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Functionalization of a Rigid Divalent Ligand for LecA,

a Bacterial Adhesion Lectin**
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Roland J. Pieters*!

The bacterial adhesion lectin LecA is an attractive target for in-
terference with the infectivity of its producer P. aeruginosa. Di-
valent ligands with two terminal galactoside moieties connect-
ed by an alternating glucose-triazole spacer were previously
shown to be very potent inhibitors. In this study, we chose to
prepare a series of derivatives with various new substituents in
the spacer in hopes of further enhancing the LecA inhibitory
potency of the molecules. Based on the binding mode, modifi-

Introduction

Enhancing the binding potency of carbohydrate inhibitors of
protein—carbohydrate interactions is an important step to-
wards improved medicinal applications." This is mostly the
case because of the relatively weak interactions between pro-
teins and carbohydrate ligands. Ensuring multivalency of li-
gands is a proven method to achieve this.”

LecA is an important virulence factor of Pseudomonas aerugi-
nosa and is involved in bacterial adhesion and biofilm forma-
tion.®”! The protein has recently become a popular target for
the design of multivalent inhibitors.”) The tetrameric protein
promotes the adhesion of the bacteria to tissue cell surfaces,
thus facilitating subsequent steps such as cell invasion and
biofilm formation. Inhibiting bacterial adhesion proteins has
the potential to become a mild and less resistance-prone
method to treat and prevent bacterial infections.”” Two of the
four binding sites, with specificity for galactosides, are relative-
ly close together with a separation of about 26 A This ar-
rangement has led us to design and synthesize divalent galac-
toside ligands with well-defined and rigid spacers that should
allow a chelation-type divalent binding mode.”” Flexible
spacers are commonly used as they are forgiving of imperfect
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cations were made to the spacer to enable additional spacer-
protein interactions. The introduction of positively charged,
negatively charged, and also lipophilic functional groups was
successful. The compounds were good LecA ligands, but no
improved binding was seen, even though altered thermody-
namic parameters were observed by isothermal titration calo-
rimetry (ITC).

design and usually yield sizeable potency enhancements in
multivalent systems.”” They are, however, not optimal as there
will be a significant entropy loss upon binding and, moreover,
achieving selectivity will be less likely. In our search for an opti-
mal spacer we found compound 1 (Figure Ta) to be a highly
potent divalent ligand with nanomolar inhibitory potency.®
The spacer of this structure contains direct linkages between
the glucose moieties and the connected triazoles.® This ar-
rangement leads to a relatively rigid structure, in which rota-
tions of the components can take place, but the overall geom-
etry remains mostly linear.

Most importantly, good solubility in water was observed. We
found that three glucose-triazole units was the optimal length
for LecA inhibition, while divalent ligands with two and four
units showed far inferior inhibition. All data were consistent
with a chelating binding mode; especially convincing was the
stoichiometry derived from isothermal titration calorimetry
(ITC) binding experiments. Furthermore, the short linkage of
just a single carbon between the galactoside ligand and the
triazole proved to be a major contributing factor to the suc-
cess of this compound.

In order to further optimize the potency of the compound
and to explore the principle of protein-spacer interactions, we
now report on our functionalization of the spacer of 1 with
various functional groups. The presence of the two carboxy-
lates (Asp 47 in each subunit) is apparent when looking at the
path between the two bound galactosides, which the spacer is
likely to span on the LecA protein surface when chelating biva-
lent binding occurs (Figure 1¢). These two carboxylates are
likely to be in close proximity to the 6-OH group on the termi-
nal spacer glucoside units, depending on the rotational state
of the molecule. This C-6 position can be modified by using
the proper protecting group during synthesis.

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Structure of potent divalent LecA inhibitor 1 with the relatively rigid glucose-triazole-based spacer;
b) Schematic divalent binding mode of a divalent ligand to two LecA subunits; c) X-ray structure of LecA with
bound galactose moieties. The two Asp47 carboxylates in the spacer path are shown explicitly.”

Molecular modeling was used in order to gauge whether
positively charged functional groups at the C-6 position on the
terminal spacer glucoside units would be able to interact with
the Asp 47 residues. Firstly, ammonium groups were used (as
derived from 12, see below). Creating a stabilized conforma-
tion with the positive charges in close proximity to the Asp 47
carboxylates was possible, and this orientation was used as the
starting point of additional simulations. When running an unre-
strained nanosecond molecular dynamics (MD) simulation with
explicit water molecules, the stabilized geometry persisted
throughout the simulation (see Supporting Information). Espe-
cially, the two hydrogen-bonded salt bridges, between the
Asp 47 side chains and the ammonium groups of the protonat-
ed form of 12, remained within 3 A and were compatible with
a geometry that included two fully bound galactoside ligand
units. Such a bound geometry was also possible for a com-
pound that included a pyridinium group (as in 13), but result-
ed in longer distances between the carboxylate oxygens and
the pyridinium nitrogens, due to bigger steric requirements of
the pyridinium units. Furthermore, while performing a similar
MD simulation, this structure was not maintained, indicating
indeed the larger steric requirements of the pyridinium group
when facing the protein surface. These experiments lead to
the conclusion that the introduction of ammonium groups
would be most promising.

We chose to prepare a series of derivatives with various new
substituents in the spacer in hopes of further enhancing the
LecA inhibitory potency of the molecules. Positively charged
substituents were included, as reasoned above. Also, negative-
ly charged and more lipophilic groups were included as these
could possibly benefit from interacting with other proximate
parts of the protein that would not have been previously obvi-
ous.
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Results and Discussion
OH
The synthesis of the modified

spacers started with two previ-
ously prepared building blocks 2
and 3.® These building blocks
were coupled by a double cop-
per(l)-catalyzed azide alkyne cy-
cloaddition (CuAAC) reaction.
Next, the two galactosyl axial 4-
OH groups of the resulting prod-
uct 4 were turned into triflates,
thus enabling the subsequent
substitution by azide with inver-
sion to give 5. The terminal
azides were subsequently linked
to the protected galactosyl
ligand 6a by CuAAC yielding 7.
Selective removal of the tert-bu-
tyldimethylsilyl (TBDMS) groups
then gave 8 which is ready for
further  functionalization. The
synthetic pathway is summar-
ized in Scheme 1.

The two hydroxymethylene groups of compound 8 were
oxidized to carboxylic acids using 2,2,6,6-tetramethylpiperidin-
1-yl)oxidanyl (TEMPO) (Scheme 2). Removal of the protecting
groups gave 9. Reaction of 8 with triflic anhydride in the pres-
ence of pyridine followed by Zemplén deprotection gave the
bis pyridinium compound 10. Tosylation of the primary hy-
droxy groups of 8 followed by reaction with sodium azide
gave the intermediate 11. Zemplén deprotection of 11, fol-
lowed by the hydrogenation of the azido groups gave the dia-
mine 12. CuAAC coupling of phenylacetylene to 11 and subse-
quent Zemplén deprotection gave the bis-triazole 13. All final
products were purified by preparative high-performance liquid
chromatography (HPLC).

The compounds were tested on an array chip in an assay
similar to an enzyme-linked immunosorbent assay (ELISA), as
previously reported.”! Fluorescein-labeled LecA was incubated
with the inhibitors and exposed to a galactoside-functionalized
chip surface. Detection of the fluorescence allowed quantifica-
tion of the binding. Monovalent ligand 6b was previously de-
termined to have an ICy, in this assay of 22 um.® Clearly all di-
valent compounds were far more potent and showed major
multivalency effects (Table 1). The previous best inhibitor, 1,
still remained the most potent compound in the present series
with an ICs, in the 2-3 nm range, as before. The pyridinium-
functionalized 10 and the phenylacetylene-derived 13 showed
only a minor drop in potency, with ICs, values in the 5nm
range. Larger potency drops of about an order of magnitude
were observed for both the negatively charged bis-carboxylate
9 and the positively charged bis-amine 12. Subsequently, ITC
experiments were conducted, which confirmed the divalent
binding mode in all cases, with the stoichiometry n values
being close to 0.5. As before® the dissociation constants (Ky)
were somewhat higher than the ICy, values from the chip-

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Reagents and conditions: a) CuSO,-5H,0, NaAsc, DMF with 10% H,0, 80°C, 30 min, 85%; b) 1) Tf,0, 10% pyridine in CH,Cl,, 0°C, 3 h, 2) NaN; ace-
tone/H,0 (4:1), rt, o/n, 98%; c) 6a, CuSO,5H,0, NaAsc, DMF with 10% H,0, 80°C, 30 min, 64 %; d) p-TsSOH, CH;CN/H,0 (7:1), rt, 6 h, 83 %.
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Scheme 2. Reagents and conditions: a) 1) TEMPO, NaOCI, NaBr, Bu,;NBr, NaHCO,/Na,CO; pH 9.5, 0°C, 2 h, 2) NaOMe, MeOH, rt, o/n, 38%; b) 1) Tf,0, 10% pyri-
dine in CH,Cl,, 0°C—rt, 3 h, 2) NaOMe, MeOH, rt, o/n, 44%, c) 1) TsCl, DABCO, CH,Cl,, rt, o/n, 2) NaN,, DMF, 95°C, o/n, 34%, d) 1) NaOMe, MeOH, rt, o/n, 2) H,,
Pd/C, rt, 60%, €) 1) phenylacetylene, CuSO,-5H,0, NaAsc, DMF with 10% H,O, 80°C, 30 min, 2) NaOMe, MeOH, rt, o/n, 24%.
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Table 1. Inhibitory potencies (ICs,) of the divalent inhibitors on LecA

binding® and dissociation constants (K), stoichiometry, and thermody-

namic binding parameters'

Cmpd ELISA ICs, K@ (ITC) n'e AH —TAS

[nm] [nm] [kJmol™] [kJmol™]

1 1.8 57 (£7) 0.50 —49.1 10.0
9 31 68 (£10) 0.50 —-50.0 9.1
10 5.2 89 (£7) 0.51 —50.1 9.9
12 19 56 (£3) 0.49 —48.7 74
13 4.9 57 (£7)9 050 —44.4 3.0

[a] Chip-based ELISA-like assay: FITC-labeled LecA (5 pgmL™") binding to
a galactoside functionalized chip surface. [b] Obtained from isothermal ti-
tration microcalorimetry (ITC): [LecA]=20-40 um. [c] 1% DMSO used.
[d] Values reported + S.D.. [e] Stoichiometry.

based ELISA-like assay. Furthermore the small potency differen-
ces of the chip-based assay were not seen in the ITC assay. All
compounds showed inhibitory potencies within a narrow
range (57-89 nm). Interestingly, when looking at the enthalpic
and entropic components of the binding event, the lipophilic
and noncharged compound 13, showed enthalpy-entropy
compensation, with a lower beneficial binding enthalpy and,
at the same time, a lowered entropy loss upon binding. The
latter is understandable as an example of the hydrophobic
effect where water molecules in an ice-like structure are liber-
ated from the lipophilic surfaces. For this reason some degree
of lipophilic association is suggested for 13.

Conclusion

New derivatives of a highly potent divalent LecA ligand were
prepared. It proved possible to use selectively protected 6-OH
groups to build up the ligand in its protected form. Subse-
quently, the selectively deprotectable silyl groups were re-
moved, and the resulting primary hydroxy groups were con-
verted to carboxylate groups by oxidation, to tosylates and
subsequently to azides by substitution, and to pyridiniums via
their corresponding triflates. The azides allowed CuAAC cou-
pling and also further reduction to the corresponding amino
groups. While it was anticipated that some of these groups
would be able to take advantage of additional beneficial inter-
actions with the nearby protein surface, we did not observe
this through enhanced inhibitory or binding potencies. This
was true even for the positively charged groups that could
possibly take advantage of the nearby positioned carboxylate
groups of Asp47. Molecular modeling indicated that these in-
teractions were geometrically possible and could be energeti-
cally favorable. However, a possible alternative scenario, where
the newly added groups point into the solution and thus away
from the protein surface, is apparently more favorable in this
case. In future designs, these options should be avoided. Nev-
ertheless, the functionalization of the spacers will also be im-
portant in order to fine-tune other properties of this type of
ligand, such as toxicity and absorption, distribution, metabo-
lism, and excretion (ADME), which are important for drug de-
velopment.
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Experimental Section

General: Chemicals were obtained from commercial sources and
were used without further purification unless noted otherwise.
Compounds 2, 3, and 6 were synthesized following literature pro-
cedures.” Solvents were purchased from Biosolve (Valkenswaard,
The Netherlands). All moisture- sensitive reactions were performed
under an N, atmosphere. Anhydrous solvents were dried over mo-
lecular sieves of 4 A or 3 A. Thin-layer chromatography (TLC) was
performed on Merck precoated Silica 60 plates. Spots were visual-
ized by UV light and also by 10% H,SO, in MeOH. Microwave reac-
tions were carried out in a microwave Initiator system (Biotage, Up-
psala, Sweden). The microwave power was limited by temperature
control once the desired temperature was reached. Sealed vessels
of 2-5mL and 10-20 mL were used. Analytical HPLC runs were
performed on an automated HPLC system (Shimadzu, Kyoto,
Japan) with a reversed-phase column (Reprospher 100, C4, 5 um,
250%4.6 mm, Dr. Maisch GmbH, Ammerbuch-Entringen, Germany)
which was equipped with an evaporative light scattering detector
(PLELS 1000, Polymer Laboratories, Amherst, USA) and a UV/Vis de-
tector operating at 220 nm and 250 nm. Preparative HPLC runs
were performed on an Applied Biosystems (Waltham, USA) work-
station. Elution was effected by using a linear gradient of 5%
CH,CN/0.1% trifluoroacetic acid (TFA) in H,O to 5% H,0/0.1 % TFA
in CH,CN or by a gradient of H,O to 30% CH,CN in H,0. 'H and
BCNMR spectroscopy was carried on an 400-MR spectrometer
(Agilent, Santa Clara, USA) operating at 400 MHz for 'H and
100 MHz for "*C. Heteronuclear single quantum coherence (HSQC)
and total correlated spectroscopy (TOCSY) NMR (500 MHz) were
performed with an Inova 500 instrument (Varian, Palo Alto, USA).
Electrospray ionization mass spectrometry (ESI-MS) experiments
were performed with a Shimadzu LCMS QP-8000. High-resolution
mass spectrometry (HRMS) analysis was recorded using an ESI-Q-
TOF Il spectrometer (Bruker, Billerica, USA). The proton numbering
scheme of all compounds can be found in the Supporting Informa-
tion and is used in the assignments of the signals for the NMR
spectra below.

Isothermal titration microcalorimetry (ITC): The lectin LecA was
obtained from Sigma-Aldrich and was dissolved in buffer (0.1m
Tris-HCl, 6 mm CaCl,, pH 7.5) and degassed. Protein concentration
(between 20 and 40 pm depending on the ligand affinity) was
checked by measurement of optical density by using a theoretical
molar extinction coefficient of 28000. Carbohydrate ligands were
dissolved directly into the same buffer, degassed, and placed in
the injection syringe (concentration range: 0.1-0.2 mm). ITC was
performed using a MicroCal Auto ITC200 (Malvern, Worcestershire,
UK). LecA (0.02-0.04 mm) was placed into the 200 uL sample cell at
25°C. Titration was performed with injections of carbohydrate li-
gands (2.5 L) every 120s. Data were fitted using the “one-site
model” using MicroCal Origin 7 software according to standard
procedures. Fitted data yielded the stoichiometry (n), the associa-
tion constant (K,), the enthalpy (AH) and the entropy of binding.
The K, value was calculated as 1/K,, and T is 298 K. Each ligand test
was performed in duplicate.

LecA inhibiton assay: Lectin LecA was labeled with fluorescein iso-
thiocyanate (FITC) according to a literature procedure.””’ Microarray
experiments were performed by using a PamChip array run on
a PamStation 12 instrument (Pam-Gene, ‘s-Hertogenbosch, The
Netherlands). Data were obtained by real-time imaging of the fluo-
rescence signal by a CCD camera. Images were analyzed using
BioNavigator 6 software (Pam-Gene). Each array slide contains
spots in duplicate. The fluorescence intensities were expressed in
arbitrary units, and the relative intensities were the average of the

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemistryopen.org

(® ChemPubSoc
\{* Europe

two duplicate spots. Aliquots of a solution of FITC-labeled LecA
(5 ugmL~" for all tested compounds) in 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid/bovine serum albumin (HEPES/BSA) buffer
(10 mm HEPES, 100 mm NaCl, 0.1% BSA. pH 7.4), containing differ-
ent concentrations of the inhibitors were incubated for 1 h at rt
and subsequently added to the galactoside-functionalized chip.
The binding process was monitored for 2 h, and the end values of
the fluorescence detection were taken for the determination of the
ICso by using Prism 5 (Graphpad Software, Inc., La Jolla, USA).

Molecular Modeling: All molecular modeling studies were per-
formed using the molecular graphics, modeling, and simulation
program Yasara version 13.9.8 (Yasara Biosciences, Vienna, Austria).
The bivalent ligands were first constructed in Yasara as isolated
molecules. Subsequently, the complex with LecA was built by su-
perposition of one of the galactose units of the ligand with
a bound galactose of one of the subunits of the LecA crystal struc-
ture (PDB ID: 10K0).2? The other galactose unit of the divalent
ligand was then pulled into the adjacent galactose binding site of
LecA by restraint MD using distance restraints based on the posi-
tion of the bound galactose present in the X-ray structure with re-
spect to a number of LecA residues. Possible electrostatic interac-
tions between two positively charged amino and pyridinium sub-
stitutions in the linker region with two Asp47s of LecA were inves-
tigated in more detail. In order to induce these interactions, the
subunits comprising the substituted moieties were first rotated,
and subsequently, the nitrogen atoms of respectively the amino
and the pyridinium group were restrained to bring them in close
proximity to the carbon atoms of the carboxylic acid moieties of
Asp47. After restrained MD, the molecules were subjected to
a 1000 ps free MD simulation in water.

General procedure of microwave-assisted click reaction: To a so-
lution of the azide and alkyne compounds in dimethylformamide
(DMF) with 10% H,O, was added CuSO,5H,0 and sodium ascor-
bate (NaAsc). The mixture was then heated by microwave irradia-
tion at 80°C for 30 min. When the mixture cooled to rt,0 the
copper salts were removed by a resin (Cuprisorb), and the solvents
were removed under reduced pressure. The residue was purified
by silica gel chromatography to afford the corresponding 1,2,3-tria-
zole product.

Compound 4: A click reaction of a mixture of compound 2
(0.253 g, 0.71 mmol), compound 3 (0.83 g, 1.63 mmol), CuSO,-5H,0
(0.06 g, 0.24 mmol), and NaAsc (0.096 g, 0.48 mmol) in DMF (5 mL)
containing 10% H,O was performed following the general proce-
dure described above to afford compound 4 (0.84 g, 85%); 'H NMR
(400 MHz, CDCly): 6 = 8.03-7.89 (m, 5H, 4x CH benzoyl, H-1), 7.86-
7.76 (m, 5H, 4xCH benzoyl, H-1), 7.52-7.26 (m, 12H, 12xCH ben-
zoyl), 6.08 (dd, J,;=J,5=10Hz, 1H, H-4), 6.02-5.90 (m, 2H, H-4,
H-3), 5.81 (dd, Js4=J56=9Hz, 1H, H-5), 560 (dd, J,3=Jys=
9 Hz, 1H, H-4), 551-5.41 (m, 2H, 2xH-5), 5.02-4.92 (m, 2H, 2xH-
3), 481 (dd, Jy5 =Jg» =10 Hz, TH, H-6), 4.67-4.54 (m, 3H, H-7', 2x
H-6), 4.16-4.07 (m, 1H, H-8a), 4.07-3.93 (m, 2H, 2xH-8), 3.91-3.82
(m, 2xH-7), 3.70-3.60 (m, 1H, H-8b), 3.57-3.51 (m, 1H, 6-OH),
3.35-3.29 (1H, 6-OH), 2.02, 1.65, 1.58 (s, 9H, 3x CH,, acetyl), 0.90 (s,
18H, 2xSiC(CHs);), 0.07 ppm (25, 12H, 2xSi(CHs),); "CNMR
(100 MHz, CDCLy): 6 =69.97, 169.10, 168.95 (3xC=0 acetyl), 166.14,
166.05, 165.63, 165.55 (4xC=0 benzoyl), 145.61, 145.58 (2xC-2),
133.44-133.21 (CH benzoyl), 129.99-128.41 (CH benzoyl), 129.39-

129.20 (C benzoyl) 12343, 12213 (2xC-1), 8555 (C-3),
77.97 (2xC-7), 75.75 (C-5), 75.48 (C-5), 74.84 (C-7'), 74.03, 73.77
(2xC-3), 7241 (C-5), 70.85 (C-4), 69.94, 69.59 (2xC-4), 6892,

68.53 (2xC-6), 63.65, 63.13 (2xC-8), 61.61 (C-8'), 59.84 (C-6'), 25.99
(SIC(CH,)3), 20.72, 19.98, 19.89 (3xCH; acetyl), 18.44 (SiC(CH,),),
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—531ppm (Si(CH,),); MS (ESl) m/z [M+H]" caled for
CesHeaNeOSir: 137859, found 1378.00; HRMS (Q-TOF) m/z
IM+HI* caled for CegHgsNgO,,Siy: 1377.5228, found 1377.5326.

Compound 5: Compound 4 (0.84g, 0.61 mmol) in anhydrous
CH,Cl, (30 mL) containing pyridine (4.22 mL) was treated with triflic
anhydride (12.2 mL of a 1wm solution in CH,Cl,, 12.2 mmol). The
mixture was stirred at 0°C for 3 h, after which cold 1 N KHSO,
(20 mL) was added. The organic layer was washed with cold H,0O
(2x20 mL) and, once with cold brine (20 mL), dried over Na,SO,,
filtered, and concentrated. The residue was used for the next step
without further purification. The residue was dissolved in an ace-
tone/H,0 mixture (15 mL, 4:1), and NaN; (0.397 g, 6.1 mmol) was
added. The mixture was stirred at rt overnight and diluted with
a cold H,0/CH,Cl, mixture (50 mL, 4:1). The water layer was sepa-
rated and extracted once with CH,Cl, (10 mL). The combined or-
ganic layers were dried on Na,SO,, filtered, and concentrated to
afford compound 5 as a yellowish solid (0.86 g, 0.60 mmol, 98 %);
"HNMR (400 MHz, CDCl;): 6=8.00-7.93 (m, 4H, 4xCH benzoyl),
7.85-7.72 (m, 5H, 4xCH benzoyl, H-1), 7.65 (s, 1H, H-1), 7.58-7.26
(m, 12H, 12xCH benzoyl), 5.90 (d, J;, =9 Hz, 1H, H-3'), 5.86-5.65
(m, 3H, H-4, 2xH-5), 557 (m, 2H, H-4, H-5), 5.42 (dd, Jy 5 =Jys=
10 Hz, 1H, H-4), 4.97-4.88 (m, 2H, 2xH-3), 481 (dd, Jys=Js, =
10 Hz, 1H, H-6'), 4.61-4.51 (m, 1H, H-7'), 417-4.03 (m, 3H, H-83,
2xH-6), 4.03-3.93 (m, 2H, 2xH-8), 3.68-3.55 (m, 3H, H-8'b, 2xH-
7), 201, 1.69, 1.62 (s, 9H, 3xCH,, acetyl), 0.95 (s, 18H, 2x
SiC(CH,),), 0.18-0.04 ppm (m, 12H, 2xSi(CH,),); >*C NMR (100 MHz,
CDCl,): 6=169.85, 169.01, 168.96 (3xC=0 acetyl), 165.85, 165.78,
165.56, 165.47 (4xC=0 benzoyl), 145.18 (2xC-2), 133.57-133.39
(CH benzoyl), 129.96-128.44 (CH benzoyl), 129.39-129.20 (C benzo-
yl) 123.08, 121.61 (2xC-1), 85.64 (C-3'), 79.88, 79.86 (2xC-7), 75.01,
74.96 (2xC-5), 74.69 (C-7), 73.60, 73.35 (2x(C-3), 72.60 (C-4), 72.17,
72.12 (2xC-4), 70.73 (C-5'), 62.50, 62.40 (2xC-8), 61.50 (C-8'), 60.43
(2xC-6), 59.84 (C-6'), 26.04 (SiC(CH;);), 20.67, 20.01, 19.94 (3xCH3
acetyl), 18.57 (SiC(CHs);), —4.97-(—5.26) ppm (Si(CH;),); MS (ESI)
m/z [M+H]" caled for CggHgoN;,040Si,: 1427.54, found 1427.75;
HRMS (Q-TOF) m/z [M+H]" calcd for CegHaoNi,046Si,: 1427.5358,
found 1427.5389.

Compound 7: A click reaction of a mixture of compound 5 (0.88 g,
0.62 mmol) and compound6a (0.570g, 1.48 mmol) with
CuSO45H,0 (28 mg, 0.11 mmol) and NaAsc (0.0443 g, 0.22 mmol)
in DMF (15 mL) containing 10% H,O was performed following the
general procedure described above to afford compound 7 (0.87 g,
64%); 'H NMR (400 MHz, CDCl,): 6=7.88 (s, 1H, H-1), 7.82-7.68 (m
9H, 8xCH benzoyl, H-1), 7.68-7.59 (2's, 2H, 2xH-1), 7.51-7.39 (m
4H, 4xCH benzoyl), 7.36-7.26 (m, 9H, 8xCH benzoyl), 6.35-6.22
(m, 2H, 2xH-5), 5.94 (d, J3 4, =9 Hz, 1H, H-3'), 5.88-5.73 (m, 2H, 2X
H-4), 5.67-5.52 (m, 2H, H-5, H-4), 543-533 (m, 2H, 2xH-13),
5.27-5.07 (m, 6H, 2xH-3, 2xH-11, 2xH-6), 5.03-4.71 (m, 7H, 2x
H-12, 2xH-9a, H-6', 2xH-9b), 4.63-4.53 (m, TH, H-7'), 4.48-4.37 (m
4H, 2xH-7, 2xH-10), 4.29-4.04 (m, 5H, 2xH-15a, H-8'a, 2xH-15b),
3.94-3.85 (m, 2H, 2xH-14), 3.80 (d, Jg, 5, =12 Hz, 2H, 2% H-8a), 3.65
(dd, Jgpga=12Hz, Jgp,=3 Hz, 1H, H-8b), 3.45-332 (m, 2H, 2x
H-8b), 2.20-1.88 (m, 21H, 7xCH,, acetyl), 1.77-1.63 (m, 12H, 4x
CH,, acetyl), 0.94-0.84 (m, 18H, 2xSiC(CH;);), 0.05-(—0.07) ppm (m
12H, 2xSi(CHs),); *C NMR (100 MHz, CDCl,): 6 =170.83-168.96 (C=
O acetyl), 165.51 (C=0 benzoyl), 165.39 ((=0 benzoyl), 165.07 (=
O benzoyl), 144.90 (2xC-2), 143.54 (2xC-2), 133.64, 129.81-128.53
(CH benzoyl), 128.81 (C benzoyl) 123.66, 123.57, 123.14, 121.67
(4xC-1), 99.29, 99.26 (2x(C-10), 85.70 (C-3'), 79.40, 79.33 (2xC-7),
75.02 (C-7"), 74.20, 73.85 (2x C-5), 73.67, 73.42 (2x C-3), 72.70 (C-5'),
72.22, 72.15 (2xC-4), 70.99 (2xC-12), 70.78 (2xC-14), 70.73 (C-4'),
68.74 (2xC-11), 6725 (2xC-13), 61.84 (2xC9, 2xC-8),
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6143 (2xC-15, C-8), 60.17, 60.12 (2xC-6), 59.81 (C-6'), 25.96
(SiIC(CH,)3), 20.97-19.92 (CH; acetyl), 1852 (SiC(CH;);), —5.11-
(—=5.34) ppm  (Si(CHs),); MS (ESl) m/z [M+2H]*"caled for

CioaH126N1,0505i,: 1100.89, found 1100.60; HRMS (Q-TOF) m/z [M+
2HJ** caled for CgH;26N1,0565i,: 1100.3892, found 1100.8980.

Compound 8: Compound 7 (0.87 g, 0.40 mmol) was dissolved in
CH;CN/H,O (24 mL, 7:1), and p-TsOH (0.114 g, 0.60 mmol) was
added. The mixture was stirred at rt for 6 h and was then diluted
with CH,Cl, (50 mL), which was followed by the addition of 10%
NaHCO; (20 mL). The organic layer was washed once with brine
(20 mL) and dried over Na,SO,, filtered, and concentrated. The resi-
due was purified by silica gel chromatography to afford com-
pound 8 (0.65 g, 0.33 mmol, 83%); 'H NMR (400 MHz, CDCl,): 6=
8.22 (s, 1H, H-1), 8.12 (s, 1H, H-1), 792 (s, 1H, H-1), 7.87 (s, TH,
H-1), 7.81 (d, /=8 Hz, 4H, 4xCH benzoyl), 7.76-7.69 (m, 4H, 4xCH
benzoyl), 7.47-7.35 (m, 4H, 4xCH benzoyl), 7.31-7.16 (m, 8H, 8%
CH benzoyl), 6.45-6.33 (m, 2H, 2xH-5), 630 (d, J;,=8Hz, TH,
H-3'), 6.01-5.88 (m, 2H, 2xH-4), 5.81 (dd, Jsy=Jss=10Hz, 1H,
H-5), 5.68 (dd, Jy3=Jys=10Hz 1H, H-4), 553-537 (m, 4H, 2x
H-13, 2xH-6), 5.32 (d, J;,=12Hz, 2H, 2xH-3), 5.22-5.09 (m, 3H,
2xH-11, H-6'), 5.04-4.80 (m, 6H, 2xH-12, 2xH-9a, 2xH-9b), 4.73-
4.65 (m, 1H, H-7'), 451-4.40 (m, 4H, 2xH-7, 2xH-10), 4.33-4.23
(m, 2H, 2xH-15a), 4.17-4.07 (m, 2H, 2xH-15b), 4.04-3.93 (m, 3H,
2xH-14, H-8a), 3.80 (d, Jg,e=12Hz, 2H, 2xH-8a), 3.56 (dd,
Jsnga=12 Hz, Jgp, =4 Hz, TH, H-8'b), 3.29 (d, Jgg, =12 Hz, 2H, 2x
H-8b), 2.20-1.93 (m, 21H, 7xCHj, acetyl), 1.86-1.48 ppm (m, 12H,
4% CH,, acetyl); *C NMR (100 MHz, CDCl,): =170.88-169.10 (C=0
acetyl), 165.51 (C=0 benzoyl), 165.26 (C(=0 benzoyl), 165.11 (C=0
benzoyl), 144.59, 144.40, 143.75, 143.71 (4x(C-2), 133.60, 129.91-
128.44 (CH benzoyl), 128.77, 128.37 (C benzoyl) 123.79 (2xC-1),
123.63 (2x C-1), 99.20, 99.10 (2xC-10), 85.29 (C-3'), 79.35, 79.15 (2%
C-7), 74.85 (C-7'), 73.99 (2xC-5), 73.68, 73.33 (2x(C-3), 72.72 (C-5'),
72.12 (2xC-4), 70.94 (2xC-12), 70.83 (2xC-14), 70.81 (C-4'), 68.84
(2xC-11), 67.27 (2xC-13), 61.64 (2xC-9), 61.45 (2xC-15), 61.31 (C-
8'), 60.64, 60.56 (2xC-8), 59.92, 59.88 (2x(C-6), 59.84 (C-6'), 20.96—
19.83 ppm (CH; acetyl); HRMS (Q-TOF) m/z [M+2HJ*" calcd for
CooHogN;,050: 986.3027, found 986.8078.

Compound 9: A solution of compound 8 (51.6 mg, 0.026 mmol)
and TEMPO (0.164 mg, 1.05 umol) in CH,Cl, (1 mL) was added to
a solution of NaBr (1.1 mg, 10.5 umol) and Bu,NBr (3.4 mg,
10.5 umol) in NaHCO;/Na,CO; buffer (1 mL, pH was adjusted to 9.5
with saturated Na,COs). The mixture was cooled to 0°C, and NaOCI
(6-14%, 105 pL) was added dropwise. The mixture was stirred vig-
orously at 0°C for 2 h and then quenched by the addition of
Na,S,0; (sat., 0.5 mL), after which H,0 (1.5 mL) and CH,Cl, (4 mL)
were added, and the pH was adjusted to pH 3 with aqueous HCl
(6 N). The organic phase was washed once with brine (1 mL), dried
over Na,SO,, and concentrated in vacuo. The resulting oxidized
compound was exposed to Zémplén conditions, followed by H*
resin, and was concentrated. The residue was subjected to prepara-
tive HPLC purification, which gave compound9 (11.1 mg,
0.010 mmol, 38%); 'H NMR (400 MHz, D,0): =8.56 (s, 1H, H-1),
843 (s, TH, H-1), 8.26 (s, 2H, 2xH-1), 6.10 (d, J3, =12 Hz, TH, H-3'),
5.06 (d, Joyoo=12 Hz, 2H, 2xH-9a), 5.01-4.91 (m, 5H, 2xH-9b, H-6',
2xH-3), 489-4.72 (m, 4H, 2xH-7, 2xH-6), 458-4.41 (m, 6H, H-7',
2xH-10, H-5', 2xH-5), 430 (dd, Jy 3 =Jy5=9.2 Hz, TH, H-4), 4.08
(dd, Ji3=Jys=92Hz, 2H, 2xH-4), 3.97-3.92 (m, 2H, 2xH-13),
3.88-3.70 (m, 6H, 2xH-15ab, 2xH-14), 3.69-3.61 (m, 3H, 2xH-12,
H-8'a), 3.56 (dd, J;,10=J1.,=8Hz, 2H, 2xH-11), 3.40 ppm (dd,
Jgnga=12 Hz, Jg, =4 Hz, TH, H-8'b); *C NMR (100 MHz, D,0): 6 =
172.26 (2x(C-8), 145.12 (C-2), 145.01 (C-2), 144.38 (2x(C-2), 126.65
(2xC-1), 126.51 (C-1), 125.47 (C-1), 102.56 (2xC-10), 88.28 (C-3),
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78.82 (2xC-7), 77.71 (C-7"), 75.95 (2x C-14), 75.04 (C-5), 75.00 (C-5),
74.40 (C-3), 74.38 (C-3), 74.28 (C-5'), 73.64 (C-4), 73.59 (C-4), 73.42
(2xC-12), 73.30 (C-4), 71.39 (2xC-11), 69.33 (2xC-13), 64.60 (2%
C-6), 62.41 (2xC-9), 62.33 (C-6'), 61.68 (2xC-15), 60.32 ppm (C-8');
MS (ESl) m/z [M+H]" caled for C,HsN;,O5: 1121.34, found
1121.05; HRMS (Q-TOF) m/z [M+H]" calcd for CuHsgN;,0u:
1121.3429, found 1121.3465, [M+Na]* 1143.3282.

Compound 10: Compound 8 (49.2 mg, 0.025 mmol) was dissolved
in dry CH,Cl, (2 mL) with pyridine (200 uL). The mixture was cooled
down to 0°C, after which triflic anhydride (203 uL, 0.203 mmol)
was added dropwise to the above solution. The reaction was al-
lowed to warm up to rt and stirred for 3 h after which 1 N KHSO,
(2mL) and CH,Cl, (15mL) were added. The organic layer was
washed once with H,0O (5 mL) and once with brine (5 mL), dried on
Na,SO,, filtered, and concentrated. The residue was purified by
preparative HPLC to afford the corresponding pyridinium com-
pound. The resulting material was then treated with 0.5m NaOMe
in MeOH (5 mL), stirred at rt overnight, after which 1 N HCl was
added to adjust to pH~6, and the solvents were evaporated in
vacuo. The residue was purified by preparative HPLC, which gave
compound 10 (13.3mg, 0.011 mmol, 44%); 'HNMR (400 MHz,
D,0): 6=8.69 (d, J;4:;=8Hz, 4H, 4xH-16), 8.56 (dd, Ji51,=J1517=
8 Hz, 2H, 2xH-18), 842 (s, 1H, H-1), 8.38 (s, 2H, 2xH-1), 8.28 (s,
2H, H-1), 8.05-7.98 (m, 4H, 4xH-17), 6.06 (d, J; ,=8Hz, 1H, H-3'),
512 (d, Jsop=12Hz, 2H, 2xH-9a), 5.00-4.92 (m, 3H, 2xH-9b,
H-6'), 4.92-4.73 (m, 8H, 2xH-7, 2xH-6, 2xH-3, 2xH-8a), 4.62-4.42
(m, 6H, 2xH-10, 2xH-8b, H-7', H-5'), 434-4.23 (m, 3H, 2xH-5,
H-4'), 4.07-3.98 (m, 2H, 2xH-4), 3.98-3.93 (m, 2H, 2xH-13), 3.88-
3.73 (m, 6H, 2xH-15ab, 2xH-14), 3.71-3.63 (m, 3H, 2xH-12,
H-8a), 3.63-3.54 (m, 2H, 2xH-11), 3.35 ppm (dd, Jg,g,=12 Hz,
Jgp7=4Hz, TH, H-8b); *CNMR (100 MHz, D,0): 6=146.77 (2x
C-18), 145.32 (4xC-16) 144.63 (2xC-2), 144.37 (C-2), 144.23 (C-2),
128.21 (4xC-17), 125.96 (2xC-1), 125.56 (C-1), 124.75 (C-1), 102.42
(2xC-10), 87.61 (C-3'), 77.08 (C-7), 75.87 (2xC-7), 75.49 (2xC-14),
74.68(2x C-5), 73.84 (2x(C-3), 73.73 (C-5'), 72.96(2xC-4), 72.89 (2%
C-12), 72.72 (C-4), 70.84 (2xC-11), 68.76 (2xC-13), 63.61 (2xC-6),
62.07 (2xC-9), 61.71 (C-6), 61.43 (2xC-8), 61.20 (2xC-15),
59.76 ppm (C-8'); MS (ESI) m/z [M]*" calcd for CsoHgN,,0,,: 608.23,
found 608.30; HRMS (Q-TOF) m/z [MI*" calcd for CoHegN;405,°"
608.2311, found 608.2356.

Compound 11: Compound 8 (246 mg, 0.125 mmol) was dissolved
in dry CH,Cl, (5 mL), and tosyl chloride (238.4 mg, 1.25 mmol) and
1,4-diazabicyclo[2.2.2]octane (DABCO) (38 mg, 0.34 mmol) were
added. The mixture was stirred at rt overnight after which the sol-
vent was removed. The residue was redissolved in CH,Cl, (15 mL)
and washed once with H,0 (5 mL) and once with brine (5 mL),
dried on Na,SO,, filtered, and concentrated. The resulting material
was purified by silica gel chromatography to give the tosylated
compound (220 mg, 77.2%). The residue was then dissolved in dry
DMF (8 mL) to which NaN; (33.6 mg, 0.52 mmol) was added. The
mixture was stirred at 95°C overnight after which the solvent was
removed. The residue was dissolved in CH,Cl, (15 mL), washed
once with 1 N KHSO, (5 mL) and once with H,O (5 mL), dried on
Na,SO,, filtered, and concentrated. The residue was purified by
silica gel chromatography to afford compound 11 (86.8 mg,
0.043 mmol, 34%); '"H NMR (400 MHz, CDCl,): §=7.95 (s, 1H, H-1),
7.82-7.765 (m, 11 H, 4xCH benzoyl, 3xH-1), 7.51-7.39 (m, 4H, 4%
CH benzoyl), 7.36-7.22 (m, 8H, 8xCH benzoyl), 6.36-6.23 (m, 2H,
2xH-5), 598 (d, J3,=8Hz, 1H, H-3'), 5.92-5.76 (m, 2H, 2xH-4),
565 (t, Jyy=Jsg=8Hz, 1H, H-5), 557 (t, Jyy=Jys=8Hz, TH,
H-4'), 5.43-5.35 (m, 2H, 2xH-13), 5.29 (d, J;,=8 Hz, 2H, 2xH-3),
5.22-5.09 (m, 4H, 2xH-11, 2xH-6), 5.02-4.83 (m, 5H, 2xH-12, 2%
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H-9a, H-6'), 4.77 (d, Joye,=12 Hz, 2H, 2xH-9b), 4.71-4.56 (m, 3H,
2xH-7, H-7), 444 (d, J;o,, =8 Hz, 2H, 2xH-10), 4.28-4.18 (m, 2H,
2xH-15a), 4.18-4.05 (m, 3H, 2xH-15b, H-8'a), 3.94-3.86 (m, 2H,
2xH-14), 3.72-3.62 (m, 1H, H-8'b), 3.56 (t, Js,eo=12 Hz, 2H, 2x
H-8a), 2.95, 2.88 (2xdd, Jgg,=12Hz, Jy,=4Hz, 2H, 2xH-8b),
221-1.92 (21H, 7XCH,, acetyl), 1.83-1.59 ppm (12H, 4xCH,,
acetyl); 3C NMR (100 MHz, CDCl;): 6=170.88-169.06 (C=0 acetyl),
165.36 (C=0 benzoyl), 165.28 (C=0 benzoyl), 164.99 (C=0 benzoyl),
144.72, 144.65, 144.25, 14424 (4x(C-2), 133.75-133.54, 129.85-
128.49 (CH benzoyl), 128.72, 128.29, 128.26 (C benzoyl) 123.49,
123.40, 12330 (3xC-1), 121.72 (2xC-1), 99.66, 99.60 (2xC-10),
85.68 (C-3), 77.93, 77.72 (2xC-7), 75.00 (C-7), 73.76, 73.71 (2xC-5),
73.50, 73.28 (2x(C-3), 72.66 (C-5'), 72.07, 72.03 (2xC-4), 70.91 (2x
C-12, C-4'), 70.85 (2xC-14), 70.81 (C-4'), 68.78 (2xC-11), 67.23 (2%
C-13), 62.17, 62.13 (2xC-9), 61.43 (2xC-15, C-8'), 60.81 (2xC-6),
59.72 (C-6), 50.58, 50.37 (2xC-8), 20.94-19.92 ppm (CH, acetyl);
MS (ESI) m/z calcd for CgoHegN;s05; (M+2H)*" 1011.91, found
1012.35; HRMS (Q-TOF) m/z [M+2H]*" calcd for CgoHggN;5055:
1011.3092, found 1011.3091, [M+H+Na]** 1022.8011, [M+2Na]**
1033.2923.

Compound 12: Compound 11 (22.6 mg, 0.020 mmol) was treated
with 0.5m NaOMe in MeOH (2.5 mL) at rt overnight and briefly
with H™ resin. The residue was concentrated and dissolved in H,0
(2 mL), and Pd/C (15 mg, 10% Pd) was added. The pH was adjust-
ed to pH 1 by 6 N HCl, and the mixture was stirred at rt under an
H, atmosphere until the hydrogenation was complete. After that,
the reaction mixture was filtered through celite. The filtrate was
concentrated under reduced pressure and subjected to preparative
HPLC purification, which gave compound 12 (12.9 mg, 0.012 mmol,
60%); 'H NMR (400 MHz, D,0): =8.56 (s, TH, H-1), 843 (s, 1H,
H-1), 833 (s, 2H, 2xH-1), 6.13 (d, J34,=8Hz, TH, H-3), 5.09 (d,
Joaob=10Hz, 2H, 2xH-9a), 5.03-4.89 (m, 5H, 2xH-3, H-6', 2xH-
9b), 4.89-4.70 (m, 2H, 2xH-6), 4.66-4.47 (m, 6H, 2xH-7, 2xH-10,
H-7', H-5'), 4.41-4.28 (m, 3H, 2xH-5, H-4), 4.08-3.99 (m, 2H, 2xH-
4), 3.99-3.93 (m, 2H, 2xH-13), 3.89-3.73 (m, 6H, 2XxH-15ab, 2xH-
14), 3.71-3.64 (m, 3H, 2xH-12, H-8a), 3.57 (dd, J;;,0=J111,=8 Hz,
2H, 2xH-11), 3.40 (dd, Jgpg.=12 Hz, Jg,, =4 Hz, 1H, H-8'b), 3.24-
3.11 (m, 2H, 2xH-8a), 2.86 ppm (d, Jgps,=12Hz, 2H, 2xH-8b);
BCNMR (100 MHz, D,0): 0 =144.94, 144.82 (2xC-2), 144.69 (2xC-
2), 126.18 (2xC-1), 126.13 (C-1), 125.07 (C-1), 102.63 (2xC-10),
87.97 (C-3'), 77.46 (C-7), 75.76 (2xC-14), 74.90 (2xC-5), 74.51 (2x
C-7), 74.33 (2x(C-3), 74.07 (C-5), 73.45 (2xC-4), 73.18 (2xC-12),
73.13 (C-4'), 71.14 (2xC-11), 69.09 (2xC-13), 64.27 (2xC-6), 62.39
(2xC-9), 62.08 (C-6'), 61.48 (2xC-15), 60.12 (C-8'), 40.59 ppm (2xC-
8); MS (ESI) m/z IM+2HI*" calcd for CuHg,N;40,,: 546.21, found
546.90; HRMS (Q-TOF) m/z [M+H]" «calcd for CuHgN140,,:
1091.4163, found 1091.4282, [M+ Na]" 1113.4132.

Compound 13: A click reaction of a mixture of compound 11
(61.8 mg, 0.031 mmol), phenylacetylene (11.1 mg, 0.109 mmol),
NaAsc (6.5 mg, 0.033 mmol), and CuSO,-5H,0 (4.1 mg, 0.016 mmol)
was performed following the general procedure described above
to afford the coupling product compound (54 mg, 80%), which
was then treated with NaOMe in MeOH (0.5 M, 5 mL). The mixture
was stirred at rt overnight, treated with H* resin, concentrated,
and subjected to preparative HPLC purification, which gave com-
pound 13 (9.8 mg, 7.3 umol, 24%); 'H NMR (400 MHz, D,O with
30% CD;CN): =8.62 (s, TH, H-1), 8.50, 8.49 (2's, 2H, 2xH-1), 8.46
(s, TH, H-1), 842, 841 (25, 2H, 2xH-1), 8.05-7.98 (m, 4H, 4xC-17),
7.75 (, Jig17=J1510=8 Hz, 4H, 4xC-18), 7.71-7.62 (m, 2H, 2xC-19),
6.21 (d, J54=9Hz, 1H, H-3), 527 (d, Jo,0p=12 Hz, 2H, 2XxH-9a),
5.16-4.99 (m, 7H, 2xH-9b, 2xH-3, H-6', 2xH-7), 4.92-4.83 (m, 2H,
2XxH-6), 4.83-4.70 (m, 4H, 2xH-8a, 2xH-10), 4.70-4.58 (m, 4H, 2%
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H-8b, H-5', H-7'), 4.57-4.48 (m, 2H, 2xH-5), 443 (t, Jyy=Jy5=8 Hz,
1H, H-4'), 4.21-4.11 (m, 4H, 2XxH-4, 2xH-13), 4.08-3.90 (m, 6H, 2x
H-15ab, 2xH-14), 3.89-3.82 (m, 2H, 2xH-12), 3.82-3.73 (m, 3H, 2x
H-11, H-8'a), 3.46 ppm (dd, Jgpg.=13 Hz, Jgy,, =4 Hz, 1H, H-8b);
BCNMR (100 MHz, D,0 with 30% CD,CN): 6=147.90 (4xC-2),
145.44 (2xC-2), 130.82-129.48 (4xC-18, 2xC-19), 130.00 (2% C-16),
126.40 (2xC-1), 126.21 (4xC-17), 125.78 (C-1), 124.76 (C-1), 123.66
(2xC-1), 102.73 (2xC-10), 88.11 (C-3'), 77.554 (C-7'), 76.27 (2xC-7),
75.81 (2xC-14), 75.31 (2xC-5), 74.50 (2x(C-3), 74.20 (C-5'), 73.62
(2xC-4), 73.38 (2xC-12), 73.25 (C-4), 71.29 (2xC-11), 69.18 (2%
C-13), 64.29 (2xC-6), 62.37 (2xC-9), 62.07 (C-6'), 61.55 (2xC-15),
60.22 (C-8'), 51.44 ppm (2xC-8); MS (ESI) m/z [M+2H]** calcd for
CsH7oN;5055: 674.63, found 674.95; HRMS (Q-TOF) m/z [M+H]*
calcd for CggH,oN10,,: 1348.2624, found 1348.4964.
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