s, 2H), 7.16 –
7.09 (m, 2H), 5.02 (dd, J = 10.2, 8.9 Hz, 2H), 3.78 (ddd, J = 16.9, 8.7,
1.2 Hz, 2H), 3.44 (dd, J = 16.9, 10.6 Hz, 2H), 2.29 (s, 6H), 2.28 (s, 6H).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
319
If the product started to precipitate from the reaction mixture over the course of the reaction, MeOH was added for
solubilization.
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(4R,5R,7S,8R,10S,15R,16R,18S,19R,21S)-10,21-Bis(benzyloxy)8,19-dihydroxy-6,17-dioxa-3,14diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosa-1(22),11-diene2,13-dione (209). A solution of epoxy ketone 204 (800 mg, 1.41 mmol,
1.00 equiv) in THF (30 mL) was cooled to –78 °C and L-Selectride (1.0 M in THF, 5.65 mL,
5.65 mmol, 4.00 equiv) was added dropwise. After 10 min the reaction was quenched by dropwise
addition of MeOH (1.14 mL, 28.2 mmol, 20.0 equiv) followed by 30% H2O2 (4.33 mL, 42.4 mmol,
30.0 equiv) and 0.5 M NaOH (5.0 mL). It was warmed to 0 °C and the reaction was poured onto a
mixture of satd. aq. NH4Cl solution (30 mL) and AcOEt (30 mL). The organic layer was separated and
the aqueous layer was extracted with AcOEt (3 x 30 mL). The combined organic layers were washed
with brine (50 mL), dried over Na2SO4, filtered and the solvent was removed under reduced pressure.
The residue was purified by flash column chromatography (20:1 CH2Cl2:MeOH) to yield the diol 209
(644 mg, 80%) as a yellow solid.
TLC: Rf = 0.53 (10:1 CH2Cl2:MeOH), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
CDCl3): δ 7.33 – 7.22 (m, 10H), 6.25 (s, 2H), 4.90 (s, 2H), 4.53 – 4.48 (m, 2H), 4.44 (d, J = 10.9 Hz,
2H), 4.38 (d, J = 10.8 Hz, 2H), 3.60 (d, J = 3.3 Hz, 2H), 3.23 (t, J = 3.2 Hz, 2H), 2.63 (d, J = 5.1 Hz,
2H), 2.33 – 2.18 (m, 4H);

13

C NMR (101 MHz, CDCl3); δ 152.4, 137.7, 134.8, 128.6, 128.0, 127.7,

122.6, 80.7, 64.8, 64.5, 59.9, 52.7, 50.3, 33.1; IR (neat):  3436, 2926, 1680, 1638, 1420, 1356, 1328,
1260, 1216, 1144, 1082, 1050, 920, 808, 744, 697, 504 cm–1; HRMS (ESI): m/z calculated for
C32H30N2NaO8+ [(M + Na)+] 593.1894, found 593.1895; []22D: +204 (c = 0.50, CHCl3); Mp: 137 °C
(decomposition).
(4R,5R,7S,8R,10S,15R,16R,18S,19R,21S)-8,19-Dibenzoyloxy10,21-bis(benzyloxy)-6,17-dioxa-3,14diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosa-1(22),11diene-2,13-dione (210). To a solution of diol 209 (220 mg, 386 mol,
1.00 equiv), DMAP (471 mg, 3.86 mmol, 10.0 equiv) and NEt3 (537 L, 3.86 mmol, 10.0 equiv) in
CH2Cl2 (20 mL) was added benzoyl chloride (448 L, 3.86 mmol, 10.0 equiv) dropwise at 0 °C. After
30 min, the reaction was warmed to ambient temperature and stirred for 4 h. The reaction was
quenched by dropwise addition of MeOH (2.0 mL) at 0 °C and was then poured onto satd. aq. NH4Cl
solution (25 mL). The organic layer was separated and the aqueous layer was extracted with CH 2Cl2 (3
x 25 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was removed
under reduced pressure. The residue was purified by flash column chromatography (1:5→1:2→2:1
Et2O:pentane) to yield the benzoate 210 (293 mg, 89%) as a white powder.

144 Experimental Part
TLC: Rf = 0.39 (7:3 hexanes:AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
CDCl3): δ 8.02 – 7.94 (m, 4H), 7.61 – 7.55 (m, 2H), 7.50 – 7.41 (m, 4H), 7.36 – 7.24 (m, 10H), 6.33
(s, 2H), 5.80 (t, J = 3.2 Hz, 2H), 5.05 (s, 2H), 4.50 (d, J = 10.9 Hz, 2H), 4.44 (d, J = 10.9 Hz, 2H), 3.58
(dd, J = 3.3, 1.4 Hz, 2H), 3.36 (t, J = 3.3 Hz, 2H), 2.50 (dd, J = 14.9, 3.4 Hz, 2H), 2.41 (dd, J = 14.8,
3.0 Hz, 2H);

13

C NMR (101 MHz, CDCl3) δ 165.6, 152.1, 137.5, 135.2, 133.9, 130.1, 129.1, 128.8,

128.7, 128.2, 127.7, 122.1, 81.1, 66.9, 65.1, 59.8, 50.5, 50.2, 30.4; IR (neat):  2925, 2855, 1719,
1686, 1647, 1452, 1413, 1377, 1344, 1264, 1107, 1097, 1047, 1059, 1027, 810, 747, 712 cm–1; HRMS
(ESI): m/z calculated for C46H38N2NaO10+ [(M + Na)+] 801.2419, found 801.2419; []23D: –52.0
(c = 0.50, CHCl3); Mp: 115 °C (decomposition).
(1R,4R,5R,7S,8R,10S,12R,15R,16R,18S,19R,21S)-8,19Dibenzoyloxy-10,21-dihydroxy-6,17-dioxa-3,14diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosane-2,13-dione
(211). Hydrogen was purged through a suspension of 10% Pd/C (1.03 g,
963 mol, 2.50 equiv) and benzyl ether 210 (300 mg, 385 mol, 1.00 equiv) in AcOEt (15 mL) for
2 h.319 The reaction mixture was filtered over celite under nitrogen and the filter cake was washed with
AcOEt–MeOH (1:1, 2 x 25 mL). The filtrate was evaporated under reduced pressure and the residue
was purified by flash column chromatography (95:5→90:10 CH2Cl2:MeOH) to yield the diol 211 as an
oil. Trituration with Et2O (15 mL) and evaporation yielded the product 211 (157 mg, 68%) as a white
solid.
TLC: Rf = 0.53 (10:1 CH2Cl2:MeOH), KMnO4, UV at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 8.03 – 7.97 (m, 4H), 7.63 – 7.56 (m, 2H), 7.52 – 7.44 (m, 4H), 5.76 – 5.66 (m, 2H), 4.63 (dd, J =
11.2, 6.0 Hz, 2H), 4.21 (s, 2H), 3.46 (d, J = 3.0 Hz, 2H), 3.30 (d, J = 2.5 Hz, 2H), 2.96 (d, J = 2.5 Hz,
2H), 2.75 (dd, J = 13.4, 11.5 Hz, 2H), 2.26 – 2.10 (m, 6H);

13

C NMR (101 MHz, CDCl3): δ 168.3,

165.7, 134.0, 129.8, 129.2, 129.0, 74.4, 67.1, 61.5, 59.7, 53.3, 51.5, 38.2, 32.6; IR (neat):  3441,
2927, 1721, 1663, 1451, 1419, 1270, 1107, 1070, 805, 755, 711, 669 cm–1; HRMS (ESI): m/z
calculated for C32H31N2O10+ [(M + H)+] 603.1973, found 603.1970; []23D: –132 (c = 0.50, CHCl3);
Mp: 166 °C (decomposition).
(4R,5R,7R,8R,10S,15R,16R,18R,19R,21S)-10,21-Bis(benzyloxy)19-(methanesulfonyloxy)-2,13-dioxo-6,17-dioxa-3,14diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosa-1(22),11dien-8-yl methanesulfonate (213). To a solution of diol 209 (260 mg,
456 mol, 1.00 equiv) and NEt3 (381 L, 2.73 mmol, 6.00 equiv) in CH2Cl2 (20 mL) was added
methanesulfonyl chloride (142 L, 1.82 mmol, 4.00 equiv) dropwise at 0 °C. After 30 min, the
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reaction was warmed to ambient temperature and stirred for 4 h. It was quenched by dropwise addition
of MeOH (2 mL) at 0 °C and the reaction was then poured onto satd. aq. NH4Cl solution (25 mL). The
organic layer was separated and the aqueous layer was extracted with CH2Cl2 (3 x 25 mL). The
combined organic layers were dried over Na2SO4, filtered and the solvent was removed under reduced
pressure. The residue was purified by flash column chromatography (2:1→1:1→1:2 hexanes:AcOEt)
to yield the product as an oil. Trituration with Et2O (20 mL) and evaporation yielded the product 213
(304 mg, 92%) as a white solid.
TLC: Rf = 0.68 (AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz, CDCl3): δ 7.39
– 7.22 (m, 10H), 6.22 (s, 2H), 5.44 (q, J = 3.1 Hz, 2H), 4.97 – 4.93 (m, 2H), 4.45 (d, J = 10.9 Hz, 2H),
4.39 (d, J = 10.9 Hz, 2H), 3.75 – 3.69 (m, 2H), 3.43 (t, J = 3.2 Hz, 2H), 3.10 (s, 6H), 2.56 (dd, J =
15.2, 2.9 Hz, 2H), 2.41 (dd, J = 15.2, 3.2 Hz, 2H);

13

C NMR (101 MHz, CDCl3): δ 151.9, 137.3,

135.4, 128.7, 128.2, 127.7, 121.0, 80.6, 72.4, 65.1, 59.4, 50.5, 50.2, 38.9, 31.0; IR (neat):  3030,
2936, 1686, 1647, 1417, 1342, 1178, 1068, 1026, 957, 910, 875, 822, 746, 698, 517 cm–1; HRMS
(ESI): m/z calculated for C34H35N2O12S2+ [(M + H)+] 727.1626, found 727.1625; []23D: +36.0
(c = 0.50, CHCl3); Mp: 108 °C (decomposition).
(1R,4R,5R,7R,8R,10R,12R,15R,16R,18R,19R,21R)-10,21Dihydroxy-19-(methanesulfonyloxy)-2,13-dioxo-6,17-dioxa-3,14diazaheptacyclo[12.8.0.03,12.04,10.05,7.015,21.016,18]docosan-8-yl
methanesulfonate (214). Hydrogen was purged through a suspension
of 10% Pd/C (769 mg, 722 mol, 2.50 equiv) and benzyl ether 213 (210 mg, 289 mol, 1.00 equiv) in
AcOEt (15 mL) for 1 h. The reaction was filtered under nitrogen and the filter cake was washed with
AcOEt–MeOH (2:1, 2 x 25 mL). The filtrate was evaporated under reduced pressure and the residue
was purified by flash column chromatography (95:5→90:10 CH2Cl2:MeOH) to yield the mesylate 214
(124 mg, 78%) as a white solid.
TLC: Rf = 0.35 (10:1 CH2Cl2:MeOH), KMnO4, not UV active; 1H NMR (400 MHz, CD3OD):
δ 5.30 (dtd, J = 4.3, 2.2, 0.8 Hz, 2H), 4.71 (dd, J = 11.3, 6.0 Hz, 2H), 4.02 (s, 2H), 3.42 (dd, J = 3.2,
0.7 Hz, 2H), 3.33 (dd, J = 3.8, 2.0 Hz, 2H), 3.21 (s, 6H), 2.49 (dd, J = 13.4, 11.5 Hz, 2H), 2.22 (dt, J =
16.0, 1.4 Hz, 2H), 2.16 – 2.04 (m, 4H); 13C NMR (101 MHz, CD3OD): δ 170.2, 75.0, 74.2, 62.3, 60.6,
54.3, 52.4, 39.0, 38.3, 33.7; IR (neat):  3365, 1661, 1420, 1332, 1218, 1175, 1115, 1030, 958, 934,
899, 869, 804, 774, 674, 517 cm–1; HRMS (ESI): m/z calculated for C20H26N2NaO12S2+ [(M + Na)+]
573.0819, found 573.0817; []23D: –100 (c = 0.50, THF); Mp: 152 °C (decomposition).

146 Experimental Part
(4S,4aR,7aS,11S,11aR,14aS)-7a,14a-Bis(benzyloxy)-4,11dihydroxy-1,4,4a,7a,8,11,11a,14a-octahydropyrazino[1,2-a:4,5a']diindole-2,6,9,13(3H,10H)-tetraone (216). A flask was charged with
CuCl (59.3 mg, 599 mol, 20.0 mol%) and (S)-BINAP (373 mg, 599 mol,
20.0 mol%) under nitrogen. Freshly degassed (freeze-pump-thaw) THF (30 mL) was added and the
yellow reaction mixture was stirred for 15 min. Then tBuONa (57.6 mg, 599 mol, 20.0 mol%) was
added in one portion and stirring was continued for 30 min. Bis(pinacolato)diboron (1.90 g,
7.48 mmol, 2.50 equiv) was added and the reaction was stirred for 10 min, then a solution of enone
203 (1.60 g, 2.99 mmol, 1.00 equiv) in THF (10 mL) was added dropwise, followed by addition of
MeOH (484 L, 12.0 mmol, 4.00 equiv). After 1 h, the reaction was poured onto a mixture of H2O
(25 mL), satd. aq. NaHCO3 solution (25 mL) and AcOEt (25 mL). The organic layer was separated
and the aqueous layer was extracted with AcOEt (3 x 50 mL). The combined organic layers were dried
over Na2SO4, filtered and the solvent was removed under reduced pressure. The crude product was
suspended in THF (40 mL) and 30% H2O2 (6.11 mL, 59.9 mmol, 20.0 equiv) was added. After 3 h of
vigorous stirring, the reaction was poured onto a mixture of satd. aq. NH4Cl solution (50 mL) and
AcOEt (25 mL). The organic layer was separated and the aqueous layer was extracted with AcOEt (3 x
50 mL). The combined organic layers were washed with brine (50 mL) and satd. aq. Na2S2O3 solution
(50 mL), dried over Na2SO4 and filtered. The solvent was evaporated under reduced pressure and the
residue was purified by flash column chromatography (2:1→1:2→1:2 hexanes:AcOEt) to yield the
slightly impure product as a yellow solid. Trituration with Et2O (50 mL) and filtration yielded the
clean diol 216 (1.04 g, 61%) as an off-white solid. Crystals suitable for single crystal X-ray diffraction
were obtained by slow diffusion of hexanes into a solution of 216 in AcOEt.320
TLC: Rf = 0.68 (AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz, DMSO-d6):
δ 7.39 – 7.19 (m, 10H), 6.15 (s, 2H), 5.97 (d, J = 3.0 Hz, 2H), 4.58 (t, J = 3.9 Hz, 4H), 4.50 (s, 4H),
3.15 (d, J = 15.9 Hz, 2H), 2.83 (d, J = 15.9 Hz, 2H), 2.55 (d, J = 18.8 Hz, 2H), 2.31 – 2.21 (m, 2H);
13

C NMR (101 MHz, DMSO-d6): δ 207.3, 152.1, 138.4, 137.4, 128.2, 127.6, 127.4, 118.0, 83.6, 65.0,

64.6, 63.6, 45.9, 41.3; IR (neat):  3118, 1720, 1679, 1639, 1436, 1356, 1326,7, 1295, 1110, 1084,
1057, 902, 750, 699, 520 cm–1; HRMS (ESI): m/z calculated for C32H31N2O8+ [(M + H)+] 571.2075,
found 571.2068; []23D: –45.2 (c = 0.50, DMSO); Mp: 109 °C (decomposition).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
320
The crystal structure of 216 was deposited in the Cambridge Crystallographic Data Centre (CCDC 1045963).
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(4S,4aR,7aS,11S,11aR,14aS)-7a,14a-Bis(benzyloxy)-4,11bis((tert-butyldimethylsilyl)oxy)-1,4,4a,7a,8,11,11a,14aoctahydropyrazino[1,2-a:4,5-a']diindole-2,6,9,13(3H,10H)-tetraone
(217). To a suspension of diol 216 (600 mg, 1.05 mmol, 1.00 equiv) and
2,6-lutidine (735 L, 6.31 mmol, 6.00 equiv) in CH2Cl2 (20 mL) was added TBSOTf (992 L,
4.21 mmol, 4.00 equiv) dropwise at 0 °C. After 10 min, the reaction was warmed to ambient
temperature and stirred for 1 h. It was quenched by drop wise addition of iPrOH (810 L, 10.5 mmol,
10.0 equiv) and the reaction mixture was then poured onto satd. aq. NaHCO3 solution (20 mL). The
organic layer was separated and the aqueous layer was extracted with CH2Cl2 (3 x 20 mL). The
combined organic layers were dried over Na2SO4 and the solvent was removed under reduced
pressure. The residue was purified by flash column chromatography (10:1→5:1→2:1 hexanes:AcOEt)
to yield the product as a yellow foam. All less polar fractions than the product were combined (they
contain a mixture of TBS enol ethers), evaporated under reduced pressure and dissolved in THF
(10 mL). AcOH (602 L, 10.5 mmol, 10.0 equiv) was added followed by TBAF (1.0 M in THF,
2.10 mL, 2.10 mmol, 2.00 equiv) and the reaction was stirred for 15 min. The reaction mixture was
poured onto a mixture of satd. aq. NaHCO3 solution (25 mL) and Et2O (25 mL). The organic layer was
separated and the aqueous layer was extracted with Et2O (3 x 25 mL). The combined organic layers
were dried over Na2SO4, filtered and the solvent was removed under reduced pressure. Flash column
chromatography (10:1→5:1→2:1 hexanes:AcOEt) yielded some more silyl ether 217 (517 mg, 62%,
combined yield) as a yellow foam.
TLC: Rf = 0.47 (4:1 hexanes:AcOEt), KMnO4, UV at 254 nm and 366 nm; 1H NMR (400 MHz,
CDCl3): δ 7.52 – 7.17 (m, 10H), 6.12 (s, 2H), 4.75 (q, J = 2.8 Hz, 2H), 4.65 (t, J = 2.2 Hz, 2H), 4.52
(d, J = 11.1 Hz, 2H), 4.46 (d, J = 11.1 Hz, 2H), 3.37 (d, J = 16.1 Hz, 2H), 2.89 (d, J = 16.1 Hz, 2H),
2.43 (ddd, J = 18.4, 3.5, 2.0 Hz, 2H), 2.07 (dd, J = 18.3, 2.3 Hz, 2H), 0.91 (s, 18H), 0.24 (s, 6H), 0.13
(s, 6H);

13

C NMR (101 MHz, CDCl3): δ 205.7, 152.1, 137.4, 136.6, 128.7, 128.2, 127.6, 120.5, 84.0,

65.8, 65.7, 65.6, 46.1, 41.7, 25.78 18.0, –4.8, –5.00; IR (neat):  2930, 2954, 2858, 1717, 1689, 1646,
1472, 1414, 1350, 1256, 1094, 1059, 1028, 865, 780, 746, 697 cm–1; HRMS (MALDI): m/z calculated
for C44H58N2NaO8Si2+ [(M + Na)+] 821.3624, found 821.3625; []22D: –24.1 (c = 0.50, CHCl3).
(4S,4aR,6aR,7aR,11S,11aR,13aR,14aR)-4,11-Bis((tertbutyldimethylsilyl)oxy)-7a,14a-dihydroxydodecahydropyrazino[1,2a:4,5-a']diindole-2,6,9,13(3H,10H)-tetraone (218). A suspension of
benzyl ether 217 (500 mg, 626 mol, 1.00 equiv) and 10% Pd/C (1.33 g,
1.25 mmol, 2.00 equiv) in AcOEt (30 mL) was purged with hydrogen for 1 h and then with nitrogen
for 10 min. The reaction was filtered over celite under nitrogen and the filter cake was washed with

148 Experimental Part
AcOEt (3 x 30 mL). The combined filtrates were evaporated under reduced pressure and the residue
was purified by flash column chromatography (2:1→1:2 hexanes:AcOEt) to yield the diol 218
(260 mg, 67%) as a white powder.
TLC: Rf = 0.38 (3:7 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 4.72
(dt, J = 3.8, 2.1 Hz, 2H), 4.52 (dd, J = 10.8, 6.8 Hz, 2H), 3.98 (s, 2H), 3.01 (d, J = 16.3 Hz, 2H), 2.69
(d, J = 16.2 Hz, 2H), 2.39 (ddd, J = 17.8, 3.5, 2.0 Hz, 2H), 2.30 (dd, J = 14.0, 6.9 Hz, 2H), 2.17 (s,
2H), 2.12 (dd, J = 17.8, 2.2 Hz, 2H), 1.98 (dd, J = 14.1, 10.9 Hz, 2H), 0.87 (s, 18H), 0.21 (s, 6H), 0.11
(s, 6H);

13

C NMR (101 MHz, CDCl3): δ 206.3, 168.5, 77.8, 70.0, 65.4, 60.0, 49.0, 41.6, 41.0, 25.8,

17.9, –4.6, –5.0; IR (neat):  3425, 2954, 2929, 2585, 1717, 1666, 1409, 1322, 1294, 1256, 1215,
1090, 1028, 1006, 938, 834, 780, 691 cm–1; HRMS (MALDI): m/z calculated for C30H51N2O8Si2+
[(M + H)+] 623.3178, found 623.3176; []22D: –81.6 (c = 0.50, CHCl3); Mp: 253 °C (decomposition).
(4S,4aS,6aR,11S,11aS,13aR)-4,11-Bis((tertbutyldimethylsilyl)oxy)-4,4a,6a,7,11,11a,13a,14-octahydropyrazino[1,2a:4,5-a']diindole-2,6,9,13(3H,10H)-tetraone (219). A solution of diol 218
(150 mg, 241 mol, 1.00 equiv) in CH2Cl2 (10 mL) was cooled to –78 °C
and a solution of MARTIN's sulfurane (356 mg, 530 mol, 2.20 equiv) in CH2Cl2 (3.0 mL) was added
dropwise. After 5 min, the reaction was warmed to 0 °C and stirred for 15 min. MeOH (39.0 L,
963 mol, 4.00 equiv) was added and the solvent was removed under reduced pressure. The residue
was purified by flash column chromatography (2:1→1:2→0:1 hexanes:AcOEt) to yield the product as
a foam. AcOEt (1 mL) was added and hexanes (10 mL) were added dropwise. The mixture was
evaporated to yield the enone 219 (105 mg, 74%) as an off-white powder.
TLC: Rf = 0.29 (AcOEt), KMnO4, UV at 254 nm; 1H NMR (400 MHz, CDCl3): δ 6.09 – 6.01 (m,
2H), 4.53 (dq, J = 8.4, 2.0 Hz, 2H), 4.41 (dd, J = 10.5, 7.1 Hz, 2H), 4.12 (ddd, J = 11.1, 8.4, 4.7 Hz,
2H), 3.35 (ddt, J = 19.8, 7.1, 2.0 Hz, 2H), 3.23 (dddd, J = 19.7, 10.5, 2.3, 1.5 Hz, 2H), 2.71 (ddd, J =
17.0, 4.8, 1.1 Hz, 2H), 2.51 (dd, J = 17.2, 11.1 Hz, 2H), 0.89 (s, 18H), 0.07 (s, 6H), 0.02 (s, 6H);
13

C NMR (101 MHz, CDCl3): δ 196.7, 168.2, 160.3, 125.3, 73.1, 66.7, 60.9, 46.6, 31.1, 26.1, 18.4,

–4.2, –4.7; IR (neat):  2953, 2929, 2857, 1705, 1681, 1472, 1369, 1332, 1255, 1144, 1100, 978, 887,
833, 777, 671 cm–1; HRMS (ESI): m/z calculated for C30H50N3O6Si2+ [(M + NH4)+] 604.3233, found
604.3233; []23D: +169 (c = 0.50, CHCl3); Mp: 92 °C (decomposition).
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(4S,4aS,6aR,11S,11aS,13aR)-2,4,9,11-Tetrakis((tertbutyldimethylsilyl)oxy)-4,4a,10,11,11a,13ahexahydropyrazino[1,2-a:4,5-a']diindole-6,13(3H,6aH)-dione
(221). Analytical data for compound 221:

1

H NMR (300 MHz,

CDCl3) δ 5.63 (t, J = 1.9 Hz, 2H), 5.48 (d, J = 2.1 Hz, 2H), 4.96 –
4.90 (m, 2H), 4.59 (dt, J = 9.4, 2.5 Hz, 2H), 3.81 (td, J = 9.7, 5.7 Hz, 2H), 2.55 (dd, J = 18.0, 9.5 Hz,
2H), 2.32 (dd, J = 17.6, 5.7 Hz, 2H), 0.93 (s, 18H), 0.90 (s, 18H), 0.19 (s, 6H), 0.18 (s, 6H), 0.04 (s,
6H), 0.00 (s, 6H).
(2R,4S,4aS,6aR,9R,11S,11aS,13aR)-4,11-Bis((tertbutyldimethylsilyl)oxy)-2,9-dihydroxy2,3,4,4a,6a,7,9,10,11,11a,13a,14-dodecahydropyrazino[1,2-a:4,5a']diindole-6,13-dione (222). To a solution of enone 219 (100 mg,
170 mol, 1.00 equiv) in MeOH (10 mL) was added CeCl3·7H2O (381 mg, 1.02 mmol, 6.00 equiv) at
0 °C. After 10 min the reaction was cooled to –78 °C and a –78 °C cold solution of NaBH4 (32.2 mg,
852 mol, 5.00 equiv) in MeOH (2.0 mL) was added. The reaction mixture was stirred for 10 min and
then warmed to 0 °C, after another 10 min, satd. aq. NaHCO3 solution (25 mL) and AcOEt (25 mL)
were added, the organic layer was separated and the aqueous layer was extracted with AcOEt (4 x
25 mL). The combined organic layers were dried over Na2SO4, filtered and the solvent was removed
under reduced pressure. The residue was purified by flash column chromatography (1:2→1:4→0:1
hexanes:AcOEt) to yield the product as an oil. Et2O (5 mL) was added, followed by dropwise addition
of hexanes (5 mL), and the solvent was evaporated to yield diol 222 (86.0 mg, 85%) as a solid.
TLC: Rf = 0.33 (AcOEt), KMnO4, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.00 – 5.94 (m,
2H), 5.09 (tt, J = 6.3, 3.1 Hz, 2H), 4.25 (dq, J = 10.3, 5.1 Hz, 2H), 4.17 (dd, J = 11.1, 3.7 Hz, 2H), 4.00
(s, 2H), 3.16 (dd, J = 15.9, 3.7 Hz, 2H), 3.00 (d, J = 8.9 Hz, 2H), 2.80 (dddd, J = 15.8, 9.6, 2.7, 1.4 Hz,
2H), 1.91 (dddd, J = 13.9, 6.2, 5.1, 1.7 Hz, 2H), 1.73 – 1.61 (m, 2H), 0.90 (s, 18H), 0.17 (s, 6H), 0.13
(s, 6H);

13

C NMR (101 MHz, CDCl3): δ 167.3, 136.1, 126.2, 67.6, 65.0, 64.9, 59.3, 36.9, 29.6, 26.1,

18.1, –4.4, –5.0; IR (neat):  3387, 2954, 2929, 2884, 2857, 1693, 1376, 1251, 1093, 836, 779,
757 cm–1; HRMS (ESI): m/z calculated for C30H51N2O6Si2+ [(M + H)+] 591.3280, found 591.3280;
[]23D: +131 (c = 0.50, CHCl3).
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(4S,4aS,6aR,11S,11aS,13aR)-4,11-Bis((tert-butyldimethylsilyl)oxy)4,4a,10,11,11a,13a-hexahydropyrazino[1,2-a:4,5-a']diindole-6,13(3H,6aH)dione (223). Method A: To a solution of diol 222 (20.0 mg, 338 mol,
1.00 equiv) in CH2Cl2 (1.0 mL) was added NEt3 (47.1 L, 338 mol, 10.0 equiv)
and trifluoroacetic anhydride (23.9 L, 169 mol, 5.00 equiv) and the reaction mixture was stirred for
30 min. Afterwards the volatiles were removed under reduced pressure and the crude trifluoroacetate
was dissolved in degassed THF (1.0 mL) under nitrogen atmosphere. NEt3 (47.1 L, 338 mol,
10.0 equiv) and [Pd(PPh3)4] (11.7 mg, 10.2 mol, 30.0 mol%) were added and the solution was heated
to 60 °C for 2 h. The reaction was evaporated and the residue was purified by flash column
chromatography (2:1→1:1 hexanes:AcOEt) to yield the sensitive diene 223 (8.0 mg, 43%) as a yellow
oil.
Method B: To a solution of 4-nitrobenzoate 225 (10.0 mg, 11.2 mol, 1.00 equiv) in degassed
dioxane (1.0 mL) were added NEt3 (9.41 L, 67.5 mol, 6.0 equiv) and [Pd(PPh3)4] (3.90 mg,
3.37 mol, 30.0 mol%) under nitrogen atmosphere. The solution was heated to 60 °C for 1 h. The
reaction was evaporated and the residue was purified by flash column chromatography (2:1→1:1
hexanes:AcOEt) to yield the sensitive diene 223 (2.3 mg, 37%) as a yellow oil.
TLC: Rf = 0.45 (3:7 hexanes:AcOEt), KMnO4, UV active at 254 nm; 1H NMR (400 MHz,
CD2Cl2): δ 6.22 (dddd, J = 9.6, 2.5, 1.7, 0.8 Hz, 2H), 5.96 – 5.81 (m, 4H), 4.96 (ddd, J = 3.4, 2.2,
1.3 Hz, 2H), 4.68 – 4.53 (m, 2H), 3.85 – 3.72 (m, 2H), 2.47 – 2.33 (m, 4H), 0.87 (s, 18H), -0.01 (s,
12H) ; 13C NMR (101 MHz, CD2Cl2): δ 168.3, 140.4, 131.9, 122.4, 116.3, 75.2, 70.1, 68.0, 37.0, 26.2,
18.6,
–3.87, –4.44; IR (neat):  2928, 2857, 1702, 1471, 1373, 1254, 1181, 1116, 935, 838, 774 cm–1;
HRMS (ESI): m/z calculated for C30H47N2O4Si2+ [(M + H)+] 555.3069, found 555.3076; []22D: +73.8
(c = 0.400, CDCl3).
(2S,4S,4aS,6aR,9S,11S,11aS,13aR)-4,11Bis((tert-butyldimethylsilyl)oxy)-6,13-dioxo2,3,4,4a,6,6a,7,9,10,11,11a,13,13a,14tetradecahydropyrazino[1,2-a:4,5-a']diindole2,9-diyl bis(4-nitrobenzoate) (225). To a solution
of diol 222 (80.0 mg, 135 mol, 1.00 equiv), PPh3 (284 mg, 1.08 mmol, 8.00 equiv) and
4-nitrobenzoic acid (136 mg, 812 mol, 6.00 equiv) in CH2Cl2 (5.0 mL) was added DIAD (158 L,
812 mol, 6.00 equiv) at 0 °C. After 15 min, it was warmed to ambient temperature and stirred for
another 15 min. MeOH (100 L) was added and the reaction mixture was evaporated under reduced
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pressure. The residue was purified by flash column chromatography (2:1→1:1 hexanes:AcOEt) to
yield the product as an oil. The oil was dissolved in AcOEt (1 mL) and hexanes (10 mL) were added
dropwise with stirring. The solution was evaporated to give 4-nitrobenzoate 225 (67 mg, 56%) as a
white solid.
TLC: Rf = 0.69 (3:7 hexanes:AcOEt), KMnO4, UV active at 254 nm; 1H NMR (600 MHz,
CDCl3): δ 8.29 – 8.25 (m, 4H), 8.19 – 8.15 (m, 4H), 5.88 (qd, J = 2.5, 1.3 Hz, 2H), 5.71 – 5.66 (m,
2H), 4.83 (ddd, J = 7.6, 4.7, 3.3 Hz, 2H), 4.26 (dd, J = 11.1, 4.7 Hz, 2H), 4.02 (dt, J = 4.4, 2.0 Hz, 2H),
3.24 (ddq, J = 16.8, 4.6, 1.4 Hz, 2H), 2.92 (ddtd, J = 16.9, 11.1, 2.9, 1.6 Hz, 2H), 2.14 (ddd, J = 13.6,
7.5, 4.7 Hz, 2H), 1.80 (ddd, J = 13.6, 6.1, 3.3 Hz, 2H), 0.89 (s, 18H), 0.16 (s, 6H), 0.08 (s, 6H);
13

C NMR (151 MHz, CDCl3): δ 168.0, 164.2, 150.7, 138.2, 135.7, 130.8, 123.7, 122.7, 69.9, 65.8,

65.5, 59.9, 36.4, 29.6, 26.1, 18.4, –4.2, –4.8; IR (neat):  2953, 2929, 2885, 2856, 1724, 1703, 1529,
1376, 1345, 1271, 1102, 838, 782, 720 cm–1; HRMS (MALDI): m/z calculated for C44H57N4O12Si2+
[(M + H)+] 889.3506, found 889.3505; []22D: –188 (c = 0.50, CHCl3); Mp: 108 °C.
(2S,4S,4aS,6aR,9S,11S,11aS,13aR)-4,11-Bis((tertbutyldimethylsilyl)oxy)-2,9-dihydroxy2,3,4,4a,6a,7,9,10,11,11a,13a,14-dodecahydropyrazino[1,2-a:4,5a']diindole-6,13-dione (226). To a solution of 4-nitrobenzoate 225
(15.0 mg, 16.9 mol, 1.00 equiv) in THF–MeOH (5:1, 2.0 mL) was
added LiOH (1.62 mg, 67.5 mol, 4.0 equiv) at ambient temperature. After 1 min, the reaction was
quenched by addition of satd. aq. NH4Cl solution (10 mL) and AcOEt (10 mL). The organic layer was
separated and the aqueous layer was extracted with AcOEt (3 x 10 mL). The combined organic layers
were dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The residue
was purified by flash column chromatography (2:1→1:1→1:2 hexanes:AcOEt) to yield the diol 226
(4.0 mg, 40%) as a white solid.
TLC: Rf = 0.26 (1:1 hexanes:AcOEt), KMnO4, not UV active; 1H NMR (600 MHz, CDCl3): δ 5.80
(qd, J = 2.4, 1.2 Hz, 2H), 4.92 (dt, J = 6.6, 3.4 Hz, 2H), 4.42 (s, 2H), 4.15 (dd, J = 11.1, 4.2 Hz, 2H),
3.85 (dt, J = 3.9, 1.9 Hz, 2H), 3.18 (ddq, J = 16.2, 4.2, 1.4 Hz, 2H), 2.85 – 2.71 (m, 2H), 1.95 (ddd, J =
13.3, 6.3, 4.4 Hz, 2H), 1.49 (d, J = 6.4 Hz, 2H), 1.45 (ddd, J = 13.1, 7.2, 3.3 Hz, 2H), 0.89 (s, 18H),
0.16 (s, 6H), 0.11 (s, 6H); 13C NMR (151 MHz, CDCl3): δ 167.7, 135.0, 128.0, 65.4, 64.8, 64.7, 59.7,
39.8, 29.5, 26.1, 18.3, –4.2, –4.8; IR (neat):  3347, 2953, 2928, 2857, 1678, 1406, 1256, 1158, 1069,
837, 777 cm–1; HRMS (ESI): m/z calculated for C30H51N2O6Si2+ [(M + H)+] 591.3280, found
591.3282; []22436 nm: +41.1(c = 0.150, CHCl3).
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3.3

Polyanionic

Hexasaccharides

Derived

from

-Cyclodextrin as GAG Mimetics
N1-(4-Chlorophenyl)-N2-(2,2,6,6-tetramethylpiperidin-4yl)oxalamide (297). A solution of methyl ester 377a (6.23 g, 29.2 mmol,
1.00 equiv)

and

2,2,6,6-tetramethylpiperidine-4-amine

(5.00 mL,

29.2 mmol, 1.00 equiv) in toluene (100 mL) was heated to reflux for 72 h.
The mixture was cooled to ambient temperature and diluted with AcOEt (100 mL) and H2O (250 mL).
2 M HCl (50 mL) was added and the white precipitate was removed by filtration. The solid was
washed with water (50 mL) and AcOEt (3 x 100 mL) and then suspended in CH2Cl2 (400 mL). 1 M
NaOH (100 mL) was added and the mixture was vigorously stirred until all the solids dissolved. The
organic layer was separated, dried over Na2SO4, filtered, and the solvent was removed under reduced
pressure. The residue was triturated with Et2O (50 mL) and filtered, to yield the product 297 (8.1 g,
82%) as a white solid.
TLC: Rf = 0.40 (1:1 AcOEt:MeOH), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 9.35 (br s, 1H), 7.63 – 7.55 (m, 2H), 7.39 – 7.29 (m, 3H), 4.26 (dtt, J = 12.3, 8.5, 4.0 Hz, 1H), 1.95 –
1.87 (m, 2H), 1.26 (s, 6H), 1.14 (s, 6H), 1.06 (t, J = 12.2 Hz, 2H), 0.69 (br s, 1H);

13

C NMR

(101 MHz, CDCl3): δ 158.9, 157.8, 135.1, 130.6, 129.4, 121.2, 51.1, 44.8, 43.9, 35.0, 28.7; IR (neat):
 3292, 2959, 1662, 1593, 1512, 1404, 1307, 1239, 1015, 829 cm–1; HRMS (MALDI): m/z calculated
for C17H25ClN3O2+ [(M + H)+] 338.1630, found 338.1630.
(N-(Benzo[c][1,2,5]thiadiazol-4-yl)-2-(4hydroxybenzylidene)hydrazinecarboxamide

(299).343

To

a

stirred

solution of carbamate 391 (358 mg, 1.13 mmol, 1.10 equiv) and pyridine
(249 L, 3.08 mmol, 3.00 equiv) in THF (7 mL) at 0 °C was added
dropwise a solution of hydrazone 387 (140 mg, 1.03 mmol, 1.00 equiv) in THF (3 mL). The reaction
mixture was warmed to ambient temperature and stirred for 16 h. The reaction mixture was then
partitioned between EtOAc (50 mL) and 1 M aq. HCl (50 mL). The layers were separated and the
aqueous layer was extracted with EtOAc (50 mL). The combined organic extracts were washed with
satd. aq. NaHCO3 solution (50 mL), H2O (50 mL) and brine (50 mL), dried over Na2SO4, filtered and
concentrated under reduced pressure. The crude material was purified by flash column
chromatography (35:65→1:1→2:1 EtOAc:hexanes) to afford the product 299 (154 mg, 48%) as a
yellow solid and as 5:1-mixture of what appears to be stereoisomers.
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TLC: Rf = 0.50 (2:1 EtOAc:hexanes); 1H NMR (400 MHz, DMSO-d6): major diastereoisomer:
11.04 (br s, 1H), 9.95 (br s, 1H), 9.47 (br s, 1H), 8.27 (dd, J = 5.7, 2.7 Hz, 1H), 7.96 (s, 1H), 7.73 –
7.65 (m, 2H),* 7.63 – 7.55 (m, 2H), 6.91 – 6.86 (m, 2H); minor diastereoisomer: 10.05 (br s, 1H), 9.38
(br s, 1H), 8.92 (br s, 1H), 8.56 (s, 1H), 8.21 (dd, J = 5.8, 2.7 Hz, 1H), 7.73 – 7.65 (m, 4H),* 6.86 –
6.84 (m, 2H);

13

C NMR (101 MHz, DMSO-d6): major diastereoisomer: 159.3, 154.4, 152.2, 147.5,

142.5, 131.3, 130.6, 128.4, 124.9, 115.8, 113.9, 112.4; IR (neat):  3216, 1685, 1608, 1554, 1532,
1516, 1416, 1364, 1251, 1232, 1164, 1093, 827, 799, 743, 634, 574, 521, 489 cm–1; HRMS (ESI): m/z
calculated for C14H11N5O2SNa+ [(M + Na)+] 336.0526, found 336.0526. *overlapping signals
Hexakis(2,3,6-tri-O-acetyl)-α-cyclomaltohexaose (316). According
to a literature procedure,321 a solution of freshly dried322 -cyclodextrin
(16.4 g, 16.9 mmol, 1.00 equiv) and DMAP (206 mg, 1.69 mmol,
10.0 mol%) in pyridine (75 mL) and acetic anhydride (80 mL) was
stirred at ambient temperature overnight. The solvent was removed by
lyophilization and the residue was taken up in a mixture of AcOEt
(250 mL) and 2 M HCl (200 mL). The organic layer was separated and
washed with satd. aq. NaHCO3 solution (200 mL) and brine (200 mL),
dried over Na2SO4, filtered, and the solvent was removed under reduced pressure. Co-evaporation
from hexanes (400 mL) yielded a solid, which was triturated with EtOH (200 mL). The solids were
finely crushed and the slurry was filtered to give the product 316 (23.5 g, 80%) as a white solid.
TLC: Rf = 0.26 (AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 5.55 (dd, J = 10.3,
8.6 Hz, 6H), 5.05 (d, J = 3.6 Hz, 6H), 4.76 (dd, J = 10.3, 3.5 Hz, 6H), 4.41 (d, J = 3.3 Hz, 12H), 4.18
(dt, J = 9.6, 3.4 Hz, 6H), 3.79 (dd, J = 9.5, 8.6 Hz, 6H), 2.18 (s, 18H), 2.06 (s, 18H), 2.05 (s, 18H);
13

C NMR (101 MHz, CDCl3): δ 170.8, 170.7, 169.2, 96.7, 77.4, 71.1, 71.0, 69.5, 63.3, 21.0, 20.9; IR

(neat):  1743, 1371, 1219, 1033, 962, 901, 603 cm–1; HRMS (MALDI): m/z calculated for
C72H96NaO48+ [(M + Na)+] 1751.4963, found 1751.4960; []23D: +107 (c = 1.00, CHCl3). The
spectroscopic data is in accordance with the literature.323

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
321
322
323

F. Cramer, G. Mackensen, K. Sensse, Chem. Ber. 1969, 102, 494–508.
-cyclodextrin was heavily stirred at 120 °C under high vacuum for 6 h.
Y. Ide, Y. Hori, S. Kobayashi, M. D. Hossain, T. Kitamura, Synthesis 2010, 3083–3086.
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Icosa-O-acetylmaltohexaose (318a). Compound 318a was
prepared following the literature324 from 316 (53.0 g, 30.6 mmol,
1.00 equiv) and 70% aq. HClO4 (21.8 mL, 254 mmol, 8.28 equiv)
in acetic anhydride (1500 mL). Analytical data for compound
318a: TLC: Rf = 0.76 (AcOEt), CAM, not UV active; 1H NMR
(400 MHz, CDCl3)*: δ 6.20 (d, J = 3.7 Hz, 1H), 5.56 – 5.42 (m, 2H), 5.42 – 5.30 (m, 5H), 5.30 – 5.23
(m, 3H), 5.07 – 4.99 (m, 2H), 4.95 – 4.88 (m, 1H), 4.81 (dd, J = 10.5, 4.0 Hz, 1H), 4.77 – 4.65 (m,
3H), 4.53 – 4.38 (m, 4H), 4.33 – 3.84 (m, 15H), 2.24 – 1.84 (s (20x), 60H);

13

C NMR (101 MHz,

CDCl3)*: δ 170.8, 170.7, 170.7, 170.7, 170.6, 170.5, 170.5, 170.5, 170.4, 170.4, 170.4, 169.9, 169.9,
169.9, 169.8, 169.8, 169.7, 169.6, 169.6, 169.5, 169.5, 169.2, 169.0, 96.6, 96.0, 95.8, 95.8, 95.7, 91.3,
89.1, 88.9, 88.9, 73.5, 73.4, 73.3, 72.4, 72.3, 72.3, 71.8, 71.8, 71.7, 71.7, 71.0, 70.9, 70.6, 70.5, 70.3,
70.2, 70.2, 70.1, 70.1, 69.9, 69.9, 69.8, 69.4, 69.3, 69.3, 69.2, 69.1, 69.0, 68.7, 68.5, 68.0, 68.0, 68.0,
63.2, 62.6, 62.5, 62.4, 62.2, 61.5, 61.4, 21.1, 21.0, 21.0, 20.9, 20.9, 20.9, 20.9, 20.7, 20.7, 20.7, 20.6,
20.6, 20.5; IR (neat):  1742, 1433, 1369, 1212, 1028, 940, 896, 769, 601cm–1; HRMS (MALDI): m/z
calculated for C76H102NaO51+ [(M + Na)+] 1853.5280, found 1853.5276; []23D: +129 (c = 1.00,
CHCl3). * Due to the complexity of the spectrum, resonances of by-products could not be
distinguished from the product.
Phenyl

2,3,4,6-Tetra-O-acetyl--D-glucopyranosyl-[(1→4)-

2,3,6-tri-O-acetyl--D-glucopyranosyl]4-(1→4)-2,3,6-tri-Oacetyl-1-thio--D-glucopyranoside (318b). Compound 318b was
prepared following the literature324 from glycosyl acetate 318a
(25.0 g, 13.7 mmol, 1.00 equiv), ZnI2 (19.6 g, 61.4 mmol, 4.50 equiv), and trimethyl(phenylthio)silane
(11.6 mL, 61.4 mmol, 4.50 equiv) in dry DCE (275 mL). Flash column chromatography
(hexanes:AcOEt) yielded the thioglycoside 318b (15.3 g, 60%) as a yellow foam that slowly solidified.
TLC: Rf = 0.51 (1:4 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 7.47 – 7.39 (m, 2H), 7.31 – 7.26 (m, 3H), 5.41 – 5.19 (m, 11H), 5.03 (t, J = 9.9 Hz, 1H), 4.82 (dd, J
= 10.6, 4.1 Hz, 1H), 4.79 – 4.63 (m, 6H), 4.59 – 4.38 (m, 5H), 4.36 – 3.82 (m, 17H), 3.71 (dt, J = 9.7,
3.6 Hz, 1H), 2.19 – 2.09 (s (5x), 15H), 2.09 – 1.90 (s (14 x), 42H);

13

C NMR (101 MHz,

CDCl3):* δ 170.8, 170.8, 170.7, 170.7, 170.7, 170.6, 170.5, 170.5, 170.4, 170.4, 170.3, 170.1, 169.8,
169.6, 169.6, 169.6, 169.6, 169.6, 169.5, 133.7, 131.1, 128.9, 128.5, 95.8, 95.8, 95.7, 95.7, 84.9, 76.5,
76.2, 73.5, 73.5, 73.4, 73.3, 72.4, 71.8, 71.7, 71.7, 70.8, 70.5, 70.5, 70.5, 70.1, 69.4, 69.1, 69.0, 68.5,
68.0, 62.9, 62.5, 62.4, 62.2, 61.4, 21.0, 21.0, 21.0, 20.9, 20.9, 20.8, 20.7, 20.7, 20.7, 20.7, 20.6, 20.6;
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B. Hoffmann, D. Zanini, I. Ripoche, R. Bürli, A. Vasella, Helv. Chim. Acta 2001, 84, 1862–1888.
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IR (neat):  1749, 1371, 1232, 1036 cm–1; HRMS (MALDI): m/z calculated for C80H104NaO49S+
[(M + Na)+] 1903.5259, found 1903.5261; []24D: +109 (c = 1.00, CHCl3). * Due to the large number
of overlapping resonances, not every carbon atom could be detected.
(2-(2-(2-Azidoethoxy)ethoxy)ethyl

2,3,4,6-tetra-O-

acetyl--D-glucopyranosyl-[(1→4)-2,3,6-tri-O-acetyl--Dglucopyranosyl]4-(1→4)-2,3,6-tri-O-acetyl-1--Dglucopyranoside (319). To a solution thioglycoside 318b
(8.00 g, 4.25 mmol, 1.00 equiv) and azide 324 (1.86 g,
10.6 mmol, 2.50 equiv) in DCE (215 mL) was added 4 Å molecular sieve (10.0 g) and the mixture was
stirred for 1 h. The reaction mixture was cooled to 0 °C and N-iodosuccinimide (1.15 g, 5.10 mmol,
1.20 equiv) was added followed by TMSOTf (154 L, 850 mol, 20.0 mol%). After 2 h, the reaction
was quenched by addition of satd. aq. NaHCO3 solution (50 mL) and 10% Na2SO3 solution (25 mL).
The organic layer was separated, washed with water (3 x 100 mL) and brine (100 mL), dried over
Na2SO4, filtered, and the solvent was removed under reduced pressure. The residue was purified by
flash column chromatography (2:1→1:4→0:1 hexanes:AcOEt) to yield the product 319 (5.66 g, 68%)
as a yellow foam.
TLC: Rf = 0.23 (1:4 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 5.41 –
5.17 (m, 11H), 5.03 (t, J = 9.9 Hz, 1H), 4.86 – 4.73 (m, 2H), 4.74 – 4.64 (m, 4H), 4.59 (d, J = 7.9 Hz,
1H), 4.45 (dq, J = 12.6, 3.2 Hz, 4H), 4.37 – 4.08 (m, 7H), 4.05 – 3.82 (m, 11H), 3.76 – 3.54 (m, 11H),
3.36 (dd, J = 5.6, 4.5 Hz, 2H), 2.21 – 1.89 (s (19x), 57H);

13

C NMR (101 MHz, CDCl3):* δ 170.8,

170.8, 170.7, 170.7, 170.6, 170.5, 170.5, 170.4, 170.2, 169.8, 169.8, 169.7, 169.6, 169.6, 169.5, 100.3,
95.8, 95.7, 75.45, 73.87, 73.55, 73.38, 73.30, 72.52, 72.39, 72.28, 72.1, 71.8, 71.7, 71.7, 70.8, 70.8,
70.5, 70.5, 70.4, 70.1, 69.4, 69.1, 69.0, 69.0, 68.5, 68.0, 63.0, 62.6, 62.5, 62.4, 62.2, 61.8, 61.4, 50.7,
21.0, 21.0, 20.9, 20.9, 20.9, 20.7, 20.7, 20.7, 20.7, 20.6, 20.6, 20.6; IR (neat):  2957, 2110, 1744,
1370, 1220, 1127, 1032, 947, 898 cm–1; HRMS (MALDI): m/z calculated for C80H111N3NaO52+
[(M + Na)+] 1968.6026, found 1968.6017; []24D: +113 (c = 1.00, CHCl3) * Due to the large number
of overlapping resonances, not every carbon atom could be detected.
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(2-(2-(2-Azidoethoxy)ethoxy)ethyl

-D-glucopyranosyl-

[(1→4)--D-glucopyranosyl]4-(1→4)-1--D-glucopyranoside
(320). To a solution of hexasaccharide 319 (1.70 g, 873 mol,
1.00 equiv) in MeOH (45 mL) was added freshly washed (3 x
100 mL H2O) Amberlyst A26 anion exchange resin (hydroxide
form, 17.0 g) and the mixture was stirred at ambient temperature overnight. The slurry was filtered and
the filter cake was washed with MeOH–H2O (1:1, 10 x 50 mL). The combined filtrates were
lyophilized and the solid residue was purified by flash column chromatography (silica gel,
9:1→8:2→7:3 MeCN:H2O) to yield the polyol 320 (875 mg, 87%) as a white powder.
TLC: Rf = 0.50 (7:3 MeCN:H2O), CAM, not UV active; 1H NMR (400 MHz, CD3OD): δ 5.18 (m,
5H), 4.36 (d, J = 7.7 Hz, 1H), 4.06 – 3.98 (m, 1H), 3.93 – 3.59 (m, 32H), 3.59 – 3.36 (m, 13H), 3.35 –
3.23 (m, 2H);

13

C NMR (101 MHz, CD3OD):* δ 104.3, 102.8, 102.6, 102.5, 81.2, 81.1, 81.1, 81.1,

77.6, 76.5, 75.0, 74.9, 74.7, 74.6, 74.2, 73.8, 73.8, 73.7, 73.3, 71.5, 71.5, 71.5, 71.4, 71.1, 69.7, 62.7,
62.3, 62.2, 62.1, 51.7; IR (neat):  3323, 2922, 2106, 1638, 1350, 1299, 1148, 1077, 1079, 931, 850,
762, 575, 523 cm–1; HRMS (ESI): m/z calculated for C42H73NaO33+ [(M + Na)+] 1170.4019, found
1170.4026; []24D: +114 (c = 1.00, MeOH). * Due to the large number of overlapping resonances, not
every carbon atom could be detected.
(2-(2-(2-azidoethoxy)ethoxy)ethyl 6-bromo-6-deoxy--Dglucopyranosyl-[(1→4)-6-bromo-6-deoxy--Dglucopyranosyl]4-(1→4)-6-bromo-6-deoxy-1--Dglucopyranoside (321b). A solution of hexasaccharide 333
(1.60 g, 772 mol, 1.00 equiv) in MeOH–THF (1:1, 50 mL)
was cooled to 0 °C and NaOMe (5.4 M in MeOH, 2.15 mL, 11.6 mmol, 15.0 equiv) was added
dropwise. After 1 h at 0 °C, freshly washed (10 x 25 mL MeOH) Amberlyst 15 strongly acidic cation
exchange resin (H+ form, 7.11 g) was added and the pH was checked every 5 min. Once the solution
reached pH = 6, the mixture was immediately filtered and the filter cake was washed with MeOH (3 x
25 mL) and MeOH–H2O (1:1, 5 x 25 mL). The combined filtrates were lyophilized and the residue
was purified by flash column chromatography (silica gel, 20:1→15:1→10:1 MeCN:H2O) to yield the
product 321b (660 mg, 56%) as a white powder.
TLC: Rf = 0.51 (9:1 MeCN: H2O), CAM, not UV active; 1H NMR (400 MHz, CD3OD): δ 5.25 –
5.19 (m, 5H), 4.41 (d, J = 7.8 Hz, 1H), 4.03 – 3.43 (m, 44H), 3.40 (t, J = 5.0 Hz, 2H), 3.30 – 3.21 (m,
2H); 13C NMR (101 MHz, CD3OD):* δ 104.1, 103.0, 102.7, 102.7, 102.7, 84.1, 84.0, 83.9, 77.2, 74.8,
74.6, 74.4, 74.4, 74.1, 74.0, 73.6, 73.6, 72.4, 72.3, 71.5, 71.5, 71.4, 71.1, 69.9, 51.8, 34.6, 34.4, 34.2;
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IR (neat):  3351, 2917, 2105, 1149, 1366, 1260, 1147, 1064, 1034, 1015, 935, 759, 687, 582,
540 cm–1; HRMS (MALDI): m/z calculated for C42H67Br6N3NaO27+ [(M + Na)+] 1547.8902, found
1547.8893; []23D: +70.8 (c = 1.00, MeOH). * Due to the large number of overlapping resonances, not
every carbon atom could be detected.
2-(2-(2-Azidoethoxy)ethoxy)ethanol (324). Compound 324 was prepared
following a literature procedure325 from 2-(2-(2-chloroethoxy)ethoxy)ethanol
(8.62 mL, 59.3 mmol, 1.00 equiv) and NaN3 (5.78 g, 89 mmol, 1.50 equiv) in DMF (60 mL).
Analytical data for compound 324: TLC: Rf = 0.50 (AcOEt), CAM, not UV active; 1H NMR
(400 MHz, CDCl3): δ 3.73 – 3.67 (m, 2H), 3.67 – 3.61 (m, 6H), 3.60 – 3.56 (m, 2H), 3.36 (t, J =
5.1 Hz, 2H), 2.53 (t, J = 5.9 Hz, 1H);

13

C NMR (101 MHz, CDCl3): δ 72.6, 70.7, 70.4, 70.1, 61.8,

50.7; IR (neat):  3432, 2870, 2097, 1444, 1347, 1284, 1117, 1065, 932, 851, 634, 557 cm–1; HRMS
(MALDI): m/z calculated for C6H14N3O3+ [(M + H)+] 176.1030, found 176.1030. The spectroscopic
data is in accordance with the literature.326
Hexakis(6-bromo-6-deoxy)cyclomaltohexaose (325a). According to
the literature procedure,327 PPh3 (223 g, 851 mmol, 15.3 equiv) was
dissolved in DMF (1.5 L) and cooled to 0 °C. Br2 (43.0 mL, 835 mmol,
15.0 equiv) was added dropwise over 30 min, then the cooling bath was
removed and the resulting slightly yellow slurry was allowed to reach
ambient temperature. Freshly dried322 -cyclodextrin (54.0 g, 55.5 mmol,
1.00 equiv) was added in one portion and the reaction mixture was heated
to 75 °C for 14 h. The mixture was cooled to ambient temperature and
concentrated under reduced pressure to approximately 300 mL. The residue was taken up in MeOH
(1.0 L) and cooled to 0 °C. Solid sodium methoxide (approximately 150 g) was added portion wise
with stirring until the solution was adjusted to pH = 12–14. Stirring was continued for 30 min, the
mixture was then poured onto ice water (2 L) and the precipitate was filtered off. The filter cake was
washed thoroughly with H2O (2 x 1.0 L) and MeOH (3 x 1.0 L) and then dried under high vaccum
overnight to yield the product 325a (64.4 g, 86%, contains 10% PPh3O) as an off-white solid, which
was used in the subsequent steps without further purification. For an analytically pure sample, a small
amount (approximately 1 g) of the slightly impure product was washed thoroughly with MeOH (10 x
20 mL).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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C. Behrens, J. Lau, J. T. Kodra, M. Kofod-Hansen, T. Hoeg-Jensen, P. Madsen, S. Havelund, Patent No.
WO2006079641 (A2), 2006.
K. Heller, P. Ochtrop, M. F. Albers, F. B. Zauner, A. Itzen, C. Hedberg, Angew. Chem. Int. Ed. 2015, 54, 10327–10330.
D. Vizitiu, C. S. Walkinshaw, B. I. Gorin, G. R. J. Thatcher, J. Org. Chem. 1997, 62, 8760–8766.
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1

H NMR (400 MHz, DMSO-d6): δ 5.59 (br s, 12H), 4.95 (d, J = 3.5 Hz, 6H), 3.96 – 3.86 (m, 12H),

3.81 (t, J = 9.1 Hz, 6H), 3.75 (dd, J = 11.3, 6.6 Hz, 6H), 3.43 (t, J = 9.0 Hz, 6H), 3.37 (dd, J = 9.7,
3.4 Hz, 6H); 13C NMR (101 MHz, DMSO-d6): δ 101.9, 84.7, 72.5, 71.6, 70.6, 34.8; IR (neat):  3337,
2919, 1437, 1421, 1374, 1293, 1261, 1328, 1241, 1150, 1112, 1086, 1064, 1046, 946, 753, 722, 691,
577, 540 cm–1; HRMS (ESI): m/z calculated for C36H58Br6NO24+ [(M + NH4)+] 1361.8444, found
1361.8404; []21D: +100 (c = 1.00, DMSO). The spectroscopic data is in accordance with the
literature.328
Hexakis(2,3-di-O-acetyl-6-bromo-6-deoxy)cyclomaltohexaose
(325b). Hexabromide 325a (6.80 g, 5.04 mmol, 1.00 equiv) was dissolved
in pyridine (100 mL) and acetic anhydride (70 mL) and the resulting
mixture was stirred overnight. The solvent was removed by lyophilization
and the residue was taken up in a mixture of AcOEt (100 mL) and 2 M
HCl (50 mL). The organic layer was separated and washed with satd. aq.
NaHCO3 solution (50 mL) and brine (50 mL), dried over Na2SO4, filtered,
and the solvent was removed to a final volume of 50 mL. Hexanes
(100 mL) were added dropwise with stirring and the resulting suspension was evaporated under
reduced pressure. EtOH (50 mL) was added and the solids were finely crushed. The mixture was
filtered to give the product 325b (7.81 g, 84%) as a white solid.
TLC: Rf = 0.38 (AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 5.49 (dd, J = 10.2,
8.4 Hz, 6H), 5.15 (d, J = 3.6 Hz, 6H), 4.86 (dd, J = 10.2, 3.6 Hz, 6H), 4.15 (ddd, J = 9.3, 4.6, 2.0 Hz,
6H), 3.92 (dd, J = 11.8, 4.8 Hz, 6H), 3.87 (t, J = 8.8 Hz, 6H), 3.75 (dd, J = 11.7, 2.2 Hz, 6H), 2.05 (s,
18H), 2.03 (s, 18H);

13

C NMR (101 MHz, CDCl3): δ 170.6, 169.3, 97.1, 79.3, 71.1, 70.7, 70.6, 33.5,

20.9, 20.9; IR (neat):  1751, 1430, 1371, 1240, 1220, 1164, 1044, 900, 758, 473 cm–1; HRMS
(MALDI): m/z calculated for C60H78Br6NaO36+ [(M + Na)+] 1870.9265, found 1870.9280; []24D:
+88.6 (c = 1.00, CHCl3).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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W. Xue, L. Zhang, Synthesis 2011, 2011, 3612–3614.
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Hexakis(2,3-di-O-benzoyl-6-bromo-6-deoxy)cyclomaltohexaose
(325c). Compound 325c was prepared following a literature procedure for
the

benzoylation

of

heptakis(2,3-di-O-benzoyl-6-bromo-6-

deoxy)cyclomaltohexaose,329 from hexabromide 325a (2.00 g, 1.48 mmol,
1.00 equiv), benzoyl bromide (6.11 mL, 51.8 mmol, 35.0 equiv) and
pyridine (28 mL) to yield the dodecabenzoate 325c (2.7 g, 70%) as a
white solid.
TLC: Rf = 0.69 (1:1 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, DMSOd6): δ δ 7.49 – 7.37 (m, 12H), 7.32 – 7.16 (m, 24H), 7.07 – 6.96 (m, 12H), 6.92 – 6.80 (m, 12H), 6.14 –
5.99 (m, 6H), 5.59 (d, J = 3.5 Hz, 6H), 4.99 (dd, J = 10.6, 3.4 Hz, 6H), 4.58 (q, J = 4.1 Hz, 6H), 4.34
(t, J = 9.0 Hz, 6H), 4.25 (td, J = 13.6, 13.1, 7.5 Hz, 12H); 13C NMR (101 MHz, DMSO-d6): δ 165.2,
164.6, 133.0, 132.8, 129.0, 128.9, 128.7, 127.8, 127.8, 127.4, 96.9, 79.2, 71.6, 70.5, 70.4, 35.3; IR
(neat):  1737, 1602, 1452, 1277, 1094, 1068, 1042, 705 cm–1; HRMS (MALDI): m/z calculated for
C120H102Br6NaO36+ [(M + Na)+] 2615.1143, found 2615.1134; []23D: +73.8 (c = 1.00, CHCl3).
2,3,4-Tri-O-acetyl-6-bromo-6-deoxy--D-glucopyranosyl[(1→4)-2,3,-di-O-acetyl-6-bromo-6-deoxy--Dglucopyranosyl]4-(1→4)-1,2,3-tri-O-acetyl-6-bromo-6-deoxy-D-glucopyranoside

(328). Hexabromide 325a (contains 10%

Ph3PO, 64.4 g, 47.7 mmol, 1.00 equiv) was suspended in acetic anhydride (1770 mL) and the mixture
was cooled to 0 °C. 70% HClO4 (33.9 mL, 394 mmol, 8.27 equiv) was added dropwise. After addition
of 3 mL, the addition was stopped until all the cyclodextrin has dissolved by formation of its
corresponding peracetate. Afterwards, the dropwise addition was completed and the mixture was
stirred for 24 h at ambient temperature. Pyridine (77 mL) was added at 0 °C and the solvent was
removed by lyophilization. The residue was taken up in AcOEt (1.0 L) and 1 M HCl (1.0 L) and
filtered over celite. The layers were separated and the organic layer was washed with satd. aq.
NaHCO3 solution (1.0 L) and brine (1.0 L). It may be necessary to filter again over celite in case the
phase separation is difficult. The organic layer was dried over Na2SO4, filtered, and the solvent was
removed under reduced pressure. To the crude material was added CH2Cl2 (1.0 L) and silica gel (0.5
kg) and the solvent was removed under reduced pressure. The residue was loaded onto a
chromatography column packed with equilibrated (1:4 hexanes:AcEOt) silica gel (1.0 kg) and eluted
with (1:4 hexanes:AcEOt) to afford the product 328 (57.7 g, 62%) as a brownish solid. The product

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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D. Lesur, A. Gassama, V. Moreau, S. Pilard, F. Djedaïni-Pilard, Carbohydr. Res. 2005, 340, 1225–1231.
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was determined to be a 68:9:9:7:7-mixture of hexa-:penta-:-tetra-:tri-:disaccharide by analytical
HPLC330 and was used as such in the following steps.
TLC: Rf = 0.33 (1:2 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.27
(d, J = Hz, 1H), 5.54 (dd, J = 10.2, 8.7 Hz, 1H), 5.49 (d, J = 4.0 Hz, 1H), 5.46 – 5.36 (m, 9H), 5.08 (t,
J = 9.7 Hz, 1H), 4.95 (dd, J = 10.2, 3.7 Hz, 1H), 4.85 (dd, J = 10.6, 4.0 Hz, 1H), 4.78 – 4.70 (m, 4H),
4.23 – 3.76 (m, 21H), 3.66 (dd, J = 11.6, 2.8 Hz, 1H), 3.44 (dd, J = 11.6, 4.3 Hz, 1H), 2.22 (s, 3H),
2.08 – 1.95 (s (13x), 39H); 13C NMR (101 MHz, CDCl3):* δ 170.6, 170.6, 170.6, 170.2, 170.1, 170.0,
170.0, 170.0, 169.8, 169.4, 169.1, 95.7, 95.6, 95.6, 95.4, 89.1, 73.7, 73.7, 73.6, 73.5, 72.1, 71.7, 71.6,
71.4, 70.6, 70.5, 70.4, 70.2, 69.9, 69.8, 69.3, 69.2, 69.0, 68.8, 68.7, 34.7, 34.6, 34.5, 34.3, 33.9, 31.9,
21.2, 21.1, 21.1, 20.8, 20.8, 20.7, 20.7, 20.6, 20.5; IR (neat):  1752, 1663, 1421, 1369, 1236, 1215,
1160, 1136, 1032, 941, 898, 753 cm–1; HRMS (MALDI): m/z calculated for C64H84Br6NaO39+
[(M + Na)+] 1972.9582, found 1972.9573; []23D: +130 (c = 1.00, CHCl3); HPLC: analytical:
H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 40:60 (t = 1.00 min) → 10:90 (t =
11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR(hexasaccharide) = 9.03 min,
tR(pentasaccharide) = 7.95 min, tR(tetrasaccharide) = 6.65 min, tR(trisaccharide) = 5.28 min
tR(disaccharide) = 4.08 min  = 220 nm. * Due to the large number of overlapping resonances, not
every carbon atom could be detected.
2,3,4-Tri-O-acetyl-6-bromo-6-deoxy--D-glucopyranosyl[(1→4)-2,3,-di-O-acetyl-6-bromo-6-deoxy--D-glucopyranosyl]4(1→4)-2,3-di-O-acetyl-6-bromo-6-deoxy--D-glucopyranosyl
fluoride (331c). In a polyethylene vial, a solution of hexasaccharide
328 (44.0 mg, 22.5 mol, 1.00 equiv) in toluene (1.5 mL) was treated at 0 °C with 70% HF in pyridine
(500 L). The reaction mixture was stirred for 2 h at ambient temperature and was then poured onto
satd. aq. NaHCO3 solution (10 mL) and AcOEt (10 mL). The organic layer was separated, washed
with satd. aq. NaHCO3 solution (10 mL), 2 M HCl (10 mL) and brine (10 mL), dried over Na2SO4,
filtered and the solvent was removed under reduced pressure. Purification by flash column
chromatography yielded the anomeric fluoride 331c (14 mg, 33%) as a foam.
1

H NMR (400 MHz, CDCl3): δ 5.70 (dd, J = 53.3, 2.8 Hz, 1H), 5.59 (dt, J = 10.2, 4.4 Hz, 1H), 5.50

(d, J = 4.0 Hz, 1H), 5.48 – 5.36 (m, 8H), 5.09 (t, J = 9.7 Hz, 1H), 4.90 – 4.70 (m, 6H), 4.25 – 4.20 (m,
2H), 4.16 – 3.74 (m, 20H), 3.67 (dd, J = 11.5, 2.8 Hz, 1H), 3.45 (dd, J = 11.6, 4.2 Hz, 1H), 2.08 – 1.97
(s (13x), 39H);

13

C NMR (101 MHz, CDCl3):* δ 170.7, 170.7, 170.7, 170.6, 170.2, 170.2, 170.1,
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The content of the monosacharide could not be determined due to overlapping peaks in the HPLC trace of compound
328.
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170.0, 170.0, 169.9, 169.8, 169.4, 103.9 (d, J = 229 Hz), 95.7, 95.7, 95.6, 95.6, 95.5, 73.7, 72.9, 71.7,
71.6, 71.5, 71.4, 71.0, 70.7, 70.6, 70.5, 70.4, 70.2, 69.7, 69.3, 69.2, 69.0, 68.9, 68.8, 34.6, 34.3, 33.7,
31.9, 29.9, 27.1, 21.1, 21.1, 21.0, 20.9, 20.8, 20.8, 20.7, 20.7, 20.6;

19

F NMR (377 MHz, CDCl3):

δ –147.51 (dd, J = 53.4, 24.1 Hz); HRMS (MALDI): m/z calculated for C62H81Br6FNaO37+
[(M + Na)+] 1932.9433, found 1932.9417. * Due to the large number of overlapping resonances, not
every carbon atom could be detected.
2-(4-(3-Azidopropoxy)phenyl)ethanol (332). To a solution of chloride
2-(4-(3-chloropropoxy)phenyl)ethanol331 (6.70 g, 31.2 mmol, 1.00 equiv) in
DMF (50 mL) was added NaN3 (4.06 g, 62.4 mmol, 2.00 equiv) and the
mixture was heated to 100 °C until the starting material was consumed. The reaction was cooled to
ambient temperature, and H2O (150 mL) and Et2O (150 mL) were added. The organic layer was
separated, washed with H2O (3 x 100 mL), brine (100 mL), and was dried over Na2SO4. The solvent
was removed under reduced pressure and the residue was purified by flash column chromatography
(4:1→2:1 hexanes:AcOEt) to yield a the azide 332 (6.76 g, 98%) as a colorless oil.
TLC: Rf = 0.32 (2:1 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 7.23 – 7.07 (m, 2H), 6.94 – 6.75 (m, 2H), 4.01 (t, J = 5.9 Hz, 2H), 3.77 (t, J = 6.7 Hz, 2H), 3.49 (t, J
= 6.7 Hz, 2H), 2.78 (t, J = 6.7 Hz, 2H), 2.14 (br s, 1H), 2.03 (p, J = 6.3 Hz, 2H); 13C NMR (101 MHz,
CDCl3): δ 157.3, 130.9, 130.0, 114.6, 64.5, 63.7, 48.2, 38.2, 28.8; IR (neat):  3350, 2935, 2875, 2094,
1611, 1510, 1298, 1239, 1177, 1111, 1043, 823, 528 cm–1; HRMS (MALDI): m/z calculated for
C11H15N3NaO2+ [(M + Na)+] 244.1056, found 244.1058.
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2-(4-(3-chloropropoxy)phenyl)ethanol was prepared following a literature procedure: M. Tao, L. D. Aimone, Z. Huang,
J. Mathiasen, R. Raddatz, J. Lyons, R. L. Hudkins, J. Med. Chem. 2012, 55, 414-423. Analytical data: TLC: Rf = 0.32
(2:1 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.17 – 7.11 (m, 2H), 6.89 – 6.83 (m,
2H), 4.09 (t, J = 5.9 Hz, 2H), 3.80 (t, J = 6.6 Hz, 2H), 3.74 (t, J = 6.4 Hz, 2H), 2.80 (t, J = 6.6 Hz, 2H), 2.22 (p, J =
6.1 Hz, 2H), 1.79 (br s, 1H); 13C NMR (101 MHz, CDCl3): δ 157.4, 130.9, 130.1, 114.7, 64.4, 63.8, 41.6, 38.3, 32.3; IR
(neat):  3440, 2936, 2883, 1610, 1514, 1470, 1302, 1247, 1180, 1034, 948, 824, 653, 594, 523 cm–1; HRMS (MALDI):
m/z calculated for C11H15ClNaO2+ [(M + Na)+] 237.0653, found 237.0653.

162 Experimental Part
2,3,4-Tri-O-acetyl-6-bromo-6-deoxy--Dglucopyranosyl-[(1→4)-2,3,-di-O-acetyl-6-bromo-6-deoxy-D-glucopyranosyl]4-(1→4)-2,3-di-O-acetyl-6-bromo-6deoxy--D-glucopyranosyl bromide (331d) and (2-(2-(2azidoethoxy)ethoxy)ethyl

2,3,4-tri-O-acetyl-6-bromo-6-

deoxy--D-glucopyranosyl-[(1→4)-2,3,-di-O-acetyl-6bromo-6-deoxy--D-glucopyranosyl]4-(1→4)-2,3-di-Oacetyl-6-bromo-6-deoxy-1--D-glucopyranoside (333). To a
solution of acetate 328 (3.00 g, 1.53 mmol, 1.00 equiv) in
DCE (50 mL) was added HBr (30% in AcOH, 30.0 mL, 166 mmol, 108 equiv) at ambient temperature
and the mixture was stirred until the starting material was consumed (~45 min). The reaction was
poured onto ice-cold H2O (50 mL), the layers were separated and the organic layer was washed with
satd. aq. NaHCO3 solution (2 x 50 mL) and brine (50 mL), dried over Na2SO4, filtered and the solvent
was removed under reduced pressure to yield the crude anomeric bromide (3.50 g) as a foam. The
crude anomeric bromide 331d (3.50 g, assumed to be 1.53 mmol, 1.00 equiv) was dissolved in CH2Cl2
(50 mL), azide 324 (930 mg, 5.31 mmol, 3.50 equiv), and 4 Å molecular sieves (5.0 g) were added and
the reaction mixture was stirred for 1 h. Finley powdered ZnBr2 (2.00 g, 8.87 mmol, 5.85 equiv) was
added and the mixture was stirred vigorously overnight. It was filtered and the filtrate was diluted with
CH2Cl2 (50 mL), washed with 1 M HCl (4 x 50 mL) and brine (50 mL), dried over Na2SO4, filtered
and the solvent was removed under reduced pressure. The residue was purified by flash column
chromatography (2:1→1:1→1:2→0:1 hexanes:AcOEt) to yield the product 333 (2.25 g, 71%) as a
white solid.
331d: 1H NMR (300 MHz, CDCl3): δ 6.55 (d, J = 4.0 Hz, 1H), 5.65 (t, J = 9.5 Hz, 1H), 5.53 – 5.30
(m, 8H), 5.08 (t, J = 9.6 Hz, 1H), 4.85 (dd, J = 10.5, 4.0 Hz, 1H), 4.80 – 4.62 (m, 4H), 4.37 – 3.61 (m,
25H), 3.44 (dd, J = 11.3, 4.0 Hz, 1H), 2.15 – 1.94 (s (13 x), 39H); HRMS (MALDI): m/z calculated
for C62H81Br7NaO37+ [(M + Na)+] 1992.8633, found 1992.8619.
333: TLC: Rf = 0.19 (1:2 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3):
δ 5.49 (d, J = 4.0 Hz, 1H), 5.47 – 5.35 (m, 9H), 5.27 (t, J = 9.0 Hz, 1H), 5.08 (t, J = 9.7 Hz, 1H), 4.84
(ddd, J = 10.6, 8.6, 5.9 Hz, 2H), 4.78 – 4.67 (m, 5H), 4.18 – 3.57 (m, 32H), 3.44 (dd, J = 11.6, 4.2 Hz,
1H), 3.39 (t, J = 5.1 Hz, 2H), 2.09 – 1.94 (s (13x), 39H);

13

C NMR (101 MHz, CDCl3):* δ 170.6,

170.6, 170.6, 170.6, 170.3, 170.2, 170.1, 170.0, 169.8, 169.7, 169.4, 100.1, 95.7, 95.7, 95.6, 95.6, 95.5,
75.4, 74.1, 73.7, 72.3, 72.0, 71.7, 71.6, 71.4, 70.9, 70.9, 70.6, 70.5, 70.5, 70.4, 70.2, 69.3, 69.2, 69.1,
69.0, 68.8, 68.7, 50.8, 34.7, 34.6, 34.5, 34.3, 33.4, 31.9, 21.1, 21.1, 20.8, 20.8, 20.8, 20.7, 20.7, 20.6;
IR (neat):  2919, 2016, 1754, 1428, 1370, 1239, 1163, 1135, 1036, 899, 767 cm–1; HRMS (MALDI):
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m/z calculated for C68H93Br6N3NaO40+ [(M + Na)+] 2094.0286, found 2094.0259; []23D: +108
(c = 0.50, CHCl3). * Due to the large number of overlapping resonances, not every carbon atom could
be detected.
3H-[1,2,3]Triazolo[4,5-b]pyridin-3-yl

4-(prop-2-yn-1-

yloxy)benzoate (336). Compound 336 was obtained as a side product
from

the

attempted

peptide

coupling

between

impure

2-(2-(2-

aminoethoxy)ethoxy)ethanol and 4-(prop-2-yn-1-yloxy)benzoic acid332
(7.50 g, 42.6 mmol, 1.00 equiv) with HATU (17.8 g, 46.8 mmol, 1.10 equiv), and DIPA (14.9 mL,
85.1 mmol, 2.00 equiv) in MeCN (150 mL) at ambient temperature for 30 min. The reaction mixture
was diluted with CH2Cl2 (400 mL) and washed with 2 M HCl (3 x 400 mL), satd. aq. NaHCO3
solution (400 mL) and brine (400 mL). Evaporation under reduced pressure and flash column
chromatography (1:1 hexanes:AcOEt) yielded 336 (2.44 g, 20%) as a white solid.
TLC: Rf = 0.51 (1:1 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 8.69 (dd, J = 4.5, 1.4 Hz, 1H), 8.41 (dd, J = 8.4, 1.4 Hz, 1H), 8.33 – 8.12 (m, 2H), 7.41 (dd, J = 8.4,
4.5 Hz, 1H), 7.20 – 6.96 (m, 2H), 4.78 (d, J = 2.4 Hz, 2H), 2.59 (t, J = 2.4 Hz, 1H);

13

C NMR

(101 MHz, CDCl3): δ 163.2, 162.1, 151.8, 140.8, 135.1, 133.2, 129.5, 120.9, 117.4, 115.4, 77.3, 76.7,
56.1; IR (neat):  3288, 1774, 1601, 1579, 1508, 1256, 1228, 1170, 1120, 1015, 975, 926, 908, 843,
801, 770, 728, 686, 645 cm–1; EA: calculated for C15H10N4O3 61.22% C, 3.43% h, 19.04% N, 16.31%
O, found 61.29% C, 3.14% h, 18.91% N, 16.53% O.
2-(2-(2-((4Ethynylbenzyl)oxy)ethoxy)ethoxy)ethyl 6-bromo-6deoxy--D-glucopyranosyl-[(1→4)-6-bromo-6deoxy--D-glucopyranosyl]4-(1→4)-6-bromo-6deoxy-1--D-glucopyranoside (338). To a solution of
acetate 328 (3.20 g, 1.64 mmol, 1.00 equiv) in DCE
(60 mL) was added HBr (30% in AcOH, 29.6 mL, 164 mmol, 100 equiv) at ambient temperature and
the mixture was stirred until the starting material was consumed (~45 min). The reaction mixture was
poured onto H2O (50 mL), the layers were separated and the organic layer was washed with satd. aq.
NaHCO3 solution (2 x 50 mL) and brine (50 mL), dried over Na2SO4, filtered and the solvent was

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
332

4-(prop-2-yn-1-yloxy)benzoic acid was prepared following a literature procedure: J. P. Collman, L. Zeng, h. J. h. Wang,
A. Lei, J. I. Brauman, Eur. J. Org. Chem. 2006, 2707–2714. Analytical data: TLC: Rf = 0.66 (AcOEt), CAM, UV
active at 254 nm; 1H NMR (300 MHz, DMSO-D6): δ 12.69 (br s, 1H), 7.91 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.5 Hz,
2H), 4.89 (d, J = 2.2 Hz, 2H), 3.61 (t, J = 2.3 Hz, 1H); 13C NMR (75 MHz MHz, DMSO-D6): δ 166.9, 160.7, 131.3,
123.7, 114.7, 78.8, 78.7, 55.7; IR (neat):  3271, 1770, 1667, 1606, 1581, 1427, 1383, 1306, 1248, 1182, 10578, 1026,
843, 769 cm–1; HRMS (MALDI): m/z calculated for C10H8NaO3+ [(M + Na)+] 199.0366, found 199.0364.
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removed under reduced pressure to yield the crude anomeric bromide (3.6 g) as a foam. The crude
anomeric bromide (3.6 g, assumed to be 1.63 mmol, 1.00 equiv) was dissolved in DCE (70 mL),
alkyne 341 (1.30 g, 4.90 mmol, 3.00 equiv), and 4 Å molecular sieves (7.0 g) were added and the
reaction mixture was stirred for 1 h. Finley powdered ZnBr2 (1.84 g, 8.17 mmol, 5.00 equiv) was
added and the mixture was stirred vigorously overnight. It was filtered and the filtrate was diluted with
CH2Cl2 (100 mL), washed with 1 M HCl (4 x 50 mL) and brine (50 mL), dried over Na2SO4, filtered
and the solvent was removed under reduced pressure. The residue was purified by flash column
chromatography (1:1→1:1→1:2→0:1 hexanes:AcOEt) to yield the crude peracetylated product 337
(1.50 g, ~43%) as a white solid. The crude peracetate 337 (1.40 g, 648 mol, 1.00 equiv) in MeOH–
THF (1:2, 33 mL) was cooled to 0 °C and NaOMe (5.4 M in MeOH, 1.80 mL, 9.72 mmol, 15.0 equiv)
was added dropwise. After 1 h at 0 °C, freshly washed (4 x 50 mL, 1:1 MeOH:THF) Amberlyst 15
strongly acidic cation exchange resin (H+ form, 5.97 g) was added and the pH was checked every
5 min. Once the solution reached pH = 6, the mixture was immediately filtered and the filter cake was
washed with MeOH (250 mL) and MeOH–THF (1:1, 250 mL). The combined filtrates were
lyophilized and the residue was purified by flash column chromatography (silica gel,
20:1→15:1→10:1 MeCN:H2O) to yield the product 338 (502 mg, 19%) as a white powder.
TLC: Rf = 0.75 (8:1 MeCN:H2O), CAM, UV active at 254 nm; 1H NMR (400 MHz, CD3OD):
δ 7.49 – 7.44 (m, 2H), 7.39 – 7.33 (m, 2H), 5.25 – 5.16 (m, 5H), 4.58 (s, 2H), 4.39 (d, J = 7.7 Hz, 1H),
4.01 – 3.78 (m, 16H), 3.78 – 3.60 (m, 19H), 3.59 – 3.41 (m, 12H), 3.29 – 3.20 (m, 2H);

13

C NMR

(101 MHz, CD3OD):* δ 140.6, 133.1, 128.8, 122.9, 104.2, 103.1, 102.8, 102.8, 102.8, 102.8, 84.4,
84.3, 84.1, 84.1, 84.1, 84.0, 78.9, 77.2, 74.8, 74.6, 74.4, 74.4, 74.4, 74.1, 74.0, 73.7, 73.6, 73.6, 72.4,
72.4, 71.6, 71.5, 71.5, 70.8, 69.9, 34.6, 34.4, 34.3; IR (neat):  3348, 2914, 1364, 1150, 1067, 1052,
772 cm–1; HRMS (MALDI): m/z calculated for C51H74Br6O28+ [(M + Na)+] 1636.9310, found
1636.9279; []23D: +71.4 (c = 0.50, MeOH). * Due to the large number of overlapping resonances, not
every carbon atom could be detected. Some carbon signals may belong to impurities.
N-(2-(2-(2-Hydroxyethoxy)ethoxy)ethyl)-4-(prop-2-yn-1yloxy)benzamide

(340).

According

to

a

literature

procedure,333 a solution of azide 324 (10.0 g, 57.1 mmol,
1.12 equiv) and H2O (1.54 mL, 86.0 mmol, 1.68 equiv) in THF (80 mL) was treated with PPh3 (16.5 g,
62.8 mmol, 1.23 equiv) and it was stirred for 6 h at ambient temperature. The solvent was evaporated
and the residue was taken up in 2 M HCl (100 mL) and AcOEt (50 mL). The aqueous layer was
separated,

washed

with

AcOEt

(50 mL)

and

lyophilized

to

give

the

crude

2-(2-(2-

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
333
L. Lebeau, P. Oudet, C. Mioskowski, Helv. Chim. Acta 1991, 74, 1697–1706.
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aminoethoxy)ethoxy)ethanol hydrochloride. The oily residue was taken up in DMF (150 mL) and 4 Å
molecular sieves (10 g) were added. The mixture was stirred for 2 h at ambient temperature and then
cooled to 0 °C. 4-(prop-2-yn-1-yloxy)benzoic acid332 (9.00 g, 51.1 mmol, 1.00 equiv) followed by
HATU (21.4 g, 56.2 mmol, 1.10 equiv) and DIPEA (22.3 mL, 128 mmol, 2.50 equiv) were added. The
mixture was warmed to ambient temperature and stirred for 1 h. It was filtered, and the solvent was
removed under reduced pressure. AcOEt (500 mL) and 2 M HCl (250 mL) were added and the layers
were separated. The organic layer was washed with 2 M HCl (250 mL), satd. aq. NaHCO3 solution
(250 mL) and brine (250 mL), was dried over Na2SO4, filtered, and the solvent was removed under
reduced pressure. Flash column chromatography (95:5→90:10 CH2Cl2:MeOH) yielded the product
340 (11 g, 70%) as a yellow oil.
TLC: Rf = 0.50 (9:1 CH2Cl2:MeOH), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 7.84 – 7.74 (m, 2H), 7.05 – 6.96 (m, 2H), 6.80 (br s, 1H), 4.73 (d, J = 2.4 Hz, 2H), 3.73 – 3.70 (m,
2H), 3.66 (m, 8H), 3.63 – 3.58 (m, 2H), 2.59 (br s, 1H), 2.54 (t, J = 2.4 Hz, 1H); 13C NMR (101 MHz,
CDCl3): δ 167.1, 160.1, 129.0, 127.7, 114.8, 78.1, 76.1, 72.7, 70.5, 70.2, 61.9, 56.0, 39.9; IR (neat):
 3288, 2875, 1635, 1606, 1548, 1504, 1302, 1265, 1229, 1183, 1094, 1067, 1022, 842, 768, 558 cm–1;
HRMS (ESI): m/z calculated for C16H21NNaO5+ [(M + Na)+] 330.1312, found 330.1315.
2-(2-(2-((4-Ethynylbenzyl)oxy)ethoxy)ethoxy)ethanol (341).
To a solution of (4-ethynylphenyl)methanol (5.00 g, 37.8 mmol,
1.20 equiv) in DMF (200 mL) was added sodium hydride (95%
pure, 916 mg, 36.3 mmol, 1.15 equiv) at ambient temperature. After 20 min, 2-(2-(2-(2chloroethoxy)ethoxy)ethoxy)tetrahydro-2H-pyran334 (7.97 g, 31.5 mmol, 1.00 equiv) was added,
followed by KI (523 mg, 3.15 mmol, 10.0 mol%). The reaction mixture was stirred at ambient
temperature for 4 h and then carefully quenched by addition of satd. aq. NH4Cl solution (400 mL) at
0 °C. Et2O (500 mL) was added and the layers were separated. The organic layer was washed with
H2O (4 x 200 mL) and brine (200 mL), dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The residue was dissolved in MeOH (200 mL) and pTsOH (300 mg, 1.58 mmol,
5.00 mol%) was added. After 30 min at ambient temperature, NEt3 (450 L) was added and the

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
334

2-(2-(2-(2-chloroethoxy)ethoxy)ethoxy)tetrahydro-2H-pyran was prepared following a literature procedure: A. Patel, T.
K. Lindhorst, Carbohydr. Res. 2006, 341, 1657–1668. Analytical data: TLC: Rf = 0.66 (1:2 hexanes:AcOEt), CAM, not
UV active; 1H NMR (400 MHz, CDCl3): δ 4.60 (dd, J = 4.3, 3.0 Hz, 1H), 3.87 – 3.80 (m, 2H), 3.76 – 3.69 (m, 2H),
3.68 – 3.63 (m, 6H), 3.63 – 3.54 (m, 3H), 3.51 – 3.43 (m, 1H), 1.86 – 1.75 (m, 1H), 1.74 – 1.64 (m, 1H), 1.62 – 1.44
(m, 4H); 13C NMR (101 MHz, CDCl3): δ 99.0, 71.4, 70.8, 70.7, 70.7, 66.7, 62.3, 42.8, 30.6, 25.5, 19.5; IR (neat):
 2942, 2871, 1733, 1455, 1354, 1299, 1259, 1201, 1123, 1076, 1035, 988, 906, 872 cm–1; HRMS (ESI): m/z calculated
for C11H21ClNaO4+ [(M + Na)+] 275.1021, found 275.1028.

166 Experimental Part
solvent was evaporated under reduced pressure. The residue was purified by flash column
chromatography (2:1→1:2→1:4→0:1 hexanes:AcOEt) to yield 341 (3.00 g, 36%) as a yellow oil.
TLC: Rf = 0.42 (AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.52 – 7.43
(m, 2H), 7.35 – 7.27 (m, 2H), 4.56 (s, 2H), 3.74 – 3.59 (m, 12H), 3.06 (s, 1H), 2.43 (t, J = 6.2 Hz, 1H);
13

C NMR (101 MHz, CDCl3): δ 139.2, 132.3, 127.6, 121.4, 83.7, 76.8, 72.9, 72.6, 70.9, 70.8, 70.6,

69.7, 61.9; IR (neat):  3285, 2872, 1638, 1606, 1547, 1505, 1456, 1351, 1302, 1229, 1182, 1094,
1020, 931, 844, 769, 558 cm–1; HRMS (ESI): m/z calculated for C15H20NaO4+ [(M + Na)+] 287.1254,
found 287.1259.
2-(2-(2-(hydroxy)ethoxy)ethoxy)ethyl

6-bromo-6-

deoxy--D-glucopyranosyl-[(1→4)-6-bromo-6-deoxy--Dglucopyranosyl]4-(1→4)-6-bromo-6-deoxy-1--Dglucopyranoside (342). To a solution of anomeric acetate
328 (10.0 g, 5.11 mmol, 1.00 equiv) in DCE (165 mL) was
added HBr (30% in AcOH, 100 mL, 552 mmol, 108 equiv) at ambient temperature and the mixture
was stirred until the starting material was consumed (~45 min). The reaction mixture was poured onto
ice–water (200 g:200 mL). CH2CL2 (400 mL) was added and the layers were separated. The organic
layer was washed with satd. aq. NaHCO3 solution (2 x 400 mL) and brine (400 mL), dried over
Na2SO4, filtered and the solvent was removed under reduced pressure to yield the crude anomeric
bromide as a foam. The crude anomeric bromide was dissolved in DCE (100 mL), triethylene glycol
(4.80 mL, 35.8 mmol, 7.00 equiv), and 4 Å molecular sieves (10.0 g) were added and the reaction
mixture was stirred for 2 h. Finley powdered ZnBr2 (12.7 g, 56.2 mmol, 11.0 equiv) was added and the
mixture was stirred vigorously overnight. It was diluted with CH2Cl2 (200 mL), filtered, and the filter
cake was washed with CH2Cl2 (2 x 100 mL). The combined filtrates were washed with 2 M HCl (2 x
150 mL), 15% NaCl solution (200 mL) and brine (200 mL), dried over Na2SO4, filtered and the
solvent was removed under reduced pressure. The residue was purified twice by flash column
chromatography (AcOEt) to yield the product 342 (3.54g, 34%) as a yellow foam. The product was
determined to be a 62:9:9:8:8:4-mixture of hexa-:penta-:-tetra-:tri-:di-:monosaccharide by analytical
HPLC and was used as such in the following steps.
TLC: Rf = 0.30 (AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 5.46 (d, J = 3.9 Hz,
1H), 5.44 – 5.32 (m, 7H), 5.25 (t, J = 8.9 Hz, 1H), 5.05 (t, J = 9.6 Hz, 1H), 4.84 – 4.76 (m, 2H), 4.74 –
4.67 (m, 4H), 4.14 – 3.51 (m, 37H), 3.41 (dd, J = 11.6, 4.1 Hz, 1H), 2.05 – 1.93 (s (13x), 39H);
13

C NMR (101 MHz, CDCl3):* δ 170.6, 170.5, 170.5, 170.5, 170.2, 170.1, 170.0, 169.9, 169.9, 169.9,

169.8, 169.7, 169.3, 99.9, 95.6, 95.5, 95.4, 95.4, 75.3, 74.0, 73.7, 72.6, 72.2, 71.9, 71.6, 71.5, 71.3,
70.7, 70.7, 70.6, 70.5, 70.5, 70.4, 70.3, 70.1, 70.0, 69.2, 69.2, 69.1, 68.9, 68.8, 68.7, 68.7, 61.8, 34.6,
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34.5, 34.4, 34.2, 33.5, 31.9, 21.0, 21.0, 20.8, 20.7, 20.7, 20.7, 20.6, 20.5; IR (neat):  2946, 1725,
1427, 1369, 1238, 1163, 1133, 1033, 899, 758 cm–1; HRMS (MALDI): m/z calculated for
C68H94Br6NaO41+ [(M + Na)+] 2063.0263, found 2063.0274; []23D: +96.5 (c = 0.50, CHCl3); HPLC:
analytical: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 50:50 (t = 1.00 min) →
10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR(hexasaccharide) =
9.53 min, tR(pentasaccharide) = 8.51 min, tR(tetrasaccharide) = 7.10 min, tR(trisaccharide) = 5.43 min
tR(disaccharide) = 4.03 min tR(monosaccharide) = 3.11 min = 220 nm. * Due to the large number
of overlapping resonances, not every carbon atom could be detected.
2-(2-(2-(Hydroxy)ethoxy)ethoxy)ethyl

2,3,4-tri-O-

acetyl-6-deoxy-6-(2-methoxy-2-oxoethyl)thio--Dglucopyranosyl-[(1→4)-2,3-di-O-acetyl-6-deoxy-6-(2methoxy-2-oxoethyl)thio--D-glucopyranosyl]4-(1→4)2,3-di-O-acetyl-6-deoxy-6-(2-methoxy-2-oxoethyl)thio1--D-glucopyranoside (343). A solution of hexabromide
342 (1.50 g, 733 mol, 1.00 equiv) in dry DMF (15 mL) was degassed by freeze-pump-thaw cycles
(3 x). Methyl 2-mercaptoacetate (1.96 mL, 22.0 mmol, 30.0 equiv) was added followed by NEt3
(2.04 mL, 14.7 mmol, 20.0 equiv) and the flask was sealed. The mixture was heated to 60 °C for 40 h,
cooled to ambient temperature, and diluted with AcOEt (80 mL). The organic layer was washed with
2 M HCl (2 x 40 mL), H2O (40 mL), satd. aq. NaHCO3 solution (2 x 40 mL), and brine (40 mL). The
organic layer was dried over Na2SO4, filtered and the solvent was removed under reduced pressure.
The residue was purified by flash column chromatography (1:0→95:5AcOEt:MeOH) to yield the
product 343 (1.38 g, 86%) as a white foam.
TLC: Rf = 0.23 (AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 5.38 – 5.27 (m,
5H), 5.27 – 5.18 (m, 5H), 5.10 – 4.96 (m, 1H), 4.85 – 4.75 (m, 2H), 4.70 (dd, J = 10.3, 4.0 Hz, 3H),
4.60 (d, J = 8.0 Hz, 1H), 4.10 – 3.81 (m, 10H), 3.81 – 3.67 (m, 23H), 3.67 – 3.54 (m, 10H), 3.48 – 3.14
(m, 17H), 3.10 – 2.92 (m, 6H), 2.71 (dd, J = 14.5, 5.9 Hz, 1H), 2.08 – 1.90 (s (13x), 39H); 13C NMR
(101 MHz, CDCl3):* δ 170.9, 170.9, 170.8, 170.8, 170.7, 170.7, 170.7, 170.2, 169.9, 169.9, 169.8,
169.7, 169.6, 169.6, 169.6, 100.3, 95.6, 95.6, 95.5, 75.4, 75.4, 75.2, 75.1, 75.1, 74.4, 74.4, 72.6, 72.4,
71.7, 71.6, 71.6, 71.6, 71.3, 71.3, 71.1, 70.8, 70.7, 70.5, 70.5, 70.4, 70.2, 69.3, 69.3, 68.9, 61.8, 52.7,
52.7, 52.7, 52.6, 52.6, 52.5, 52.5, 35.2, 35.2, 35.1, 35.1, 34.8, 34.7, 34.6, 33.6, 21.0, 21.0, 20.8, 20.7,
20.6; IR (neat):  2954, 1752, 1436, 1370, 1243, 1134, 1034, 947 cm–1; HRMS (MALDI): m/z
calculated for C86H124NaO53S6+ [(M + Na)+] 2219.5224, found 2219.5207; []23D: +128 (c = 0.50,
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CHCl3). * Due to the large number of overlapping resonances, not every carbon atom could be
detected.
2-(2-(2-(4-(2Azidoethyl)phenoxy)ethoxy)ethoxy)ethyl
2,3,4-tri-O-acetyl-6-deoxy-6-(2-methoxy-2oxoethyl)thio--D-glucopyranosyl-[(1→4)2,3-di-O-acetyl-6-deoxy-6-(2-methoxy-2oxoethyl)thio--D-glucopyranosyl]4-(1→4)2,3-di-O-acetyl-6-deoxy-6-(2-methoxy-2-oxoethyl)thio-1--D-glucopyranoside (345). A solution of
alcohol 343 (1.50 g, 682 mol, 1.00 equiv), 4-(2-azidoethyl)phenol335 (344, 668 mg, 4.09 mmol,
6.00 equiv) and 4 Å molecular sieves (200 mg) in dry THF (14 mL) was stirred for 1 h at ambient
temperature and then cooled to 0 °C. PPh3 (537 mg, 2.05 mmol, 3.00 equiv) was added followed by
immediate addition of DEAD (322 L, 2.05 mmol, 3.00 equiv). After 1 h, it was warmed to ambient
temperature and stirred for another 2 h. Silica gel was added and the mixture was evaporated. The
residue was loaded onto a chromatography column packed with equilibrated (AcEOt) silica gel and
eluted with AcOEt. The fractions containing the product were evaporated and the residue was purified
again by flash column chromatography (1:2→1:4→0:1 hexanes:AcOEt) to yield the product 345
(1.20 g, 75%) as a white foam. The product was determined to be a 59:13:12:10:5:1 6:5:4:3:2:1mixture of hexa-:penta-:-tetra-:tri-:di-:monosaccharide by HPLC. At this stage, all other impurities
were removed by preparative HPLC to yield 486 mg (30%) of purified hexasaccharide product.
TLC: Rf = 0.23 (1:4 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (600 MHz, CDCl3):
δ 7.15 – 7.09 (m, 2H), 6.89 – 6.83 (m, 2H), 5.40 – 5.27 (m, 6H), 5.27 – 5.20 (m, 5H), 5.07 (t, J =
9.7 Hz, 1H), 4.85 – 4.79 (m, 2H), 4.76 – 4.70 (m, 4H), 4.56 (d, J = 8.0 Hz, 1H), 4.13 – 4.08 (m, 2H),
4.11 – 3.89 (m, 11H), 3.86 – 3.81 (m, 2H), 3.79 (s, 3H), 3.78 (s, 3H), 3.78 (s, 3H), 3.77 (s, 3H), 3.76
(s, 3H), 3.74 (s, 3H), 3.73 – 3.60 (m, 8H), 3.48 – 3.32 (m, 12H), 3.33 – 3.28 (m, 2H), 3.30 – 3.20 (m,
5H), 3.10 – 2.96 (m, 6H), 2.83 (t, J = 7.2 Hz, 2H), 2.74 (dd, J = 14.5, 5.9 Hz, 1H), 2.04 – 1.97 (s (13
x), 39H);

13

C NMR (151MHz, CDCl3):* δ 171.0, 170.9, 170.9, 170.9, 170.9, 170.9, 170.8, 170.8,

170.8, 170.8, 170.7, 170.3, 169.9, 169.9, 169.8, 169.7, 169.7, 169.7, 169.6, 157.8, 130.4, 129.9, 114.9,
100.5, 95.7, 95.7, 95.6, 95.6, 95.5, 75.5, 75.4, 75.2, 75.2, 75.1, 74.6, 74.4, 72.4, 71.8, 71.7, 71.7, 71.6,
71.4, 71.3, 71.2, 71.2, 71.0, 71.0, 71.0, 70.9, 70.8, 70.8, 70.7, 70.7, 70.5, 70.3, 70.3, 70.2, 69.9, 69.6,
69.4, 69.3, 67.6, 67.5, 52.8, 52.8, 52.8, 52.8, 52.7, 52.6, 52.6, 35.3, 35.2, 35.2, 35.1, 34.9, 34.9, 34.8,

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
335

4-(2-azidoethyl)phenol was prepared by a modification of a literature procedure: D. Rosario-Amorin, M. Gaboyard, R.
Clérac, L. Vellutini, S. Nlate, K. Heuzé, Chem. Eur. J. 2012, 18, 3305–3315. Analytical data for 344: 1H NMR
(300 MHz, CDCl3) δ 7.14 – 7.03 (m, 2H), 6.83 – 6.75 (m, 2H), 4.91 (s, 1H), 3.46 (t, J = 7.2 Hz, 2H), 2.83 (t, J = 7.2 Hz,
2H); 13C NMR (75 MHz, CDCl3): δ 154.5, 130.4, 130.1, 115.6, 52.8, 34.6.
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34.8, 34.7, 34.6, 33.6, 21.1, 21.1, 21.1, 21.0, 20.8, 20.8, 20.8, 20.8, 20.7, 20.7; IR (neat):  2953, 2104,
1753, 1513, 1436, 1370, 1243, 1134, 1033 cm–1; HRMS (MALDI): m/z calculated for
C94H131N3NaO53S6+ [(M + Na)+] 2364.5864, found 2364.5859; []23D: +124 (c = 0.50, CHCl3);
HPLC: analytical: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 50:50 (t = 1.00
min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR(hexasacharide) =
9.40 min,  = 275 nm; preparative: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) →
40:60 (t = 1.00 min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min),
tR(hexasacharide) = 6.35 min, tR(pentasaccharide) = 5.88 min, tR(tetrasaccharide) = 5.32 min,
tR(trisaccharide) = 4.75 min tR(disaccharide) = 4.16 min tR(monosaccharide) = 3.57 min = 275 nm.
* Due to the large number of overlapping resonances, not every carbon atom could be detected.
2-(2-(2-(4-(2Azidoethyl)phenoxy)ethoxy)ethoxy)ethyl

6-

(2-carboxymethyl)thio-6-deoxy--Dglucopyranosyl-[(1→4)-6-(2carboxymethyl)thio-6-deoxy--Dglucopyranosyl]4-(1→4)-6-(2-carboxymethyl)thio-6-deoxy-1--D-glucopyranoside

hexasodium

salt (346). A solution of HPLC purified peracetylated hexasaccharide 345 (105 mg, 44.8 mol,
1.00 equiv) in THF (5 mL) was cooled to 0 °C and treated with NaOMe (5.4 M in MeOH, 415 L,
2.24 mmol, 50.0 equiv). After 2 min, H2O (5 mL) was added dropwise and the reaction was warmed to
ambient temperature and stirred for 4 h. AcOH (513 L, 8.96 mmol, 200 equiv) was added and the
reaction mixture was lyophilized to give the crude hexasodium salt 346. The crude product was
dissolved in MeOH–DMSO–H2O (3:1:1, 4.5 mL) and this solution was used for the click reactions.
For a clean sample of the protonated form of 346, the crude hexasodium salt 346 was dissolved in
MeOH–H2O (1:1) and purified by preparative HPLC.
Analytical data for the protonated form of 346: 1H NMR (600 MHz, DMSO-d6): δ 12.43 (s br, 6H),
7.21 – 7.15 (m, 2H), 6.90 – 6.85 (m, 2H), 5.09 – 4.96 (m, 5H), 4.21 (d, J = 7.7 Hz, 1H), 4.08 – 4.02
(m, 2H), 3.87 – 3.78 (m, 5H), 3.75 – 3.71 (m, 2H), 3.66 (ddd, J = 9.8, 7.2, 2.5 Hz, 1H), 3.64 – 3.53 (m,
12H), 3.53 – 3.21 (m, 36H), 3.17 – 3.12 (m, 1H), 3.07 (ddt, J = 16.8, 12.5, 8.3 Hz, 6H), 2.99 – 2.94 (m,
1H), 2.89 – 2.80 (m, 4H), 2.78 (t, J = 7.1 Hz, 2H), 2.69 (dd, J = 14.0, 7.3 Hz, 1H);

13

C NMR

(151 MHz, DMSO-d6):* δ 171.7, 171.6, 171.6, 157.1, 130.2, 129.8, 114.4, 102.8, 101.3, 101.2, 101.1,
100.9, 100.9, 83.7, 83.1, 82.8, 82.6, 75.9, 74.7, 72.9, 72.8, 72.7, 72.6, 72.4, 72.3, 71.8, 71.6, 71.6, 71.5,
69.9, 69.8, 69.6, 69.0, 68.1, 67.0, 51.8, 34.9, 34.8, 34.5, 34.4, 34.0, 33.8, 33.6, 33.3; HRMS (ESI): m/z
calculated for C62H90N3NaO40S63– [(M – 3H)3–] 569.4480, found 569.4487; HPLC: analytical:

170 Experimental Part
H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 80:20 (t = 1.00 min) → 50:50 (t =
11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR = 7.46 min,  = 225 nm; preparative:
H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 80:20 (t = 1.00 min) → 50:50 (t =
11.00 min) → 10:90 (t = 12.00 min) → 10:90 (t = 14.00 min) → 90:10 (t = 15.00 min), tR =
6.47 min, = 225 nm. * Due to the large number of overlapping resonances, not every carbon atom
could be detected.
2,5-Dioxopyrrolidin-1-yl

(5-phenylpenta-2,4-diyn-1-yl)

carbonate

(356). A solution of bis(2,5-dioxopyrrolidin-1-yl) carbonate (4.63 g,
18.1 mmol, 2.00 equiv) and NEt3 (2.52 mL, 18.1 mmol, 2.00 equiv) in
DMSO (20 mL) was treated with a solution of 5-phenylpenta-2,4-diyn-1ol336 (355, 1.41 g, 9.03 mmol, 1.00 equiv) in CH2Cl2 (4 mL) at ambient temperature. After 10 min, the
reaction mixture was diluted with AcOEt (50 mL) and 5% aq. NaHCO3 solution (50 mL). The layers
were separated and the organic layer was washed with H2O (3 x 25 mL) and brine (25 mL), dried over
Na2SO4, filtered, and the solvent was removed under reduced pressure. The residue was purified by
flash column chromatography (2:1→1:1 hexanes:AcOEt) to yield the product 356 (1.0 g, 37%) as a
white solid.
TLC: Rf = 0.87 (AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.54 – 7.48
(m, 2H), 7.42 – 7.30 (m, 3H), 5.05 (s, 2H), 2.85 (s, 4H); 13C NMR (101 MHz, CDCl3): δ 168.4, 151.4,
132.9, 129.9, 128.6, 121.0, 80.4, 74.0, 73.1, 72.8, 59.1, 25.6; IR (neat):  2250, 1816, 1790, 1741,
1373, 1257, 1210, 1093, 980, 908, 758 cm–1; HRMS (MALDI): m/z calculated for C16H11NNaO5+
[(M + Na)+] 320.0529, found 320.0526.
(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl (5phenylpenta-2,4-diyn-1-yl)

((ethane-1,2-

diylbis(oxy))bis(ethane-2,1-diyl))dicarbamate (358).
A solution of amine 357337 (93.0 mg, 287 mol,
1.00 equiv) and NEt3 (80.0 L, 573mol, 2.00 equiv) in CH2Cl2 (5 mL) was treated with activated
carbonate 356 (102 mg, 344 mol, 1.20 equiv) and the mixture was stirred at ambient temperature for
30 min. Silica gel (1.0 g) was added and the mixture was evaporated. The residue was loaded onto a
chromatography column packed with equilibrated (1:1 hexanes:AcOEt) silica gel and eluted with
(1:1→1:2→1:4 hexanes:AcEOt) to afford the product 358 (138 mg, 95%) as a yellow oil.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
336

337

5-Phenylpenta-2,4-diyn-1-ol (355) was prepared following a literature procedure: K. Balaraman, V. Kesavan, Synthesis
2010, 3461–3466.
Compound 357 is commercially available from SIGMA-ALDRICH (catalog No.745073).
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TLC: Rf = 0.67 (AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.51 – 7.46
(m, 2H), 7.40 – 7.28 (m, 3H), 5.45 (br s, 1H), 5.27 (br s, 1H), 4.83 (s, 2H), 4.16 (d, J = 8.1 Hz, 2H),
3.62 (s, 4H), 3.60 – 3.55 (m, 4H), 3.47 – 3.31 (m, 4H), 2.37 – 2.15 (m, 6H), 1.70 – 1.50 (m, 2H), 1.37
(p, J = 8.5 Hz, 1H), 1.00 – 0.83 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 156.9, 155.5, 132.8, 129.6,
128.6, 121.4, 100.0, 78.8, 73.3, 71.1, 70.5, 70.4, 70.4, 70.1, 63.0, 53.2, 41.2, 41.0, 29.2, 21.6, 20.3,
17.9; IR (neat):  3338, 2917, 1714, 1529, 1442, 1247, 1139, 1026, 758, 691 cm–1; HRMS (MALDI):
m/z calculated for C29H35N2O6+ [(M + H)+] 507.2490, found 507.2488.
Heparan sulfate mimetic-RAMAN reporter conjugate (359).

1.5 mL of the solution of the crude hexaanion 346 (corresponds to 25 mg, 15 mol, 1.0 equiv) was
treated with a solution of alkyne 358 (22 mg, 44 mol, 3.0 equiv) in DMSO (300 L). The reaction
mixture was stirred at ambient temperature overnight. HCO2H (100 L) was added and the solution
was purified by HPLC to give the conjugate 359 (18 mg, 56%) as a white solid.
HRMS (ESI): m/z calculated for C91H125N5O46S62– [(M – 2H)2–] 1107.7965, found 1107.7941;
HPLC: analytical: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 90:10
(t = 1.00 min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR =
7.52 min,  = 272 nm; preparative: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t =
0.00 min) → 90:10 (t = 1.00 min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t =
15.00 min), tR = 6.91 min,  = 272 nm.

172 Experimental Part
(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl
(2-(2-(2-(3-(3',6'-dihydroxy-3-oxo-3Hspiro[isobenzofuran-1,9'-xanthen]-5yl)thioureido)ethoxy)ethoxy)ethyl)carbamate
(361).

A

solution

of

3',6'-dihydroxy-5-

isothiocyanato-3H-spiro[isobenzofuran-1,9'-xanthen]-3-one (360, 126 mg, 308 mol, 1.00 equiv) and
amine 357337 (100 mg, 308 mol, 1.00 equiv) in CH2Cl2–DMF (5:1, 12 mL) was stirred at ambient
temperature overnight. The mixture was poured onto 1 M HCl (20 mL) and diluted with AcOEt
(20 mL). The organic layer was separated and the aqueous layer was extracted with AcOEt (4 x
20 mL). The combined organic layers were over Na2SO4, filtered and the solvent was removed under
reduced pressure. The residue was purified by flash column chromatography (10:1 CH2Cl2:MeOH) to
yield the product 361 (90 mg, 41%) as a red solid.
TLC: Rf = 0.36 (10:1 CH2Cl2:MeOH), CAM, UV active at 254 nm; 1H NMR (400 MHz,
DMSO-d6): δ 10.10 (br s, 2H), 10.01 (br s, 1H), 8.32 – 8.21 (m, 1H), 8.07 (s, 1H), 7.79 – 7.69 (m, 1H),
7.18 (d, J = 8.3 Hz, 1H), 7.09 (t, J = 5.8 Hz, 1H), 6.71 – 6.65 (m, 2H), 6.60 – 6.52 (m, 4H), 4.07 – 4.00
(m, 2H), 3.75 – 3.65 (m, 2H), 3.65 – 3.52 (m, 6H), 3.41 (t, J = 6.0 Hz, 2H), 3.12 (q, J = 5.9 Hz, 2H),
2.28 – 2.07 (m, 6H), 1.61 – 1.44 (m, 2H), 1.32 – 1.13 (m, 1H), 0.92 – 0.79 (m, 2H);

13

C NMR

(101 MHz, DMSO-d6): δ 180.5, 168.5, 159.4, 156.4, 151.9, 147.2, 141.3, 129.4, 129.0, 126.5, 124.0,
116.3, 112.6, 109.7, 102.2, 99.0, 83.0, 69.6, 69.5, 69.2, 68.4, 61.8, 54.9, 43.7, 28.6, 20.8, 19.5, 17.7;
IR (neat):  2995, 1759, 1686, 1607, 1530, 1504, 1447, 1383, 1247, 1173, 1110, 993, 848, 732,
699 cm–1; HRMS (MALDI): m/z calculated for C38H40N3O9S+ [(M + H)+] 714.2480, found 714.2479.
(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl

(2-(2-(2-((7-

nitrobenzo[c][1,2,5]oxadiazol-4yl)amino)ethoxy)ethoxy)ethyl)carbamate (363). A solution of
amine 357337 (97.0 mg, 299 mol, 1.20 equiv) and 4-chloro-7nitrobenzo[c][1,2,5]oxadiazole (362, 49.7 mg, 249 mol, 1.00 equiv) in MeOH (5 mL) was treated
with DIPEA (87.0 L, 498 mol, 2.00 equiv) and stirred for 4 h at ambient temperature. The solvent
was evaporated and the residue was evaporated from CH2Cl2 (2 x 15 mL) to remove residual MeOH.
The residue was purified by flash column chromatography (1:2→0:1 hexanes:AcOEt) to yield the
product 363 (78 mg, 64%) as a red oil.
TLC: Rf = 0.47 (AcOEt), CAM, UV active at 254 nm and 366 nm; 1H NMR (400 MHz, CDCl3):
δ 8.43 (d, J = 8.6 Hz, 1H), 6.97 (br s, 1H), 6.18 (d, J = 8.7 Hz, 1H), 5.18 (br s, 1H), 4.10 (d, J = 8.1 Hz,
2H), 3.93 – 3.81 (m, 2H), 3.72 – 3.62 (m, 6H), 3.60 – 3.55 (m, 2H), 3.48 – 3.31 (m, 2H), 2.33 – 2.08
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(m, 6H), 1.62 – 1.45 (m, 2H), 1.34 – 1.24 (m, 1H), 0.99 – 0.77 (m, 2H); 13C NMR (101 MHz, CDCl3):
δ 156.9, 144.3, 144.1, 144.0, 136.5, 123.9, 98.9, 70.6, 70.3, 68.2, 62.9, 43.7, 40.8, 29.1, 21.5, 20.2,
17.8; IR (neat):  3317, 2921, 1704, 1621, 1582, 1530, 1442, 1350, 1300, 1192, 1135, 1032, 998, 904,
737 cm–1; HRMS (MALDI): m/z calculated for C23H29N5NaO7+ [(M + Na)+] 510.1959; found
510.1957.
Heparan sulfate mimetic-fluorophore conjugate (364).

1.5 mL of the solution of the crude hexaanion 346 (corresponds to 25 mg, 15 mol, 1.0 equiv) was
treated alkyne 361 (31 mg, 44 mol, 3.0 equiv) and the reaction mixture was stirred at ambient
temperature overnight. HCO2H (100 L) was added and the solution was purified by HPLC to give the
conjugate 364 (22 mg, 62%) as a red solid.
HRMS (ESI): m/z calculated for C100H130N6O49S72– [(M – 2H)2–] 1211.2961, found 1211.2968;
HPLC: analytical: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 90:10
(t = 1.00 min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR =
6.65 min,  = 442 nm; preparative: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t =
0.00 min) → 90:10 (t = 1.00 min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t =
15.00 min), tR = 6.02 min,  = 442 nm.

174 Experimental Part
Heparan sulfate mimetic-fluorophore conjugate (365).

1.5 mL of the solution of the crude hexaanion 346 (corresponds to 25 mg, 15 mol, 1.0 equiv) was
treated with a solution of alkyne 363 (21 mg, 44 mol, 3.0 equiv) in DMSO (300 L) and the reaction
mixture was stirred at ambient temperature overnight. HCO2H (100 L) was added and the solution
was purified by HPLC to give the conjugate 365 (12 mg, 37%) as an orange solid.
1

H NMR (600 MHz, DMSO-d6): δ 8.51 (d, J = 9.0 Hz, 1H), 7.17 – 7.05 (m, 2H), 7.02 (d, J =

8.2 Hz, 2H), 6.82 (d, J = 8.3 Hz, 2H), 6.48 (d, J = 9.1 Hz, 1H), 5.01 (dt, J = 10.2, 4.6 Hz, 5H), 4.38 (t,
J = 7.3 Hz, 2H), 4.21 (d, J = 7.7 Hz, 1H), 4.08 – 3.92 (m, 5H), 3.88 – 3.76 (m, 6H), 3.75 – 3.47 (m,
27H), 3.47 – 3.19 (m, 31H), 3.19 – 2.60 (m, 27H), 2.07 – 1.99 (m, 1H), 1.99 – 1.92 (m, 1H), 1.53 –
1.43 (m, 1H), 1.43 – 1.33 (m, 1H), 1.05 (p, J = 8.4 Hz, 1H), 0.89 – 0.81 (m, 1H), 0.81 – 0.72 (m, 1H);
13

C NMR (151 MHz, DMSO-d6):* δ 172.0, 172.0, 171.9, 171.9, 171.8, 157.2, 156.4, 145.3, 144.4,

144.1, 143.1, 137.9, 133.1, 129.9, 129.7, 114.4, 114.3, 102.8, 101.3, 101.1, 101.0, 100.8, 99.5, 83.7,
83.0, 82.9, 82.8, 82.7, 76.0, 74.2, 72.9, 72.7, 72.7, 72.6, 72.5, 72.5, 71.9, 71.8, 71.2, 71.0, 70.9, 69.9,
69.8, 69.8, 69.6, 69.5, 69.2, 68.9, 68.1, 67.9, 67.0, 61.4, 48.5, 43.4, 40.4, 40.1, 35.5, 35.5, 35.4, 35.4,
35.4, 35.0, 34.9, 34.0, 33.9, 33.5, 25.2, 22.2, 22.1, 21.1, 19.3, 18.5, 17.2; HRMS (ESI): m/z calculated
for C85H120N8O47S62– [(M – 2H)2–] 1098.2791, found 1098.2794; HPLC: analytical: gradient: H2O
(+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 80:20 (t = 1.00 min) → 50:50 (t = 11.00
min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR = 8.27 min,  = 472 nm; preparative:
gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 80:20 (t = 1.00 min) →
50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR = 7.47 min,  = 472 nm.
* Due to the large number of overlapping resonances, not every carbon atom could be detected.
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(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethyl (2(2-(2-(5-((3aS,4S,6aR)-2-oxohexahydro-1Hthieno[3,4-d]imidazol-4yl)pentanamido)ethoxy)ethoxy)ethyl)carbamate
(367). According to a literature procedure,338 compound (367) was prepared from biotin-OSu (366,
202 mg, 592 mol, 1.20 equiv), amine 357337 (160 mg, 493 mol, 1.00 equiv) and DIPEA (172 L,
986 mol, 2.00 equiv) in CH2Cl2. After flash column chromatography (10:1 CH2Cl2:MeOH) the
product 367 (223 mg, 82%) was obtained as a white foam.
TLC: Rf = 0.36 (10:1 CH2Cl2:MeOH), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.65
(br s, 2H), 5.73 (br s, 1H), 5.37 (t, J = 5.7 Hz, 1H), 4.48 (dd, J = 7.8, 4.8 Hz, 1H), 4.32 – 4.25 (m, 1H),
4.20 – 4.09 (m, 2H), 3.65 – 3.50 (m, 8H), 3.46 – 3.39 (m, 2H), 3.39 – 3.30 (m, 2H), 3.12 (td, J = 7.3,
4.5 Hz, 1H), 2.88 (dd, J = 12.8, 4.9 Hz, 1H), 2.73 (d, J = 12.8 Hz, 1H), 2.34 – 2.14 (m, 8H), 1.79 –
1.50 (m, 6H), 1.47 – 1.28 (m, 3H), 0.99 – 0.86 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 173.4, 164.2,
156.9, 98.9, 70.2, 70.1, 62.9, 61.9, 60.3, 55.8, 40.9, 40.6, 39.2, 36.1, 29.2, 28.4, 28.2, 25.7, 21.6, 20.2,
17.9; IR (neat):  3300, 2921, 1697, 1534, 1460, 1331, 1256, 1102, 1024, 913, 730 cm–1; HRMS
(MALDI): m/z calculated for C27H43N4O6S+ [(M + H)+] 551.2898, found 551.2898. The spectroscopic
data is in accordance with the literature.339
Heparan sulfate mimetic-biotin conjugate (368).

1.5 mL of the solution of the crude hexaanion 346 (corresponds to 25 mg, 15 mol, 1.0 equiv) was
treated with alkyne 367 (24 mg, 44 mol, 3.0 equiv) and the reaction mixture was stirred at ambient
temperature overnight. HCO2H (100 L) was added and the solution was purified by HPLC to give the
conjugate 368 (14 mg, 42%) as a white solid.
HRMS (ESI): m/z calculated for C89H133N7O46S72– [(M – 2H)2–] 1129.8170, found 1129.8188;
HPLC: analytical: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 90:10
(t = 1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR =
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L. F. van Delft, R. van Geel, M. A. Wijdeven, Patent No. WO2014065661 (A1), 2014.
S. M. DeGuire, D. C. Earl, Y. Du, B. A. Crews, A. T. Jacobs, A. Ustione, C. Daniel, K. M. Chong, L. J. Marnett, D. W.
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8.23 min,  = 225 nm; preparative: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t =
0.00 min) → 90:10 (t = 1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t =
15.00 min), tR = 7.53 min,  = 225 nm.
(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyl

(2-(2-(2-

(4-(3-(trifluoromethyl)-3H-diazirin-3yl)benzamido)ethoxy)ethoxy)ethyl)carbamate (374). To a
solution of 4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzoic
acid (373, 83.0 mg, 363 mol, 1.10 equiv) and amine 357337 (107 mg, 330 mol, 1.00 equiv) in
CH2Cl2 (5 mL) was added DIPEA (115 L, 660 mol, 2.00 equiv) and HATU (138 mg, 363 mol,
1.10 equiv) and the mixture was stirred in the dark for 24 h. The reaction mixture was diluted with
AcOEt (15 mL), washed with 2 M HCl (2 x 15 mL), satd. aq. NaHCO3 solution (15 mL), and brine
(15 mL). The organic layer was dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The residue was purified by flash column chromatography (1:4→0:1
hexanes:AcOEt) to yield the product 374 (147 mg, 83%) as an oil.
TLC: Rf = 0.49 (AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3): δ 7.98 – 7.73
(m, 2H), 7.26 – 7.21 (m, 2H), 6.72 (br s, 1H), 5.13 (br s, 1H), 4.13 (d, J = 8.0 Hz, 2H), 3.70 – 3.59 (m,
8H), 3.59 – 3.53 (m, 2H), 3.39 – 3.32 (m, 2H), 2.31 – 2.14 (m, 6H), 1.55 (d, J = 11.7 Hz, 2H), 1.31 (t,
J = 8.6 Hz, 1H), 0.97 – 0.86 (m, 2H);

13

C NMR (101 MHz, CDCl3): δ 166.3, 156.9, 135.7, 132.4,

127.6, 126.7, 120.69 (q, J = 275 Hz), 98.9, 70.5, 70.3, 70.3, 69.9, 63.0, 40.9, 40.0, 29.2, 21.6, 20.2,
17.9;

19

F NMR (377 MHz, CDCl3): δ –65.0; IR (neat):  3329, 2917, 1698, 1646, 1544, 1511, 1441,

1342, 1232, 1186, 1154, 1051, 1026, 940, 841, 766, 742 cm–1; HRMS (MALDI): m/z calculated for
C26H32F3N4O5+ [(M + H)+] 537.2319, found 537.2317.
Heparan sulfate mimetic-photoaffinity label conjugate (375).

1.5 mL of the solution of the crude hexaanion 346 (corresponds to 25 mg, 15 mol, 1.0 equiv) was
treated with a solution of alkyne 374 (23 mg, 44 mol, 3.0 equiv) in DMSO (100 L) and the reaction
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mixture was stirred at ambient temperature overnight. HCO2H (100 L) was added and the solution
was purified by HPLC to give the conjugate 375 (11 mg, 32%) as a white solid.
HRMS (ESI): m/z calculated for C88H122F3N7O45S62– [(M – 2H)2–] 1122.7880, found 1122.7882;
HPLC: analytical: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 80:20
(t = 1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR =
9.89 min,  = 227 nm; preparative: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t =
0.00 min) → 80:20 (t = 1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t =
15.00 min), tR = 9.03 min,  = 227 nm.
Methyl 2-((4-chlorophenyl)amino)-2-oxoacetate (377a). According to a
literature procedure,340 methyl 2-chloro-2-oxoacetate (11.9 mL, 129 mmol,
1.10 equiv) was carefully added dropwise to a solution of 4-chloroaniline (376,
15.0 g, 118 mmol, 1.00 equiv) and NEt3 (19.7 mL, 141 mmol, 1.20 equiv) in CH2Cl2 (500 mL) while
cooling with a water bath. After complete addition, 2 M HCl (250 mL) was added, and the organic
layer was separated. The organic layer was washed with brine (250 mL), dried over Na2SO4, filtered
and the solvent was removed under reduced pressure. The residue was triturated with Et2O (50 mL)
and filtered, and the filter cake was washed with Et2O (50 mL) to yield the product 377a (19.4 g, 77%)
as a white powder.
TLC: Rf = 0.79 (1:2 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (300 MHz, CDCl3):
δ 8.91 (br s, 1H), 7.64 – 7.55 (m, 2H), 7.38 – 7.27 (m, 2H), 3.95 (s, 3H); 13C NMR (75 MHz, CDCl3):
δ 161.4, 153.7, 134.9, 130.8, 129.4, 121.2, 54.3; IR (neat):  3348, 1744, 1686, 1601, 1550, 1494,
1406, 1303, 838, 682, 494 cm–1; HRMS (MALDI): m/z calculated for C9H9ClNO3+ [(M + H)+]
214.0265, found 215.0265. The spectroscopic data is in accordance with the literature.340
2-((4-Chlorophenyl)amino)-2-oxoacetic acid (377b). According to a literature
procedure,341 a solution of methyl ester 377a (18.8 g, 87.8 mmol, 1.00 equiv) in
THF–H2O (5:1, 600 mL) was treated with LiOH·H2O (4.05 g, 96.5 mmol,
1.10 equiv) and the mixture was stirred at ambient temperature for 2 h. 2 M HCl (300 mL) and AcOEt
(300 mL) were added and the organic layer was separated. The aqueous layer was extracted with
AcOEt (500 mL) and the combined organic layers were washed with brine (200 mL), dried over
Na2SO4, filtered, and the solvent was removed under reduced pressure. The residue was evaporated
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340
341

D. C. Rogness, R. C. Larock, J. Org. Chem. 2011, 76, 4980–4986.
T. Ohta, S. Komoriya, T. Yoshino, K. Uoto, Y. Nakamoto, h. Naito, A. Mochizuki, T. Nagata, h. Kanno, N. Haginoya,
K. Yoshikawa, M. Nagamochi, S. Kobayashi, M. Ono, Patent No. EP1405852 (A1), 2004.

178 Experimental Part
from hexanes (200 mL) and triturated with Et2O (60 mL). It was filtered and the filter cake was
washed with Et2O (60 mL) to yield the acid 377b (15.8 g, 90%) as a white solid.
1

H NMR (300 MHz, DMSO-d6): δ 14.19 (br s, 1H), 10.86 (s, 1H), 7.91 – 7.71 (m, 2H), 7.53 – 7.22

(m, 2H);

13

C NMR (75 MHz, DMSO-d6): δ 162.0, 156.9, 136.7, 128.7, 128.3, 121.9; IR (neat):

 3317, 3230, 1752, 1679, 1600, 1548, 1493, 1361, 1307, 1208, 1176, 1088, 1013, 922, 821, 772,
738 cm–1; HRMS (ESI): m/z calculated for C9H9ClNO3+ [(M + H)+] 200.0109, found 200.0109.
Ethyl 2-(4-(2-((4-chlorophenyl)amino)-2-oxoacetamido)-2,2,6,6tetramethylpiperidin-1-yl)acetate (378a). A solution of amine 297
(2.00 g, 5.92 mmol, 1.00 equiv) and ethyl 2-bromoacetate (3.27 mL,
29.6 mmol, 5.00 equiv) in EtOH (30 mL) was treated with NaHCO3
(1.49 g, 17.8 mmol, 3.00 equiv) and the mixture was heated to reflux for 48 h. The reaction was cooled
to ambient temperature, diluted with AcOEt (100 mL) and washed with H2O (2 x 100 mL), and brine
(100 mL). The organic layer was dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The residue was purified by flash column chromatography (4:1→2:1
hexanes:AcOEt) to yield a white solid. The solid was washed with hexanes (20 mL) and filtered to
furnish the product 378a (1.36 g, 54%) as a white powder.
TLC: Rf = 0.58 (2:1 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 9.32 (br s, 1H), 7.63 – 7.54 (m, 2H), 7.37 – 7.29 (m, 3H), 4.26 – 4.09 (m, 3H), 3.29 (s, 2H), 1.89 –
1.75 (m, 2H), 1.53 (t, J = 12.2 Hz, 2H), 1.25 (t, J = 7.1 Hz, 3H), 1.10 (s, 12H); 13C NMR (101 MHz,
CDCl3) δ 174.7, 159.0, 157.6, 135.1, 130.6, 129.4, 121.1, 60.5, 55.5, 46.2, 46.2, 42.8, 32.9, 22.1, 14.4;
IR (neat):  3295, 2965, 1753, 1664, 1592, 1510, 1404, 1173, 830 cm–1; HRMS (MALDI): m/z
calculated for C21H31ClN3O4+ [(M + H)+] 424.1998, found 424.1998.
Benzyl

2-(4-(2-((4-chlorophenyl)amino)-2-oxoacetamido)-

2,2,6,6-tetramethylpiperidin-1-yl)acetate (378b). A solution of
amine

297

(500 mg,

1.48 mmol,

1.00 equiv)

and

benzyl

2-bromoacetate (1.16 mL, 7.40 mmol, 5.00 equiv) in MeCN (5 mL)
was treated with DIPEA (517 L, 2.96 mmol, 2.00 equiv) and heated to reflux for 48 h. The reaction
was cooled to ambient temperature, diluted with AcOEt (20 mL) and washed with H2O (20 mL), and
brine (20 mL). The organic layer was dried over Na2SO4, filtered and the solvent was removed under
reduced pressure. The residue was purified by flash column chromatography (4:1→2:1
hexanes:AcOEt) to yield a yellow solid. The solid was triturated with hexanes (10 mL), the suspension
was filtered, and the filter cake washed with hexanes (10 mL) to furnish the product 378b (529 mg,
74%) as a white powder.
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TLC: Rf = 0.58 (2:1 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 9.27 (s, 1H), 7.61 – 7.56 (m, 2H), 7.39 – 7.29 (m, 8H), 5.13 (s, 2H), 4.18 (tdt, J = 12.3, 7.9, 3.8 Hz,
1H), 3.36 (s, 2H), 1.87 – 1.78 (m, 2H), 1.53 (t, J = 12.2 Hz, 2H), 1.10 (s, 6H), 1.09 (s, 6H); 13C NMR
(101 MHz, CDCl3): δ 174.6, 159.0, 157.6, 136.2, 135.1, 130.6, 129.4, 128.7, 128.4, 128.4, 121.1, 66.5,
55.5, 46.2, 46.2, 42.8, 32.9, 22.1; IR (neat):  3298, 2964, 1755, 1665, 1592, 1512, 1404, 1160, 830,
741, 697, 496 cm–1; HRMS (MALDI): m/z calculated for C26H33ClN3O4+ [(M + H)+] 486.2154, found
486.2153.
2-(4-(2-((4-Chlorophenyl)amino)-2oxoacetamido)-2,2,6,6-tetramethylpiperidin-1yl)acetic

acid

(379)

and

(1R,8S,9s)-

bicyclo[6.1.0]non-4-yn-9-ylmethyl (2-(2-(2-(2-(4-(2((4-chlorophenyl)amino)-2-oxoacetamido)-2,2,6,6tetramethylpiperidin-1yl)acetamido)ethoxy)ethoxy)ethyl)carbamate (380).
A mixture of benzyl ester 378b (195 mg, 401 mol,
1.30 equiv) and PtO2 (7.01 mg, 30.9 mol, 10.0 mol%) in EtOH–AcOEt (1:1, 10 mL) was purged with
hydrogen for 15 min and then stirred under an atmosphere of hydrogen for 4 h. Nitrogen was purged
through the mixture for 15 min and the suspension was filtered through a syringe filter. Evaporation of
the filtrate and co-evaporation with hexanes (15 mL) yielded the pure acid 379 as a white powder. The
solid was suspended in CH2Cl2 (20 mL) and DIPEA (108 L, 617 mol, 2.00 equiv) was added,
followed by HATU (141 mg, 370 mol, 1.20 equiv) and the mixture was stirred for 15 min. A solution
of amine 357337 (100 mg, 308 mol, 1.00 equiv) in CH2Cl2 (5 mL) was added and the reaction was
stirred for 2 h. Silica gel (2.5 g) was added and the mixture was evaporated. The residue was loaded
onto a chromatography column packed with equilibrated (AcEOt) silica gel and eluted with (1:0→95:5
AcEOt:MeOH) to afford the product 380 (154 mg, 71%) as a white solid.
379: TLC: Rf = 0.40 (1:1 AcOEt:MeOH), CAM, UV at 254 nm; 1H NMR (400 MHz, DMSO-d6):
δ 11.11 (br s, 1H), 10.75 (s, 1H), 8.90 (d, J = 8.3 Hz, 1H), 7.91 – 7.79 (m, 2H), 7.44 – 7.34 (m, 2H),
4.21 – 4.08 (m, 1H), 3.30 (s, 2H), 1.77 – 1.65 (m, 4H), 1.12 (s, 6H), 1.08 (s, 6H);

13

C NMR

(101 MHz, DMSO-d6) δ 173.1, 159.3, 158.8, 136.6, 128.6, 128.2, 121.9, 57.4, 46.3, 44.5, 41.0, 31.1,
21.6; IR (neat):  3287, 1678, 1643, 1592, 1518, 1381, 1330, 1268, 1174, 1089, 1016, 898, 827, 791,
736, 682, 492 cm–1; HRMS (MALDI): m/z calculated for C19H27ClN3O4+ [(M + H)+] 396.1685, found
396.1685.
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380: TLC: Rf = 0.34 (20:1 AcOEt:MeOH), CAM, UV at 254 nm; 1H NMR (400 MHz, CDCl3)
δ 9.27 (br s, 1H), 7.69 (br s, 1H), 7.63 – 7.57 (m, 2H), 7.47 (d, J = 8.1 Hz, 1H), 7.39 – 7.31 (m, 2H),
5.20 (br s, 1H), 4.29 – 4.09 (m, 3H), 3.66 – 3.45 (m, 10H), 3.39 (q, J = 5.5 Hz, 2H), 3.19 (s, 2H), 2.34
– 2.14 (m, 6H), 1.91 (dd, J = 12.6, 3.5 Hz, 2H), 1.64 – 1.53 (m, 2H), 1.48 (t, J = 12.4 Hz, 2H), 1.39 –
1.28 (m, 1H), 1.15 (s, 6H), 1.09 (s, 6H), 0.97 – 0.88 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 173.8,
159.1, 157.6, 156.9, 135.1, 130.7, 129.4, 121.1, 98.9, 70.4, 70.3, 70.3, 63.0, 56.2, 48.4, 46.7, 42.5,
40.8, 38.8, 32.7, 29.2, 22.3, 21.6, 20.3, 17.9; IR (neat):  3316, 2924, 1665, 1592, 1509, 1403, 1262,
1092, 1014, 911, 831, 794, 731 cm–1; HRMS (MALDI): m/z calculated for C36H53ClN5O7+ [(M + H)+]
702.3628, found 702.3625.
Heparan sulfate mimetic-NBD 556 conjugate (381).

A solution of HPLC purified peracetylated hexasaccharide 345 (35 mg, 15 mol, 1.0 equiv) in THF
(2 mL) was cooled to 0 °C and treated with NaOMe (5.4 M in MeOH, 138 L, 747 mol, 50.0 equiv).
After 2 min, H2O (2 mL) was added dropwise and the reaction was warmed to ambient temperature
and stirred for 4 h. AcOH (171 L, 2.99 mmol, 200 equiv) was added and the reaction mixture was
lyophilized to give the crude hexasodium salt 346. The crude product was dissolved in MeOH–
DMSO–H2O (3:1:1, 1.5 mL) and treated with a solution of alkyne 380 (21 mg, 29 mol, 2.0 equiv) in
DMSO (100 L) and the mixture was stirred for 4 h. HCO2H (100 L) was added and the solution was
purified by HPLC to give the conjugate 381 (16 mg, 44%) as a white solid.
HRMS (MALDI): m/z calculated for C98H145ClN8O47S6+ [(M – 2H)2–] 1205.3524, found
1205.3529; HPLC: analytical: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00
min) → 80:20 (t = 1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00
min), tR = 8.89 min,  = 271 nm; preparative: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) =
90:10 (t = 0.00 min) → 80:20 (t = 1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) →
90:10 (t = 15.00 min), tR = 7.92 min,  = 271 nm.
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(1R,3S,5R,6R,9R,11R,15S,16R,17R,18S,19E,21E,2
3E,25E,27E,29E,31E,33R,35S,36R,37S)-33(((2R,3S,4S,5S,6R)-4-((((1R,8S,9s)bicyclo[6.1.0]non-4-yn-9ylmethoxy)carbonyl)amino)-3,5-dihydroxy-6methyltetrahydro-2H-pyran-2-yl)oxy)1,3,5,6,9,11,17,37-octahydroxy-15,16,18-trimethyl13-oxo-14,39-dioxabicyclo[33.3.1]nonatriaconta19,21,23,25,27,29,31-heptaene-36-carboxylic acid (384). A suspension of amphotericin B (300,
100 mg, 108 mol, 1.00 equiv) in DMF–MeOH (2:1, 3.0 mL) was treated with (1R,8S,9s)bicyclo[6.1.0]non-4-yn-9-ylmethyl (2,5-dioxopyrrolidin-1-yl) carbonate342 (383, 79.0 mg, 271 mol,
2.50 equiv) and pyridine (61.0 L, 758 mol, 7.00 equiv) and stirred under the exclusion of light at
ambient temperature until the starting material was consumed as judged by LC-MS. The reaction
mixture was poured into ice-cold Et2O (50 mL) and the yellow solid was filtered off. The filter cake
was washed with Et2O (25 mL) and dried under high vacuum to furnish alkyne 384 (95 mg, 80%) as a
yellow solid. The compound was of sufficient purity according to LC-MS to continue with the click
reaction.
HRMS (MALDI): m/z calculated for C58H85NNaO19+ [(M + Na)+] 1122.5608, found 1122.5605.
Heparan sulfate mimetic-amphotericin B conjugate (385).

A solution of HPLC purified peracetylated hexasaccharide 345 (35 mg, 15 mol, 1.0 equiv) in THF
(2 mL) was cooled to 0 °C and treated with NaOMe (5.4 M in MeOH, 138 L, 747 mol, 50.0 equiv).
After 2 min, H2O (2 mL) was added dropwise and the reaction was warmed to ambient temperature
and stirred for 4 h. AcOH (171 L, 2.99 mmol, 200 equiv) was added and the reaction mixture was
lyophilized to give the crude hexasodium salt 346. The crude product was dissolved in H2O–DMF–
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Compound 383 is commercially available from SIGMA-ALDRICH (catalog No. 744867).
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MeOH (3:2:2, 7 mL) and treated with alkyne 384 (23 mg, 20 mol, 1.4 equiv) and the mixture was
stirred under exclusion of light overnight. The mixture was lyophilized, the residue was taken up in
MeOH–DMSO–HCO2H (10:2:1, 2.6 mL) and was purified by HPLC to give the conjugate 385 (9 mg,
22%) as a white solid.
HRMS (ESI): m/z calculated for C120H176N4O59S62– [(M – 2H)2–] 1404.4615; found 1404.4621;
HPLC: analytical: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 90:10
(t = 1.00 min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t = 15.00 min), tR
=8.07 min,  = 408 nm; preparative: gradient: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t =
0.00 min) → 90:10 (t = 1.00 min) → 10:90 (t = 11.00 min) → 10:90 (t = 13.00 min) → 90:10 (t =
15.00 min), tR = 6.19 min,  = 408 nm.
4-(Hydrazonomethyl)phenol (387).343 To a solution of 4-hydroxybenzaldehyde
(1.03 g, 8.39 mmol, 1.00 equiv) in MeOH (8.2 mL) was added 80% hydrazine
hydrate (611 L, 10.1 mmol, 1.20 equiv). The reaction mixture was stirred at
ambient temperature for 1 h, then concentrated under reduced pressure. Drying under high-vacuum for
48 h afforded the product (1.13 g, 99%) as a white solid which was used without further purification in
the following steps.
TLC: Rf = 0.53 (2:1 EtOAc:hexanes); 1H NMR (400 MHz, DMSO-d6): δ 9.28 (br s, 1H), 7.62 (s,
1H), 7.30 (d, J = 8.6 Hz, 2H), 6.72 (d, J = 8.6 Hz, 2H), 6.38 (br s, 2H);

13

C NMR (101 MHz,

DMSO-d6): δ 157.2, 139.4, 127.5, 126.7, 115.3; IR (neat):  3298, 3163, 1602, 1582, 1513, 1446,
1403, 1270, 1216, 1165, 1094, 875, 822, 525 cm–1; HRMS (EI): m/z calculated for C7H8N2O+ [M+]
136.0632, found 136.0628.
4-((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-ylmethoxy)benzaldehyde
(388).

343

To a stirred solution of 4-hydroxybenzaldehyde (150 mg,

1.23 mmol, 1.00 equiv), alcohol 394 (194 mg, 1.29 mmol, 1.05 equiv) and
PPh3 (387 mg, 1.47 mmol, 1.20 equiv) in THF (1.8 mL) was added diethyl azodicarboxylate (233 L,
1.47 mmol, 1.20 equiv). The reaction mixture was stirred at ambient temperature for 3 h. The reaction
mixture was then concentrated under reduced pressure and the crude material was filtered through a
short pad of silica gel eluting with EtOAc. The product fractions were collected and the solvent was
removed under reduced pressure. The crude product was then purified by flash column
chromatography (1:9→1:6→1:3 EtOAc:hexanes) to afford alkyne 388 (133 mg, 43%) as a yellow oil.
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TLC: Rf = 0.38 (1:6 EtOAc:hexanes); 1H NMR (400 MHz, CDCl3):  9.88 (s, 1H), 7.87 – 7.78 (m,
2H), 7.04 – 6.95 (m, 2H), 4.14 (d, J = 7.9 Hz, 2H), 2.39 – 2.28 (m, 4H), 2.27 – 2.18 (m, 2H), 1.68 –
1.51 (m, 3H), 1.12 – 1.02 (m, 2H); 13C NMR (101 MHz, CDCl3): δ 190.9, 164.3, 132.1, 130.0, 114.9,
98.9, 66.3, 29.4, 21.6, 20.4, 18.0; HRMS (ESI): m/z calculated for C17H19O2+ [(M + H)+] 255.1380,
found 255.1382.
4-Nitrophenyl benzo[c][1,2,5]thiadiazol-4-ylcarbamate (391).343 To a
stirred solution of 4-nitrophenyl carbonochloridate (257 mg, 1.27 mmol,
1.10 equiv) in CH2Cl2 (5 mL) at 0 °C was added dropwise a solution of
benzo[c][1,2,5]thiadiazol-4-amine (390, 175 mg, 1.16 mmol, 1.00 equiv) and pyridine (281 L,
3.47 mmol, 3.00 equiv) in CH2Cl2 (3 mL). The yellow suspension was allowed to stir at 0 °C for
15 min, then warmed to ambient temperature and stirred for 30 min. The reaction mixture was then
partitioned between EtOAc (100 mL) and 1 M aq. HCl (100 mL). The layers were separated and the
organics were washed with 1 M aq. HCl (100 mL), satd. aq. NaHCO3 solution (2 x 100 mL) and brine
(100 mL), dried over Na2SO4, filtered and the solvent was removed under reduced pressure to afford
crude product 391 (360 mg) as a yellow solid which was used in the subsequent steps without further
purification.
TLC: Rf = 0.52 (CH2Cl2); HRMS (MALDI): m/z calculated for C13H9N4O4S+ [(M + H)+]
317.0339, found 317.0339.
N-(Benzo[c][1,2,5]thiadiazol-4-yl)-2-(4-((1R,8S,9s)bicyclo[6.1.0]non-4-yn-9ylmethoxy)benzylidene)hydrazinecarboxamide (392).343 To a
stirred solution of aldehyde 388 (133 mg, 523 mol, 1.00 equiv)
in MeOH (1 mL) was added 80% hydrazine hydrate (35 L, 575 mol, 1.10 equiv) and the reaction
mixture was stirred for 10 min. The mixture was evaporated under reduced pressure and the residue
was briefly dried under high vacuum. The resulting crude hydrazone was dissolved in THF (2 mL) and
carbamate 391 (215 mg, 678 mol, 1.30 equiv) was added followed by pyridine (127 L, 1.57 mmol,
3.00 equiv). The reaction mixture was stirred for 4 h at ambient temperature and then partitioned
between EtOAc (30 mL) and 1 M aq. HCl (50 mL). The layers were separated and the aqueous phase
was extracted with EtOAc (30 mL). The combined organic extracts were washed with satd. aq.
NaHCO3 solution (2 x 50 mL), H2O (1 x 50 mL) and brine (1 x 50 mL), dried over Na2SO4, filtered
and the solvent was removed under reduced pressure. The crude material was purified by flash column
chromatography (1:3→1:2→1:1 EtOAc:hexanes) to afford alkyne 392 (35 mg, 15%) as a yellow solid.
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TLC: Rf = 0.53 (1:1 EtOAc:hexanes); 1H NMR (400 MHz, CDCl3): δ 9.60 (br s, 1H), 9.22 (br s,
1H), 8.36 (dd, J = 6.8, 1.5 Hz, 1H), 7.84 (s, 1H), 7.72 – 7.67 (m, 2H), 7.66 – 7.58 (m, 2H), 7.02 – 6.96
(m, 2H), 4.11 (d, J = 8.0 Hz, 2H), 2.42 – 2.16 (m, 6H), 1.70 – 1.52 (m, 3H), 1.10 – 0.99 (m, 2H);
13

C NMR (101 MHz, CDCl3): δ 161.0, 155.1, 153.4, 148.3, 142.4, 131.3, 130.6, 128.8, 126.3, 115.1,

114.8, 113.3, 99.0, 66.0, 29.4, 21.6, 20.4, 18.1; IR (neat):  3356, 3202, 3105, 2925, 1694, 1605, 1551,
1526, 1415, 1246, 1169, 1095, 1012, 829, 749 cm–1; HRMS (ESI): m/z calculated for C24H24N5O2S+
[(M + H)+] 446.1645, found 446.1648.
Heparan sulfate mimetic-18A conjugate (393).343

The crude hexasodium salt (120mg of a mixture with NaOAc, corresponding to 30 mg, 18 mol,
1.00 equiv) and alkyne 392 were dissolved in MeOH–DMSO–H2O (9:5:3, 1.7 mL) and the resulting
mixture was stirred for 26 h. HCO2H (200 L) was added, and the crude reaction mixture was purified
by preparative HPLC to furnish the conjugate 393 (14 mg, 37%) as a pale yellow solid.
HRMS (ESI): m/z calculated for C86H118N8O42S7+ [(M + 2H)2+] 1079.2689, found 1079.2702;
HPLC: analytical: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 80:20 (t = 0.00 min) → 80:20 (t = 1.00
min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 80:20 (t = 15.00 min), tR = 11.32 min,  =
298 nm; preparative: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 80:20 (t = 0.00 min) → 80:20 (t =
1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 80:20 (t = 15.00 min), tR =
10.57 min, = 298 nm.
Methyl 2-(4-methoxy-7-(3-methyl-1H-1,2,4-triazol-1-yl)-1H-pyrrolo[2,3c]pyridin-3-yl)-2-oxoacetate (396a).343 According to a literature procedure,344
a suspension of AlCl3 (2.18 g, 16.4 mmol, 15.0 equiv) in a mixture of dry
CH2Cl2 (5.45 mL) and MeNO2 (1.09 mL), was treated with compound 395345
(250 mg, 1.09 mmol, 1.00 equiv) and methyl 2-chloro-2-oxoacetate (401 L, 4.36 mmol, 4.00 equiv)
and the reaction mixture was stirred at ambient temperature for 4.5 h. The mixture was added dropwise
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Compound 395 was obtained from Activate Scientific (Product ID: AS55473).
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to a cold solution of NH4OAc (41 mL). The mixture was stirred for 20 min and then filtered. The
filtrate was poured into EtOAc (50 mL), the layers were separated and the aqueous layer was extracted
with EtOAc (3 x 50 mL). The combined organic extracts were washed with brine, dried over Na2SO4,
filtered and concentrated under reduced pressure. The filter cake and the crude material were combined
and purified by flash column chromatography (98:2→95:5 CH2Cl2:MeOH) to afford the product 396a
(271 mg, 79%) as an off-white solid.
TLC: Rf = 0.30 (1:1 EtOAc:hexanes); 1H NMR (400 MHz; CDCl3): δ 10.98 (s, 1H), 9.17 (s, 1H),
8.36 (d, J = 3.2 Hz, 1H), 7.77 (s, 1H), 4.06 (s, 3H), 3.97 (s, 3H), 2.59 (s, 3H);

13

C NMR (101 MHz,

CDCl3): δ 180.5, 164.3, 161.8, 150.0, 141.1, 136.3, 129.5, 124.1, 124.0, 121.2, 115.3, 57.0, 52.9, 14.1;
HRMS (ESI): m/z calculated for C14H14N5O4+ [(M + H)+] 316.1040, found 316.1040. The
spectroscopic data is in accordance with the literature.344
2-(4-Methoxy-7-(3-methyl-1H-1,2,4-triazol-1-yl)-1H-pyrrolo[2,3c]pyridin-3-yl)-2-oxoacetic

acid

(396b).343

According

to

a

literature

procedure,346 a suspension of methyl ester 396a (250 mg, 793 mol, 1.00 equiv)
in MeOH (4.3 mL) and H2O (8.6 mL) was treated with NaOH (65.0 mg,
1.63 mmol, 2.05 equiv) and the yellow reaction mixture was stirred at ambient
temperature for 15 min. 1 M aq. HCl (5 mL) was added resulting in the formation of a precipitate. The
suspension was cooled to 0 °C, filtered, and the filter cake was washed with cold MeOH (3 mL). The
filtered solids were dried under high-vacuum at 50 °C for 1 h affording the acid 396b (203 mg, 85 %)
as a solid.
1

H NMR (400 MHz, DMSO-d6): δ 13.92 (br s, 1H), 12.37 (br s, 1H), 9.24 (s, 1H), 8.30 (d, J =

3.4 Hz, 1H), 7.88 (s, 1H), 3.98 (s, 3H), 2.49 (s, 3H); 13C NMR (101 MHz, DMSO-d6): δ 182.8, 166.2,
161.4, 149.2, 142.1, 138.2, 129.6, 123.4, 123.3, 120.8, 113.3, 56.2, 13.9; HRMS (ESI): m/z calculated
for C13H12N5O4+ [(M + H)+] 302.0884; found 302.0885. The spectroscopic data is in accordance with
the literature.344
Benzyl

4-(2-(4-methoxy-7-(3-methyl-1H-1,2,4-triazol-1-yl)-1H-

pyrrolo[2,3-c]pyridin-3-yl)-2-oxoacetyl)piperazine-1-carboxylate
(397).343 To a stirred solution of acid 396b (187 mg, 621 mol,
1.00 equiv) and benzyl piperazine-1-carboxylate (132 L, 683 mol,
1.10 equiv) in DMF (4.4 mL) was added 4-ethylmorpholine (236 L,
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1.86 mmol, 3.00 equiv). The mixture was cooled to 0 °C and HBTU (259 mg, 683 mol, 1.10 equiv)
was added. The reaction mixture was warmed to ambient temperature and stirred for 6 h. The reaction
mixture was then partitioned between H2O (20 mL) and EtOAc (20 mL) and the layers were separated.
The aqueous phase was extracted with EtOAc (20 mL), and the combined organic extracts were
washed with brine (3 x 50 mL), dried over Na2SO4, filtered and concentrated under reduced pressure.
The crude material was purified by flash column chromatography (95:5 CH2Cl2:MeOH) to yield the
product 397 (235 mg, 75 %) as an off-white solid.
TLC: Rf = 0.30 (95:5 CH2Cl2:MeOH); 1H NMR (400 MHz, CDCl3): δ 11.00 (br s, 1H), 9.19 (s,
1H), 8.22 (d, J = 3.2 Hz, 1H), 7.75 (s, 1H), 7.36 (br s, 5H), 5.17 (s, 2H), 4.04 (s, 3H), 3.80 – 3.71 (m,
2H), 3.66 (dd, J = 5.8, 3.1 Hz, 2H), 3.60 (dd, J = 5.8, 3.1 Hz, 2H), 3.54 – 3.46 (m, 2H), 2.59 (s, 3H);
13

C NMR (101 MHz; CDCl3): δ 185.5, 166.6, 161.8, 155.2, 149.9, 141.1, 136.6, 136.4, 129.6, 128.7,

128.4, 128.3, 124.3, 123.4, 121.4, 116.0, 67.8, 57.2, 45.9, 44.0, 43.7, 41.5, 14.1.; IR (neat):  3109,
1691, 1635, 1527, 1499, 1419, 1354, 1286, 1227, 1021, 731 cm–1; HRMS (ESI): m/z calculated for
C25H26N7O5+ [(M + H)+] 504.1990, found 504.1985.
4-(((((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9ylmethoxy)carbonyl)amino)methyl)benzoic acid (399).343 To a
stirred solution of 4-(aminomethyl)benzoic acid (60.0 mg, 397 mol,
1.00 equiv) and activated carbonate 383 (116 mg, 397 mol,
1.00 equiv) in CH2Cl2 (3 mL), DMF (1.5 mL) and H2O (1 mL) was added DIPEA (347 L,
1.99 mmol, 5.00 equiv). The reaction mixture was stirred at ambient temperature for 6 h. The reaction
mixture was partitioned between EtOAc (50 mL) and 1 M aq. HCl (50 mL). The layers were separated
and the aqueous phase was extracted with EtOAc (50 mL). The combined organic extracts were
washed with brine (2 x 50 mL), dried over Na2SO4, filtered and concentrated under reduced pressure to
yield the crude product 399 (128 mg, 98 %) as an off-white solid which was used without further
purification.
1

H NMR (400 MHz, DMSO-d6): δ 12.83 (br s, 1H), 7.95 – 7.83 (m, 2H), 7.75 (t, J = 6.2 Hz, 1H),

7.41 – 7.31 (m, 2H), 4.24 (d, J = 6.1 Hz, 2H), 4.08 (d, J = 8.1 Hz, 2H), 2.30 – 2.08 (m, 6H), 1.61 –
1.43 (m, 2H), 1.35 – 1.25 (m, 1H), 0.92 – 0.80 (m, 2H);

13

C NMR (101 MHz, DMSO-d6): δ 167.2,

156.7, 145.1, 129.4, 129.3, 127.0, 99.0, 61.7, 43.6, 28.6, 20.8, 19.6, 17.6; IR (neat):  3332, 2922,
1690, 1612, 1525, 1419, 1377, 1236, 1176, 1106, 1042, 1019, 974, 775, 752, 703, 556 cm–1; HRMS
(ESI): m/z calculated for C19H20O4N– [(M – H)–] 326.1398, found 326.1404.
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1-(4-Methoxy-7-(3-methyl-1H-1,2,4-triazol-1-yl)-1H-pyrrolo[2,3c]pyridin-3-yl)-2-(piperazin-1-yl)ethane-1,2-dione (400).343 To a solution
of benzyl carbamate 397 (50.0 mg, 99.3 mol, 1.00 equiv) in MeOH (1 mL)
and CH2Cl2 (0.5 mL), was added 10% Pd/C (7.93 mg, 74.5 mol,
7.50 mol%) under an N2 atmosphere. The atmosphere exchanged for H2 and
the reaction mixture was stirred at ambient temperature for 22 h. The reaction mixture was diluted with
MeOH and filtered through a syringe filter. The filtrate was concentrated under reduced pressure and
the residue was purified by flash column chromatography (90:10:1 CH2Cl2:MeOH:Et3) to yield the
product 400 (27 mg, 74%) as a light yellow solid which contains ~30 mol% of an ammonium species
as impurity.
TLC: Rf = 0.27 (90:10:1 CH2Cl2:MeOH:Et3N); 1H NMR (600 MHz, CD3OD):* δ 9.20 (d, J =
0.5 Hz, 1H), 8.26 (s, 1H), 7.83 (s, 1H), 4.06 (s, 3H), 3.75 – 3.68 (m, 2H), 3.49 – 3.44 (m, 2H), 3.00 –
2.91 (m, 2H), 2.88 – 2.81 (m, 2H), 2.54 (s, 3H);

13

C NMR (150 MHz, CD3OD):** δ 187.4, 168.8,

162.9, 151.2, 142.9, 139.7, 131.2, 125.7, 124.6, 122.1, 115.9, 57.4, 48.0, 46.34, 46.0, 43.1, 13.8; IR
(neat):  3287, 1636, 1528, 1500, 1448, 1417, 1290, 1242, 1100, 1019, 969 cm–1; HRMS (ESI): m/z
calculated for C17H20N7O3+ [(M + H)+] 370.1622, found 370.1625. * contains ammonium impurity
with signals at 2.96 (q, J = 7.3 Hz, 1H) and 1.21 (t, J = 7.3 Hz, 1H) ppm; ** contains ammonium
impurity with signals at 9.93 and 47.6 ppm
(1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9ylmethyl

4-(4-(2-(4-methoxy-7-(3-methyl-1H-

1,2,4-triazol-1-yl)-1H-pyrrolo[2,3-c]pyridin-3yl)-2-oxoacetyl)piperazine-1carbonyl)benzylcarbamate (401).343 To a stirred
solution of amine 400 (21.1 mg, 57.1 mol, 1.10 equiv) and acid 399 (17.0 mg, 51.9 mol, 1.00 equiv)
in DMF (0.5 mL) was added 4-ethylmorpholine (23 L, 182 mol, 3.50 equiv). The reaction mixture
was cooled to 0 °C, then HBTU (21.7 mg, 57.1 mol, 1.10 equiv) was added and it was stirred at
ambient temperature for 6 h. The reaction was partitioned between H2O (20 mL) and EtOAc (20 mL).
The layers were separated and the aqueous phase was extracted with EtOAc (20 mL). The combined
organic extracts were washed with 1 M aq. HCl (50 mL) and brine (3 x 50 mL), dried over Na2SO4,
filtered and evaporated under reduced pressure. The crude material was purified by flash column
chromatography (98:2→95:5 CH2Cl2:MeOH) affording alkyne 401 (22 mg, 62%) as a white solid.
TLC: Rf = 0.33 (95:5 CH2Cl2:MeOH); 1H NMR (600 MHz, CDCl3) δ 11.05 (br s, 1H), 9.10 (d, J =
0.5 Hz, 1H), 8.22 (d, J = 3.2 Hz, 1H), 7.76 (s, 1H), 7.47 – 7.33 (m, 4H), 5.07 (br s, 1H), 4.41 (s, 2H),
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4.20 (d, J = 8.3 Hz, 2H), 4.05 (s, 3H), 3.97 – 3.67 (m, 4H), 3.67 – 3.39 (m, 4H), 2.56 (d, J = 0.4 Hz,
3H), 2.35 – 2.13 (m, 2H), 1.72 – 1.49 (m, 6H), 1.41 – 1.32 (m, 1H), 0.95 (t, J = 10.0 Hz, 2H);
13

C NMR (151 MHz, CDCl3): δ 185.5, 170.6, 166.7, 162.4, 156.9, 149.7, 141.5, 141.2, 136.5, 134.2,

130.0, 127.7, 124.3, 123.3, 121.6, 115.9, 98.9, 63.4, 57.2, 46.2, 44.8, 41.8, 29.2, 21.6, 20.3, 17.9, 14.3;
IR (neat):  3314, 2922, 1710, 1636, 1572, 1527, 1500, 1459, 1287, 1243, 1007, 731 cm–1; HRMS
(ESI): m/z calculated for C36H39N8O6+ [(M + H)+] 679.2987, found 679.2980.
Heparan sulfate mimetic-BMS-626529 conjugate (402).343

A solution of HPLC purified peracetylated hexasaccharide 345 (39 mg, 17 mol, 1.0 equiv) in THF
(2 mL) was cooled to 0 °C and treated with NaOMe (5.4 M in MeOH, 154 L, 832 mol, 50.0 equiv).
After 2 min, H2O (2 mL) was added dropwise and the reaction was warmed to ambient temperature
and stirred for 2 h. AcOH (191 L, 3.33 mmol, 200 equiv) was added and the reaction mixture was
lyophilized to give the crude hexasodium salt 346. The crude product was dissolved in MeOH–
DMSO–H2O (3:1:1, 1.5 mL) and treated with a solution of alkyne 401 (27 mg, 40 mol, 2.5 equiv) in
DMSO (300 L) and the mixture was stirred for 15 h. HCO2H (200 L) was added and the solution
was purified by HPLC to give the conjugate 402 (18 mg, 48%) as a white solid.
HRMS (ESI): m/z calculated for C98H133N11O46S62+ [(M + 2H)2+] 1195.8360, found 1195.8383;
HPLC: analytical: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 80:20 (t = 0.00 min) → 80:20 (t = 1.00
min) → 50:50 (t = 11.00 min) → 10:90 (t = 13.00 min) → 80:20 (t = 15.00 min), tR = 7.56 min,  =
315 nm; preparative: H2O (+0.1% TFA):MeCN (+0.1% TFA) = 90:10 (t = 0.00 min) → 80:20 (t =
1.00 min) → 50:50 (t = 11.00 min) → 10:90 (t = 12.00 min) → 10:90 (t = 14.00 min) → 90:10 (t =
15.00 min), tR = 6.83 min, = 315 nm.
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Hexakis(2,6-di-O-allyl)-α-cyclodextrin

(403).

According

to

a

literature procedure,347 compound 403 was prepared from freshly dried
-cyclodextrin322 (18.0 g, 18.5 mmol, 1.00 equiv) and allyl bromide
(130 mL,

1.72 mol,

93.0 equiv),

finely powdered

BaO

(89.0 g,

583 mmol, 31.5 equiv), and finely powdered Ba(OH)2·8 H2O (89.0 g,
283 mmol, 15.3 equiv) in dry DMF–DMSO (1:1, 600 mL). After flash
column chromatography (4:1→1:1 CH2Cl2:AcOEt) and trituration with
cyclohexane, the product 403 (12.4 g, 46%) was obtained as a white
solid.
TLC: Rf = 0.35 (1:1 hexanes:AcOEt), CAM, not UV active; 1H NMR (400 MHz, CDCl3): δ 6.00 –
5.84 (m, 12H), 5.33 – 5.23 (m, 12H), 5.23 – 5.15 (m, 12H), 4.91 (d, J = 3.5 Hz, 6H), 4.71 (br s, 6H),
4.44 (ddt, J = 12.6, 5.4, 1.4 Hz, 6H), 4.22 (ddt, J = 12.6, 7.0, 1.1 Hz, 6H), 4.15 – 4.09 (m, 6H), 4.09 –
3.98 (m, 12H), 3.85 (dt, J = 10.0, 3.0 Hz, 6H), 3.70 (d, J = 2.9 Hz, 12H), 3.54 (dd, J = 9.9, 8.4 Hz,
6H), 3.45 (dd, J = 9.7, 3.4 Hz, 6H); 13C NMR (101 MHz, CDCl3): δ 135.0, 134.4, 118.8, 117.4, 101.6,
83.6, 78.8, 73.8, 73.3, 72.7, 70.5, 68.9; IR (neat):  3435, 2927, 1359, 1247, 1154, 1083, 1049, 925,
562 cm–1; HRMS (MALDI): m/z calculated for C72H108NaO30+ [(M + Na)+] 1475.6818, found
1475.6816; []23D: +44.8 (c = 0.25, CHCl3). The spectroscopic data is in accordance with the
literature.347
Hexakis(2,6-di-O-allyl-3-benzyl)-α-cyclodextrin (404). According
to a literature procedure for the per-methylation of compound 403,347
benzyl ether 404 was prepared by treatment of a solution of allylated
-cyclodextrin 403 (13.4 g, 9.22 mmol, 1.00 equiv) in dry DMF
(400 mL) with NaH (9.95 g, 415 mmol, 45.0 equiv) in small portions at
0 °C. After complete addition, the mixture was stirred for 1 h, and then
(nBu)4NI (1.02 g, 2.77 mmol, 30.0 mol%) was added, followed by
dropwise addition of BnBr (27.4 mL, 230 mmol, 25.0 equiv). The reaction mixture was stirred
overnight at ambient temperature and then quenched by dropwise careful addition of H2O (10 mL)
under an atmosphere of nitrogen at 0 °C. After hydrogen evolution ceased, the mixture was poured
onto H2O (1.0 L) and CH2Cl2 (1.0 L) and the layers were separated. The organic layer was washed
with H2O (4 x 500 mL) and brine (500 mL), dried over Na2SO4, filtered, and the solvent was removed
under reduced pressure. The residue was purified multiple times by flash column chromatography (5:1
hexanes:AcOEt) to yield the pure benzyl ether 404 (15.4 g, 84%) as a glassy solid.
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TLC: Rf = 0.69 (2:1 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 7.41 (d, J = 7.0 Hz, 12H), 7.34 – 7.18 (m, 18H), 5.96 (ddt, J = 17.5, 10.7, 5.5 Hz, 6H), 5.72 (ddt, J =
16.5, 10.3, 5.8 Hz, 6H), 5.38 – 5.16 (m, 24H), 5.14 – 4.97 (m, 12H), 4.90 (d, J = 11.0 Hz, 6H), 4.14 –
3.90 (m, 48H), 3.71 (d, J = 10.8 Hz, 6H), 3.46 (dd, J = 9.8, 3.4 Hz, 6H); 13C NMR (101 MHz, CDCl3):
δ 139.8, 135.4, 135.1, 128.1, 127.5, 127.1, 117.2, 116.9, 99.4, 80.8, 80.2, 79.4, 75.6, 72.5, 72.4, 71.5,
69.4; IR (neat):  2925, 1454, 1352, 1090, 1027, 924, 733, 697 cm–1; HRMS (MALDI): m/z calculated
for C114H144NaO30+ [(M + Na)+] 2015.9635, found 2015.9638; []23D: +73.4 (c =1.00, CHCl3).
Hexakis(2,6-di-O-acetyl-3-benzyl)-α-cyclodextrin (406). A solution
of

(1,5-cyclooctadiene)bis(methyldiphenylphosphine)iridium(I)

hexafluorophosphate (410, 74.0 mg, 87.5 mol, 5.00 mol%) in degassed
(by purging with N2 for 30 min) THF (10 mL) was purged with hydrogen
for 10 min, so that an almost colorless solution was obtained. The
solution was then thoroughly purged with N2 for 30 min in order to
remove hydrogen. This solution was then added to a solution of protected
-cyclodextrin 404 (3.50 g, 1.76 mmol, 1.00 equiv) in degassed THF
(50 mL) and the mixture was stirred overnight. The solvent was removed under reduced pressure and
the crude material was suspended in AcOH–H2O (4:1, 50 mL) and heated to 80 °C for 6 h. The solvent
was removed by lyophilization and the residual oil was dissolved in pyridine (50 mL). Acetic
anhydride (8.28 mL, 88.0 mmol, 50.0 equiv) and DMAP (2.14 mg, 17.5 mol, 1.00 mol%) were
added, and the mixture was stirred at ambient temperature overnight. The solvent was evaporated and
the residual oil was taken up in AcOEt (50 mL), washed with 2 M HCl (50 mL), satd. aq. NaHCO3
solution (50 mL), and brine (50 mL). The solution was dried over Na2SO4 and the solvent was
evaporated under reduced pressure. The residue was purified by flash column chromatography
(1:1→1:2 hexanes:AcOEt) to yield the product 406 (3.20 g, 90%) as a white solid.
TLC: Rf = 0.59 (1:2 hexanes:AcOEt), CAM, UV active at 254 nm; 1H NMR (400 MHz, CDCl3):
δ 7.49 – 7.08 (m, 30H), 5.21 (d, J = 3.4 Hz, 6H), 5.02 (d, J = 12.0 Hz, 6H), 4.94 (dd, J = 10.0, 3.4 Hz,
6H), 4.79 (d, J = 12.0 Hz, 6H), 4.63 – 4.53 (m, 6H), 4.41 (dd, J = 12.3, 4.8 Hz, 6H), 4.25 – 4.20 (m,
6H), 4.18 (dd, J = 10.0, 8.2 Hz, 6H), 3.82 (t, J = 8.7 Hz, 6H), 2.18 (s, 18H), 1.53 (s, 18H); 13C NMR
(101 MHz, CDCl3): δ 170.8, 170.5, 138.5, 128.6, 127.8, 126.4, 98.7, 80.5, 78.5, 74.6, 72.3, 70.5, 63.2,
21.0, 20.5; IR (neat):  2936, 1740, 1367, 1230, 1078, 1027, 910, 733, 698 cm–1; HRMS (MALDI):
m/z calculated for C102H120NaO42+ [(M + Na)+] 2039.7146, found 2039.7114; []23D: +151 (c = 1.00,
CHCl3).
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4.1

X-Ray Crystallography

4.1.1

X-Ray Crystallographic Data for Compound ent-151

Crystal Data
CCDC Deposition Number:
Empirical Formula:
Formula Weight:
Temperature:
Radiation:
Crystal System, Space Group:
Unit Cell Dimensions:

Volume:
Z:
Calculated Density:
Absorption Coefficient:
F(000):
Crystal Size:

1010074
C7H9BrO2
205.05
100.0(2) K
MoKα (λ = 0.71073 Å)
Trigonal, P32
a = 17.812(2) Å
 = 90°
b = 17.812(2) Å
 = 90°
c = 6.2589(5) Å
 = 120°
3
1719.7(3) Å
9
1.782 mg/mm3
5.313 mm–1
918.0
(0.32 × 0.08 × 0.05) mm3

Data Collection
2Θ Range for Data Collection:
Index Ranges:
Reflections Collected / Unique:
Completeness to 2Θ = 61.0°:

2.64–61.0°
–25 ≤ h ≤ 25, –25 ≤ k ≤ 25, –8 ≤ l ≤ 8
18642 / 6360 [R(int) = 0.0301]
100%

Solution Refinement
Refinement Method:
Data / Restraints / Parameters:
Goodness-of-Fit on F2:
Final R Indexes [I>=2σ (I)]:
Final R Indexes (all Data):
Largest Diff. Peak and Hole:
Flack Parameter:

least squares minimization
6360 / 1 / 275
1.033
R1 = 0.0235, wR2 = 0.0456
R1 = 0.0255, wR2 = 0.0467
0.74 and –0.48 e Å–3
0.008(5)

Experimental
Single crystals of compound ent-151 were crystallized from an Et2O/pentane mixture. A suitable
crystal was selected under a microscope using polarized light and tip-mounted on a BRUKER ApexII
Duo diffractometer. The crystal was kept at 100.0(2) K during data collection. Using OLEX2, 348 the

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
348
O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Cryst. 2009, 42, 339–341.
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structure was solved with the SHELXS349 structure solution program using direct methods and
refined with the SHELXL349 refinement package using least squares minimization.

4.1.2

X-Ray Crystallographic Data for Compound 161

Crystal Data
CCDC Deposition Number:
Empirical Formula:
Formula Weight:
Temperature:
Radiation:
Crystal System, Space Group:
Unit Cell Dimensions:

Volume:
Z:
Calculated Density:
Absorption Coefficient:
F(000):
Crystal Size:

1010073
C21H24N2O4S
400.48
99.99K
MoKα (λ = 0.71073 Å)
Monoclinic, P21
a = 11.639(1) Å
 = 90°
b = 5.5765(3) Å
 = 106.278(3)°
c = 15.545(1) Å
 = 90°
3
968.48(10) Å
2
1.373 mg/mm3
0.198 mm-1
424.0
(0.240 × 0.045 × 0.015) mm3

Data Collection
2Θ Range for Data Collection:
Index Ranges:
Reflections Collected / Unique:
Completeness to 2Θ = 55.19°:

5.13–55.19°
–15 ≤ h ≤ 15, –7 ≤ k ≤ 7, –20 ≤ l ≤ 20
22103 / 4487 [R(int) = 0.0442, R(sigma) = 0.0471]
99.8%

Solution Refinement
Refinement Method:
Data / Restraints / Parameters:
Goodness-of-Fit on F2:
Final R Indexes [I>=2σ (I)]:
Final R Indexes (all Data):
Largest Diff. Peak and Hole:
Flack Parameter:

least squares minimization
4487 / 3 / 262
1.028
R1 = 0.0341, wR2 = 0.0678
R1 = 0.0465, wR2 = 0.0720
0.23 and –0.31 e Å–3
0.04(3)

Experimental
Single crystals of compound 161 were crystallized from CDCl3. A suitable crystal was selected
under a microscope using polarized light and tip-mounted on a BRUKER Kappa ApexII
diffractometer. The crystal was kept at 100.0(2) K during data collection. Using OLEX2,348 the
structure was solved with the SHELXS349 structure solution program using direct methods and
refined with the SHELXL349 refinement package using least squares minimization.

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
349
SHELXS-97, SHELXL-97: G. M. Sheldrick, Acta Cryst. 2008, A64, 112–122.
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4.1.3

X-Ray Crystallographic Data for Compound 204

Crystal Data
CCDC Deposition Number:
Empirical Formula:
Formula Weight:
Temperature:
Radiation:
Crystal System, Space Group:
Unit Cell Dimensions:

Volume:
Z:
Calculated Density:
Absorption Coefficient:
F(000):
Crystal Size:

1045963
C32H26N2O8
556.56
100.0(2) K
MoK (λ = 0.71073 Å)
Monoclinic, P21
a = 7.6755(11) Å
 = 90°
b = 31.833(4) Å
 = 91.741(4)°
c = 10.9534(13) Å
 = 90°
3
2675.1(6) Å
4
1.407 mg/mm3
0.102 mm-1
1184
(0.24 × 0.12 × 0.07) mm3

Data Collection
2Θ Range for Data Collection:
Index Ranges:
Reflections Collected / Unique:
Completeness to 2Θ = 27.5°:

1.86–27.5°
–9 ≤ h ≤ 9, 0 ≤ k ≤ 41, 0 ≤ l ≤ 14
6251 / 6219
99.6%

Solution Refinement
Refinement Method:
Data / Restraints / Parameters:
Goodness-of-Fit on F2:
Final R Indexes [I>=2σ (I)]:
Final R Indexes (all Data):
Largest Diff. Peak and Hole:
Flack Parameter:

least squares minimization
5684 / 1 / 757
1.097
R1 = 0.0576, wR2 = 0.1691
R1 = 0.0628, wR2 = 0.1715
0.341 and –0.342 e Å–3
–0.3(14)

Experimental
Single crystals of compound 204 were crystallized from AcOEt/pentane. A suitable crystal was
selected under a microscope using polarized light and tip-mounted on a BRUKER ApexII Duo
diffractometer. The crystal was kept at 100.0(2) K during data collection. Using OLEX2,348 the
structure was solved with the SHELXS349 structure solution program and refined with the
SHELXL349 refinement package using least squares minimization.
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4.1.4

X-Ray Crystallographic Data for Compound 216

Crystal Data
CCDC Deposition Number:
Empirical Formula:
Formula Weight:
Temperature:
Radiation:
Crystal System, Space Group:
Unit Cell Dimensions:

Volume:
Z:
Calculated Density:
Absorption Coefficient:
F(000):
Crystal Size:

1045964
C32H30N2O8
570.59
100.0(2) K
MoK (λ = 0.71073 Å)
Monoclinic, P21
a = 8.2380(11) Å
 = 90°
b = 10.6294(12) Å
 = 96.772(7)°
c = 15.248(2) Å
 = 90°
3
1325.8(3) Å
2
1.429 mg/mm3
0.103mm-1
600
(0.24 × 0.20 × 0.10) mm3

Data Collection
2Θ Range for Data Collection:
Index Ranges:
Reflections Collected / Unique:
Completeness to 2Θ = 30.7°:

2.34–30.7°
–11 ≤ h ≤ 11, –15 ≤ k ≤ 13, –21 ≤ l ≤ 21
46993 / 7813 [R(int) = 0.0392]
99.4%

Solution Refinement
Refinement Method:
Data / Restraints / Parameters:
Goodness-of-Fit on F2:
Final R Indexes [I>=2σ (I)]:
Final R Indexes (all Data):
Largest Diff. Peak and Hole:
Flack Parameter:

least squares minimization
6739 / 1 / 381
1.029
R1 = 0.0401, wR2 = 0.0858
R1 = 0.0513, wR2 = 0.0912
0.298 and –0.230 e Å-3
0.2(3)

Experimental
Single crystals of compound 216 were crystallized from AcOEt/hexanes. A suitable crystal was
selected under a microscope using polarized light and tip-mounted on a BRUKER ApexII Duo
diffractometer. The crystal was kept at 100.0(2) K during data collection. Using OLEX2,348 the
structure was solved with the SHELXS349 structure solution program and refined with the
SHELXL349 refinement package using least squares minimization.
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NMR Spectroscopic Data
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