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ABSTRACT

Synthesis of multiply charged components suitable for electrostatic

self-assembly

This bachelor's thesis aims to synthesize triply negatively charged neopentyl (Np)
skeleton-based compounds, bearing sulfonic acid functional groups, and develop a
deprotection method for the propargyl (Prg) functional group. This work aims to
reproduce, improve, and further explore the derivatization of compounds prepared by
previously described protocols. These compounds have the potential to prepare
materials that are suitable for electrostatic self-assembly (SA), specifically crystalline
porous organic salts (CPOSs), which, as a new emerging class of porous materials

(PMs), find application, e.g., in gas storage, proton conduction, and catalysis.

Keywords: multiply charged compounds, neopentyl skeleton, sulfonic acid, propargyl,

electrostatic self-assembly, CPOSs



ABSTRAKT

Syntéza vicenasobné nabitych komponent vhodnych pro

elektrostatickou samoskladbu

Cilem této bakaldiské prace je syntéza trojndsobné negativné nabitych latek,
zalozenych na neopentylovém skeletu, obsahujicich sulfonovou kyselinu jako funkéni
skupinu a vyvoj metody na odchranéni propargylové funkéni skupiny. Tato prace si
klade za cil reprodukovat, vylepsit, a dale prozkoumat derivatizaci latek pfipravenych
podle diive popsanych protokolt. Tyto latky maji potencial na pfipravu materialt, které
jsou vhodné k elektrostatické samoskladbé, konkrétné krystalické porézni organické soli
(CPOS), které, jako skupina novych, vyvijejicich se poréznich materidld (PM),

nachazeji vyuziti napft. pti uskladilovani plynti, vodivosti protonti a katalyze.

Kli¢ova slova: vicendsobné nabité slouceniny, neopentylovy skelet, sulfonova kyselina,

propargyl, elektrostaticka samoskladba, CPOS
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1 INTRODUCTION

The introduction of synthetic zeolites in the 1940s marked the beginning of the
rapid development of porous materials (PMs). At the start of the 21st century, another
breakthrough came in the form of porous organic framework (POF), specifically metal-
organic framework (MOF) and covalent organic framework (COF), for their properties
like high surface area, permanent porosity, and thermal and chemical stability.
Hydrogen-bonded organic framework (HOF) expanded on the previous discoveries and
brought new properties in terms of flexibility of structure formation and ease of
regeneration; however, they lack overall stability when compared to POFs.

CPOSs are stabilized by ionic bonding between organic acids and bases. The
CPOSs are prepared simply by dissolving the corresponding building blocks in an
appropriate solvent and mixing them together. The precipitated salt is then easily
purified. The main challenge when preparing CPOSs is the collapse of the framework
after removing the guest molecule. The strength of the ionic bonds in the framework is
crucial for its stability. The charge density can be increased three times by using charge
multiplicators like neopentyl (Np) skeleton-based multiply charged compounds
(MCCs). When attaching these compounds to structures like tetraphenylmethane (TPM)
or cyclodextrin (CD), the charge density can be increased to 12 or up to 21 (on B-CD)
charged groups, respectively, which have the potential to stabilize the formed CPOSs.

The Np skeleton bears up to 3 charges, with one remaining methylene group
bearing a functional group for attachment to a charge multiplicator. Different ways of

bonding to the multiplicator can be achieved by modifying this functional group.



2 AIMS OF THE WORK

1) Reproduce and improve the propargylation of pentaerythritol (Pe) on a multigram scale.

2) Reproduce and improve the preparation of the triply negatively charged Np “anchor” bearing
Prg functional group.

3) Develop a method to deprotect the Prg group to prepare derivatives of the triply negatively

charged anchor.
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3 STATE OF THE ART

3.1 Permanently charged compounds

Permanently charged compounds (PCCs) exist in ionic form at environmental
pH.! Negatively charged PCCs are most commonly anions of strong acids, e.g.,
sulfonate, and positively charged PCCs are, e.g., quaternary ammonium or
phosphonium groups. They differ from partially charged compounds, which exist in
different ratios of charged and neutral forms, depending on the pH. These usually
include weakly acidic compounds, such as carboxylic acids, or basic compounds, such
as amines. PCCs find application as binding groups in ion exchange resins, such as
strong cation exchange resins (Figure 1), to treat wastewater contaminated with heavy
metals.>* Quaternary ammonium salts have been extensively used as antimicrobials,
surfactants, or in cosmetics like shampoo or hair conditioners.”’ Another application is
permanent charge derivatization, which increases ionization efficiency in mass
spectrometry (MS) analysis.® Nafion is a negatively charged sulfonated
tetrafluoroethylene copolymer® solid support with well-established usage in fuel cells!®
or chlor-alkali process!!. Our group managed to electrostatically bind permanently
positively charged CD!? derivatives onto the surface of Nafion® 117 membrane and test
the stability of the inclusion complex with guest molecules.'® In another publication
Nafion® 117 membrane with electrostatically bonded positively charged CD derivative

was successfully tested for chiral resolution of tryptophan enantiomers.'*

Figure 1. Strong cation exchange resin with sulfonate groups. Picture
taken from".
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3.1.1 Multiply charged Np anchors

A former member of our group, Martin Popr, synthesized permanently charged
monosubstituted CD derivatives containing 1 to 3 positive charges.'® Due to the
presence of PB-hydrogen next to the alkylammonium group in Popr's CDs, the
compounds tended to undergo Hofmann elimination in basic conditions (Scheme 1).
Firstly, 6-pentamethylethylenediammonio-B-cyclodextrin (PEMEDA-B-CD) was
prepared. Partial decomposition of the PEMEDA-B-CD was observed already at 60 °C
when dried.!* For this reason, 6'-pentamethylpropylenediammonio-B-cyclodextrin
(PEMPDA-B-CD) was synthesized. Thermal stability measurement of PEMEDA-B-CD
and PEMPDA-B-CD was carried out by heating the corresponding compound to 80 °C
with 1 equivalent of NaOH, and monitoring the decomposition with TLC. After
complete decomposition of PEMEDA-B-CD, PEMPDA-B-CD spot was still detected on
TLC. The increased stability of PEMPDA-B-CD is most likely due to the longer chain
separation of positive charges, which makes the elimination to olefins less probable.
Even with increased stability of PEMPDA-B-CD compared to PEMEDA-B-CD,

instability in basic environment was still a problem.

N/ /
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0 o)
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0 20, o o)
P \
OH
HO Ho OH
OH -
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n =2 PEMPDA-3-CD Y, Y,
RN ST

Scheme 1. — Hofmann elimination of PEMEDA-f-CD and PEMPDA-B-CD.
Redrawn from Popr et al.”’

That is why another former group member, Petr Kasal, developed a procedure that
led to the preparation of Np-based multiply charged derivatives.!” The reactivity of Np
alcohol with several nucleophile sources in nucleophilic substitution (Sn) was
investigated long ago.!® Most reactions failed to proceed even at elevated temperatures,

and rearrangement products were observed from the oxonium salt of Np alcohol with
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HBr. The reactivity of NpBr in Sn2 was found to be much lower than that of other
primary alkyl bromides.'®?° The decreased reactivity of the Np skeleton is attributed to
the steric environment of the tert-butyl part of the skeleton, making Sn2 reaction more
difficult even on the primary carbon atom.?’ The starting material for synthesizing
charged Np anchors was different Np polyols, depending on the number of charges the
final product would bear (Figure 2)

OH
HO/ OHH\ "0 oH o HO/ OH on

Neopentyl glycol Trimethylolethane

Pentaerythritol

Figure 2. — Different Np polyol structures.

The complete procedure for the preparation of multiply positively charged anchors
bearing 1 to 3 charges was described by Kasal'’; however, this thesis focuses on the
preparation of derivatives that possess three charges, therefore, the attention will be
shifted mainly to those. The starting tetraol for the synthesis of triply charged anchors is
pentaerythritol (Pe) (Scheme 2). Following the literature, by protecting three hydroxyl
groups with triethyl orthoacetate, compound 1 was prepared.?! The Prg group was
attached to compound 1 to prepare compound 2.??> Prg was chosen as the functional group
to utilize these MCCs as anchors to connect in copper-catalyzed azide-alkyne
cycloaddition (CuAAC) with charge multiplicators such as CD or TPM possessing azide
functional groups. The original deprotection procedure’* was modified by Kasal to omit

column chromatography, and monopropargylated Pe 3 was obtained.!”

OH o F
OH /J:‘ PrgBr (1.5 eq.),

CHyC(OEl)s (1.0eq), /5 NaH (1.5 eq.), THF, Yo,
EENRN}
/ TsOH (cat.), toluene, Q o 0 ]

o

0
0-26 °C, 20 h,
HO  on OH 90-135°C, 6 h 87%
be 80%
1 2
(|)| conc. HCI (1.0 eq.),
TsOH = HO-S MeOH,
|| reflux, 6 h
0 82%
Prg = _% o F
HO oy OH
3

Scheme 2. — Synthesis of monopropargylated pentaerythritol. Redrawn from Kasal®.
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A proper leaving group had to be chosen to functionalize the Np skeleton with charged
groups. Based on the kinetic studies conducted by Kasal, the triflate (TfO) functional
group proved to be the best by far compared to other tested groups.* The triflation
reaction inspired by the literature®> was carried out using Tf0, but according to Kasal'”,
when Et;N is used as a base, the reaction does not proceed as expected. With a change to
a less nucleophilic base, 2,6-lutidine, the yields are almost quantitative and do not need

column chromatography purification. With compound 4 prepared, charged functional

groups could be substituted.

Pyridine (PYR), 1-methylimidazole (MIM), and trimethylamine (TMA) were utilized as
PCCs in the synthesis of triply positively charged anchors (Scheme 3).!” PYR and MIM
Np derivatives were prepared directly from compound 4. MIM substitution was the most
efficient, achieving high yield in the shortest time out of the three. PYR substitution took
longer, but had an almost quantitative yield. The TMA substitution proved to be the most
difficult of the three. The anchor did not react directly with TMA, because of the
bulkiness of the three methyls. Instead, dimethylamine was used to prepare DMA-Np.
The yield was exceptional, considering that dimethylamine is still a bulky group, thus
increasing the difficulty of fully substituting the Np skeleton. DMA-Np was subsequently

quaternized using methyl iodide.
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Scheme 3. — Synthesis of triply positively charged anchors. Redrawn from
Kasal"’.

Former colleague Adéla Tomanova developed a procedure for preparing 1 to 3 triply

negatively charged compounds, with the charge-bearing group being sulfonic acid.?® The

synthesis is the same as preparing positively charged anchors up to compound 4. Then the

compound 4 is reacted with potassium thioacetate?’ (AcSK) to obtain compound 5, which

is oxidized in the next step to trisulfonic acid using hydrogen peroxide in acidic

conditions?® (Scheme 4).

(0] =
7z (0] = =
o\// SeK® (6 eq ) \/ o\//
..... \ o /~~----- H>0, (9. eq.) o
a) DMF, RT, 3d s s CH3COOH,
O G OTH 37% S 50°C. 1 h HO;S SOH
4 b) EtOH, cooling, 3 d O)\ o 100% SOsH

90%

Scheme 4. — Synthesis of triply negatively charged anchors. Partially redrawn from

126

Tomanova“°.

3.2 Electrostatic self-assembly

Self-assembly (SA) is the spontaneous establishment utilizing pre-existing units to form

organized higher-order structures.?® Different types of SA structures are classified according to

interactions, which drive their formation. These include weak non-covalent intermolecular

interactions like electrostatic®, hydrophobic®!, n-m interactions*?, or hydrogen bonds*. Listed
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interactions are fundamental in biological systems such as DNA double helix formation,
protein tertiary and quaternary structures, or the lipid bilayer. Another example from everyday
life is micelle formation utilizing detergents.** The “bottom-up” concept is building up
macroscopic frameworks from simple atom or molecule building blocks utilizing SA.* This
approach can be used to synthesize PMs. PMs are usually solid structures with voids that can
adsorb liquid or gas molecules (Figure 3). Many different PMs have been developed throughout
the last 80 years.*® One of the most used PMs is zeolites.>” They mainly gained attention due to
their invaluable application in the petrochemical industry as catalysts.>® Another class of PMs is
MOFs* and COFs*; together, they are classified as POFs. POFs demonstrate high porosity,
while MOFs have an exceptionally high active surface area, which can be applied in gas
storage*!. COFs exhibit good thermal and chemical stabilities because of linkage through
covalent bonds and reversible formation of the crystalline structure. They have found

application, for example, in catalysis.*?

Clay Silica

Metal-organic frameworks Covalent organic frameworks

Figure 3. — Porous materials. Picture taken from®.

HOFs are PMs assembled through weak intermolecular hydrogen-bonding interactions,
unlike COFs and MOFs. That is why the stability of HOFs tends to be lower when compared to
COFs and MOFs. Still, at the same time, they are more flexible when it comes to bonding
energies and angles, which allows the preparation of different isomeric structures.***
Following the development of HOFs, new PMs and CPOSs have emerged in recent years.
CPOSs framework is held together by ionic interactions provided by building units (tectons)

that are usually organic acids and bases. An essential feature of CPOSs is the simplicity of
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preparation by crystallization from polar solvents and permanent porosity. The latter also seems
to be the most challenging part, because in many attempts to prepare the CPOSs, the
framework collapses after removing the guest molecule.*® Xing et al. managed to synthesize
CPOSs with permanent porosity applicable for proton conduction by using tectons with

multiple strong acids and bases, strengthening the framework's stability.*’

3.3 Tectons

Tectons, from Greek téktmv, meaning carpenter or builder, are molecules serving as a
subunit for the SA of higher-order structures, by interacting with each other through
intermolecular forces.*® Focusing on CPOSs, the choice of tectons allows for different types of
structures to be assembled with adjustable pore sizes and varying potential applications.*® TPM
derivatives are the structural units that gained attention in CPOSs synthesis due to their rigid
tetrahedral structure. Through attachment of four charged groups, e.g., ammonium, amidino,
carboxylate, or sulfonate, a rigid structure can be formed through connection with oppositely
charged TPM, which was applied in atmospheric water adsorption by Zhang et al..*’ Different
topologies can be achieved by altering the oppositely charged tectons.>® The standard approach
in CPOSs synthesis is the use of two oppositely charged tectons, however recently Wang et al.
investigated formation of CPOSs using single tecton with alternating positive and negative
charge (Scheme 5) and showed the ability of the formed CPOSs to control release of polar
molecules such as DMSO.>! The advantage of using the zwitterionic approach is the
requirement of only one tecton, which provides more straightforward modification of the final
structure, and far easier study of the aggregation of the crystal structure formed from only one
building block. Utilizing the rigidity of TPM and the benefits of the zwitterionic strategy,
zwitterionic TPM derivatives may be prepared, which have not been reported yet. Furthermore,
by attaching multiply charged Np derivatives onto functionalized TPM, up to 12 charged
groups can be obtained, possibly improving the stability of a CPOS framework. To our
knowledge, these structures have not been described yet. Our group has preliminarily
confirmed the applicability of this approach (Scheme 5). While this represents an application of
the MCCs with the propargyl group, this thesis aims to modify this group to allow connections

with different tectons, directly through the central carbon atom of the anchor.
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R = SO3H, TMA, PYR, MIM —R
TPM-(N3), (- 4

Scheme 5. — a) Zwitterionic structures prepared by Wang et al.>’ b) Synthesis of multiply
charged TPM derivatives from tetrakis(4-azidophenyl)methane and multiply charged Np
anchors utilizing click reaction.

3.4 Click reaction
CuAAC is a type of click reaction (CR) utilizing Cu! for catalysis of [3+2] cycloaddition

reaction involving azide and alkyne, resulting in a 1,4-disubstituted triazole ring, thus
connecting the two moieties via carbon-nitrogen bonds. The CR has gained renown due to the

1°° independently. CR's criteria and main

work of Sharpless®® and, at the same time, Melda
advantages are high yields, mild conditions, scale-up potential, stereospecificity, and
purification without chromatography. There is a variety of copper sources available for
CuAAC.>* The most efficient catalyst employed has been CuSOs in aqueous conditions with
sodium ascorbate as a reducing agent. From Cu(I) sources, copper halides, most frequently Cul,
are used alongside a base that promotes copper-acetylide complex formation. As a Cu(0)
source, copper tunings or powder can be used, which allows easy separation of solid copper
from the reaction mixture. The proposed mechanism® involves reversible coordination of o-
bound copper acetylide along with n-bound copper to the azide. In the next step, the azide

nitrogen 1s nucleophilically attacked by acetylide carbon. Then ring closure takes place, and by

protonation, the final triazole ring is formed (Scheme 6).
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Scheme 6. — Proposed mechanism of CuAAC. Redrawn from™.

3.5 Prg ether cleavage

Most of the multiply charged Np anchors prepared in our group so far have been prepared for
subsequent click reaction; therefore, they contain the propargyl group. This thesis focuses on a
different approach to connect multiply charged Np anchors, which will be discussed more
closely in the following chapter. The initial reaction involves the depropargylation of compound
7. Cleavage of Prg ethers is not very common; therefore, the literature regarding this specific
procedure is far more underdeveloped when compared to, for example, deprotection of the
benzyl or allyl group. Rambabu et al. managed to cleave aryl Prg ethers with H>O as the solvent,
and using Pd/C with 2-ethanolamine as a base®®. Low valent titanium compounds TiCl3/Mg”’,
and Ti(O-i-Pr)s/MX,(halogen source)/Mg>® have been reported to cleave allyl and Prg ethers.

Deprotection of saccharides™%

was carried out by isomerization of Prg to allenyl in basic
conditions using KOtBu, and subsequent oxidative cleavage with OsO4 and N-methyl
morpholine N-oxide (NMNO). Another examples of Prg deprotection include palladium
complexes combined with hydride donors such as BusSnH®!, benzyltriethylammonium

tetrathiomolybdate®>63

, or Sml in basic conditions. Sml> achieves high yields in a short time;
however, it is too expensive to use in large-scale synthesis. Hydrogen halides®, such as
hydroiodic acid, are used to cleave various alkyl and aryl ethers due to their versatility. The
harsh reagent cannot be employed with compounds containing acid-sensitive functional groups;
however, when no such groups are present, as in the case of the triply negatively charged Np

anchor (7), HI can cleave the propargyl ether.
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4 RESULTS AND DISCUSSION

The previous chapter introduced the synthesis of multiply charged anchors and the
potential to use the Prg functional group as a bonding unit combined with an azide. This
thesis focused on preparing materials for the future synthesis of negatively charged Np
anchors utilizing carbocation species as the bonding unit through electrophilic aromatic
substitution with TPM. That is why the depropargylation method of the negatively
charged anchor was developed. Propargylation of Pe and triflation was done according
to procedures described by Kasal'’, AcS substitution, and its oxidation was done

according to Tomanova?S. Protocols were reproduced on a multigram scale.

4.1 Synthesis of propargyloxy-neopentanetrisulfonic acid

4.1.1 Synthesis of propargyloxy-neopentanetriol

The following reactions were introduced in the State of the Art chapter, along
with original procedure references. The procedures (Scheme 7) were reproduced
according to the doctoral thesis of Petr Kasal.!” The first three reactions focused on

attaching the Prg group to Pe.

OH o\///
OH PrgBr (1.5 eq.),
/J:‘ CHC(OEYs (1.0eq). /™ NaH (1.6 6q.), THF Ve
ot
0 o}
/ TsOH (cat.), toluene, o 0O o o 0O
HO Jy OH ( ) 0-26 °C, 20 h,
90-135 °C, 6 h 95%
Pe 55%
1 2
9 conc. ||;|/|C|o(|1|'0 eq.),
—< :>— e )
TSOH = HO—ﬁ reflux, 6 h
(6] 48%
Prg = _§ O\/
\ CERNN)
HO OH OH
3

Scheme 7. — Monopropargylated Pe synthesis reproduction. Redrawn from'’.

The orthoacetate-protected Pe (1) was synthesized using p-toluenesulfonic acid
(TsOH) monohydrate as a catalyst. The resulting ethanol and toluene, used as a solvent,
were distilled from the reaction mixture. The final product was obtained after Kugelrohr
distillation. Reaction, using 1 g of Pe, yielded similar results to those of Kasal,
however, when the reaction was scaled up to 20 g, the consistency of the product after
Kugelrohr distillation changed from solid to a very sticky gel. The resulting yield of

55% was 13 g, enough for further synthesis. The propargylation to obtain compound 2
20



was carried out using PrgBr and NaH as the base. In this case, Kugelrohr distillation
was not problematic. Almost quantitative yield was achieved at a multigram scale.
Finally, orthoester was cleaved with concentrated HCI under reflux while using MeOH
as the solvent. The modest yield of compound 3, 48%, was due to my mistake of
disposing of the filter cake before checking the yield of the reaction, because some of
the product probably did not dissolve in acetone in the final purification step.

Nevertheless, monopropargylated Pe was obtained on a multigram scale.

4.1.2 Triflation

The triflation reaction was carried out using triflic anhydride (Tf>20) in DCM and
2,6-lutidine as the base. (Scheme 8) Initial attempts at triflation afforded unsatisfactory
yields and required column purification. After drying the 2,6-lutidine with 3 A
molecular sieves, the reaction afforded compound 4 in expected yields without the need

for column chromatography.

4.1.3 AcS substitution

This and the following reaction were done according to bachelor’s thesis of Adéla
Tomanova®®. The substitution of TfO for AcS was done using an excess of AcSK,
firstly in EtOH and at room temperature (RT). Different reaction times were
investigated from 2 to 4 days, but yields achieved ranged from 36% to 63%, which were
not optimal. In THF, the yield was higher, 76% after 4 days (Scheme 8). Afterwards,
the reaction was set up with ice/water cooling bath, in which case, after 3 days of
reaction, the yield was 89% for a small-scale reaction. On a multigram scale, the yield
was 76% after 4 days. The attention then shifted to optimizing this reaction by pushing
to full conversion and avoiding column chromatography purification. A series of

parallel reactions was run to test different conditions (Table 1).
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Table 1. — Optimization of AcS substitution reaction.

Reaction AcSK eq. Workup Cooling
1. 6 Acid/base, NaCl (aq.) Dry ice

2. (35% yield) 6 NaCl (aq.) Ice
3. 6 NaCl (aq.) Dry ice

4, 33 Acid/base, NaCl (aq.) Ice
5. 33 Acid/base, NaCl (aq.) Dry ice

6. (35% yield) 33 NaCl (aq.) Ice
7. 33 NaCl (aq.) Dry ice

None of the conditions achieved an improvement in the reaction. THF was used as
the solvent in all seven reactions, and fewer equivalents of AcSK were used to check if
excess causes unwanted side products. Cooling with dry ice was tried based on the fact
that ice cooling improved the reaction in EtOH. Lastly, acid/base workup was avoided
to see if cleavage of the thioester occurred during workup. Reactions 1, 2, 4, and 6 were
worked up. The cooling and omission of the acid/base workup did not improve the
reaction. After column chromatography of reactions 2 and 6, the yields using 6 and 3.3
equivalents of AcSK were the same, 35%. Furthermore, the reaction in THF proved to

be more efficient when not cooled.

4.1.4 Oxidation of propargyloxy-neopentanetrithiol-tristhioacetate

The final step was the oxidation of compound 5 with H20: in acetic acid. When
attempting to repeat the procedure described by Tomanova?®, the decomposition of the
product was observed while drying it at 80 °C on the vacuum pump. According to
NMR, the Prg group was cleaved off. It was found out that after the oxidation, using a
stoichiometric amount of H>O», there is still some of it left after the oxidation. It could
potentially be the reason for the cleavage of Prg during drying. When using fewer
equivalents, a mixture of products was obtained. The side products were most probably
an incompletely oxidized compound 5. Several methods were tried afterwards to
decompose or remove excess H>O> after the reaction. Firstly, the co-distillation of H2O>
and acetic acid with H>O did not succeed. Decomposition of H>O, was successful,
utilizing MnQO»; however, after celite filtration, broadening of the NMR peaks indicated
that MnO> was still present in the product. An attempt was made to purify the

compound through reverse-phase column chromatography, but the product and acetic
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acid were too polar; therefore, no separation occurred. Although MnO» was effective at
decomposing H>O», it became a new impurity, which had to be removed from the
product. Furthermore, the acetic acid also needed to be removed; therefore, attention
was shifted to finding a method to deal with both problems at the same time. Silica gel
column chromatography was investigated as the first option. The second option was
purification through a weak anion exchanger. Both methods were successful in
separating the acetic acid from the product; however, on the silica gel column, half of
the product fractions also contained H202. A weak anion exchanger separated both the
H>0> and acetic acid, and after elution with 1 M NH4HCO3, afforded the compound 7 in

ammonium salt form (Scheme 8).

O\/ O\/ O O\/
ASQKGD (6eq.) g
Tf,0 (3 eq.) 0
HO/ : TfO/ }S/ s
27/

on ©H 2,6-lutidine (3 eq.) ot OTf EtOH, RT-0 °C, 4 d S
3 CH,Cl,, -78-0 °C, 4 h 76% P
92% 4 0

5

H20, (9 eq.),

CH3COOH,
50 °C, 1 h
79%

o F

o /
® 0sS

NH,

SO; ®
SO; O NH
@ @3 4
NH,4
7

Scheme 8. Synthesis of propargyloxy-neopentanetrisulfonic acid. Ammonium salt
obtained after elution from anion exchanger with 1 M NH/HCOj3. Redrawn from?.

4.2 Depropargylation of propargyloxy-neopentanetriammonium-
trisulfonate

As stated at the beginning of this chapter, the materials in this thesis were
prepared for the synthesis of a carbocationic species. For this purpose, the
depropargylation of compound 7 was explored. The alternative to synthesize the
derivative of compound 7 with a benzyl group instead of a Prg is an applicable choice;
however, since compound 7 can be used for the CuAAC reaction, it would be
convenient to have uniform synthesis for the alternative intermediates based on
deprotected compound 7. The first attempt was based on literature®®, utilizing an excess
of 57% HI aq. solution at 130 °C. Even in these harsh conditions, the Np skeleton with

sulfonate groups survived; however, based on LC-MS and NMR, a compound that is
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not the desired product was formed and was not further specified. Instead, the
conditions were refined. Only 1-2 eq. of HI were used, temperatures ranging from RT to
55 °C, and the compound was successfully prepared (Scheme 9). Another alternative
was tried using Pd/C with 2-ethanolamine in water’®; however, this reaction had to run
at 140 °C for the starting material to react, and the yield obtained was only 7%.
Therefore, this pathway was not further optimized.

OH o _F# OH

10% Pd/C (cat.) .
...... 2-ethanolamine (3 eq.) ° /"""' 57% HI (2 eq.) e
035 °C,17 h
H,0 @ Y3 SO; ® 55 °C,
HO,S SO4H 2 NH, S0, ©'NH, % HO,S SO4H
Lo RT-140 °C, 6 d ®°5 SO4H
3 7% NH,4 3
8 7 8

Scheme 9. Depropargylation of propargyloxy-neopentanetriammonium-trisulfonate.
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S CONCLUSION

The goals of this thesis were:

1. The synthesis of triply negatively charged neopentyl anchor bearing the
sulfonic acid and propargyl functional groups.

2. The development of a method to deprotect the propargyl group of the anchor.

3. The improvement of previously described protocols for the preparation of the
anchor.

Apart from the final deprotection of propargylated Pe, which provided a lower
yield, the first three compounds were still achieved on a multigram scale, with
compound 2 prepared in an almost quantitative yield.

The synthesis of the triply charged propargylated anchor was challenging, but was
finally achieved. While triflation afforded high yields without column purification, in
substitution for AcS, the column could not be avoided with the tested methods. The last
oxidation step required many attempts until an anion exchanger separation finally
afforded the desired product.

The depropargylation was achieved using concentrated HI solution.

With the compounds prepared, further derivatization will be explored in the

diploma thesis.
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6 EXPERIMENTAL SECTION

6.1 General information

Barrel organic solvents were distilled before use. Solvents were dried using 3 A molecular
sieves, when dry conditions were required, according to the reference®. Deionized water was
used for reactions and column chromatography purifications. Reagents and solvents were
purchased from Penta, Fluorochem, Sigma Aldrich, Lach-ner and P-lab, and used without further
purification. Argon or nitrogen was used as an inert gas. Flash column chromatography was
performed on SiliaFlash P60 (40-63 pum) or SiliaBond C18 (40-63 pm) both purchased from
SiliCycle. TLCs were performed on aluminum sheets coated with a silica gel layer 60 F254
purchased from Merck. TLC spots were visualized under a UV-lamp (A = 254 nm) or by dipping
the TLC plate either in basic KMnOj aq. solution (S1) (1.5 g KMnOg4, 10 g K2CO3, 1.25 mL 10%
w/w NaOH aq. solution, 200 mL H>O) or bromocresol green ethanol solution (S2) (100 mL
distilled ethanol, 0.04 g bromocresol green, 0.1 M NaOH dropwise addition until color changes
from orange to green), and afterwards heating the plate to 200-250 °C with a heat gun. Solvents
were evaporated on rotary vacuum evaporators from Biichi at RT-50 °C, and products were dried
on an oil pump from LAVAT at RT-80 °C. 'H NMR and *C NMR spectra were measured on
Bruker AVANCE III 400 MHz spectrometer at 400 MHz and 101 MHz, respectively. Samples
were dissolved in CDCl; or D;0. Deuterated solvents were purchased from ARMAR, Sigma
Aldrich, and Deutero. MS low-resolution spectra were measured with Shimadzu LCMS-2020
spectrometer. HRMS spectra were measured on Agilent 6530 Q-TOF LC/MS.

6.2 Synthesis

(1-Methyl-2,6,7-trioxabicyclo[2.2.2]octan-4-yl)methanol (1)
The compound was synthesized according to reference.!” Pentaerythritol (20 g,
2 ~OH 0.147 mol) was suspended in dry toluene (15 mL). Triethyl orthoacetate (26.9
4/----- 3 4 mL, 0.147 mol) and TsOH (72 mg, 0.374 mmol) were added to the reaction
o o* o mixture. The reaction mixture was heated to 95 °C, and the produced EtOH
>5/ was distilled from the reaction mixture by gradually increasing the temperature
6 1 to 100 °C. The reaction mixture was monitored by TLC using a CHCIl3/MeOH
10:1 mixture, and spots were visualized with stain S1. After all EtOH was distilled from the
reaction mixture, the temperature was gradually increased to 135 °C to distill off toluene. The
gelatinous residue was sublimed in a Kugelrohr (180 °C, 5 mbar). The product was acquired

partially in the form of a white solid and partially in the form of a white sticky gelatinous solid in

a 55% yield (13.0 g). Rr = 0.50. "H NMR (400 MHz, CDCls): 6 = 4.04 (s, 6H, H-4), 3.48 (d, J =
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4.7 Hz, 2H, H-2), 1.57 (t, J = 4.7 Hz, 1H, H-1), 1.47 (s, 3H, H-6) ppm. 13C NMR (101 MHz,
CDCl3): & = 108.55 (C-5), 69.28 (C-4), 61.38 (C-2), 35.59 (C-3), 23.40 (C-6) ppm. HRMS: for
C7H 1204 caled: m/z 160.0736 (for [M+H]" caled: m/z 161.0808), found 161.0801 [M+H]". 'H
and '3C NMR agree with the reference.!’

1-Methyl-4-((prop-2-yn-1-yloxy)methyl)-2,6,7-trioxabicyclo[2.2.2]octane (2)

The compound was synthesized according to reference.!” Compound 1 (8

4 O/ 1
/J% 3 2 g, 0.05 mol) was dissolved in dry THF (75 mL). The reaction mixture was
6.

/ f 6 cooled down to 0 °C, and NaH (3 g, 0.075 mol, 60% dispersion in mineral
0]
0" 0 oil) was slowly added. The reaction mixture was left to stir at 0 °C for 2
27 hours. Reaction mixture was bubbled with argon for 15 minutes before
8

dropwise addition of PrgBr (8.35 mL, 0.075 mol, 80% solution in
toluene). The reaction mixture was left to warm to RT and stirred for 20 hours. The reaction was
monitored with TLC using a mobile phase hexane/EtOAc 1:1. Spots were visualized with stain
S1. The mixture was filtered through a celite pad, and the filtrate was evaporated at 50 °C on a
rotary evaporator. The product was sublimed in a Kugelrohr (170 °C, 5 mbar) to obtain white
crystals, which partially dissolve upon manipulation, in a 95% yield (9.4 g). Rr = 0.83. 'H NMR
(400 MHz, CDCl3): 6 = 4.11 (d, J = 2.4 Hz, 2H, H-3), 4.03 (s, 6H, H-6), 3.31 (s, 2H, H-4), 2.47
(t,J=2.4 Hz, 1H, H-1), 1.48 (s, 3H, H-8) ppm. *C NMR (101 MHz, CDCl3) 6 = 108.58 (C-7),
78.83 (C-2), 75.21 (C-1), 69.41 (C-6), 67.99 (C-4), 58.74 (C-3), 34.71 (C-5), 23.42 (C-8) ppm.
HRMS: for CioH1404 calcd: m/z 198.0892 (for [M+H]* calcd: m/z 199.0965), found 199.0960
[M+H]*. 'H and *C NMR agree with the reference.!’

2-(Hydroxymethyl)-2-((prop-2-yn-1-yloxy)methyl)propane-1,3-diol (Propargyloxy-
neopentanetriol) (3)

4, O /1 The compound was synthesized according to reference.!” Compound 2
3 2 (9 g, 0.045 mol) was dissolved in MeOH (180 mL), and concentrated

6 ...,9
/ 6 6 HCI (4.0 mL, 0.045 mol) was added. The reaction mixture was stirred
HO
7 OH7 OH7 under reflux for 6 hours. The reaction was monitored with TLC using a
3

mobile phase CHCl3/MeOH 15:1. The spots were visualized with stain
S1. The reaction mixture was cooled to RT and neutralized with 5% w/w NaOH aq. solution
(50.4 mL), and the solvent was evaporated at 50 °C on a rotary evaporator. The residue was
dissolved in H>O (300 mL) and washed with CHCl; (3 x 300 mL). The water phase was

evaporated at 50 °C. The residue was dissolved in acetone (150 mL), the mixture was filtered,
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and the filtrate was evaporated at 40 °C. The product was dried on the oil pump at 80 °C. The
product was obtained as yellow oil in a 48% yield (3.5 g). Rr = 0.26. '"H NMR (400 MHz,
CDCh): 6 =4.17 (d, J = 2.3 Hz, 2H, H-3), 3.73 (s, 6H, H-6), 3.58 (s, 2H, H-4),2.49 (t,J=2.4
Hz, 1H, H-1) ppm. 3C NMR (101 MHz, CDCl3) 6 = 79.30 (C-2), 75.03 (C-1), 71.43 (C-4),
64.32 (C-6), 58.88 (C-3), 45.04 (C-5) ppm. ESI MS: for CsHi1404 calcd: m/z 174.1 (for [M+H]"
calcd: m/z 175.1), found 175 [M+H]". HRMS: for CsH4O;4 calcd: m/z 174.0892 (for [M+Na]"
caled: m/z 197.0784), found 197.0782 [M+Na]". 'H and '*C NMR agree with the reference.!”

2-((Prop-2-yn-1-yloxy)methyl)-2-((((trifluoromethyl)sulfonyl)oxy)methyl)propane-1,3-diyl-
bis(trifluoromethanesulfonate) (Propargyloxy-neopentanetriol-tristriflate) (4)

The compound was synthesized according to reference.!’”

gz
4 OJZ/ Propargyloxy-neopentanetriol 3 (2.8 g, 16.1 mmol) was dissolved

3
/6_””” 5 6 in dry DCM (90 mL) and the mixture was bubbled with argon for
O\\S/O 06 0o o 10 minutes. Dry 2,6-lutidine (5.6 mL, 48.2 mmol) was added, and
N A
F3d Oo_é OO:S\ the reaction mixture was cooled to -76 °C. TH,0 (8.1 mL, 48.2
7 =% CF
Fsé 7 3 mmol) was added dropwise, and the reaction mixture was stirred
4 / at -76 °C for 4 hours. The reaction was monitored with TLC using

CHCIl3/MeOH 15:1 mobile phase for the starting material and
hexane/EtOAc 10:1 for the product. The spots were visualized with stain S1. The reaction
mixture was diluted with Et,0 (180 mL) and washed with 1 M HCI (170 mL). The organic phase
was washed with saturated NaHCO3 aq. solution (170 mL) and brine (170 mL). The product was
dried with anhydrous MgSO4 (3 g), filtered, and the solvent was evaporated at 30 °C on a rotary
evaporator. The product was dried on the oil pump at RT. The product was obtained as a brown
solid in a 92% yield (8.5 g). Rr = 0.35. "TH NMR: (400 MHz, CDCls): § = 4.59 (s, 6H, H-6), 4.25
(d, J=2.4 Hz, 2H, H-3), 3.67 (s, 2H, H-4), 2.57 (t, J = 2.4 Hz, 1H, H-1) ppm. *C NMR: (101
MHz, CDCI3) 6 = 118.50 (q, J =319.9 Hz, C-7), 77.02 (C-2) 76.60 (C-1), 71.29 (C-6), 64.47 (C-
4), 58.90 (C-3), 44.70 (C-5) ppm. ’F NMR: (376 MHz, CDCl3) 6 = -73.81 (-CF3) ppm. HRMS:
for C11H11F9010S3 caled: m/z 569.9371 (for [M+Na]" calcd: m/z 592.9263), found 592.9259
[M+Na]*. 'H and '*C NMR agree with the reference.!”
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S,S'-(2-((Acetylthio)methyl)-2-((prop-2-yn-1-yloxy)methyl)propane-1,3-
diyl)diethanethioate (Propargyloxy-neopentanetrithiol-triacetate) (5)

, O ///1 The <':0mp01'1nd was synthesized according ‘.[o refere'nce.26

3 2 Potassium thioacetate (5.8 g, 50.8 mmol) was dissolved in dry

o) / "6 EtOH (90 mL), and the reaction mixture was bubbled with argon
%S 36 S 7 for 15 minutes. Propargyloxy-neopentanetriol-tristriflate 4 (4.83 g,
>]/ 8 8.46 mmol) was dissolved in dry EtOH (45 mL) and added to the

5 reaction mixture via syringe through a septum. The reaction was

cooled down to 0 °C and stirred at this temperature during the day and at RT at night for 4 days.
The reaction was monitored with TLC using hexane/EtOAc 10:1 mobile phase. The spots were
visualized with stain S1. The solvent was evaporated at 40 °C on a rotary evaporator, the residue
was dissolved in 1 M HCI (152 mL), and the product was extracted with toluene (155 mL). The
organic phase was washed with 1 M HCI (152 mL), saturated NaHCO3 aq. solution (152 mL),
and brine (152 mL). The organic phase was dried with anhydrous MgSOs (4.5 g), filtered, and
the filtrate was evaporated at 40 °C. The residue was sorbed onto a silica gel column (80 g), and
fractions were eluted with hexane/EtOAc 9:1 elution mixture to obtain the product as an orange
oil in 76% yield (2.25 g). Rr = 0.18. 'TH NMR: (400 MHz, CDCl3) d = 4.11 (d, J = 2.4 Hz, 2H,
H-3), 3.36 (s, 2H, H-4), 3.08 (s, 6H, H-6), 2.46 (t, J = 2.4 Hz, 1H, H-1), 2.36 (s, 9H, H-8) ppm.
I3C NMR: (101 MHz, CDCl3) 6 = 194.67 (C-7), 79.24 (C-2), 74.84 (C-1), 72.45 (C-4), 58.50
(C-3), 42.74 (C-5), 33.10 (C-6), 30.60 (C-8) ppm. ESI MS: for C14H2004S3 calcd: m/z 348.0 (for
[M+NH4]" caled: m/z 366.1), found 366 [M+NH4]". HRMS: for CisH2004S3 caled: m/z
348.0524 (for [M+Na]" caled: m/z 371.0421), found 371.0420 [M+Na]*. 'H and '3C NMR agree

with the reference.?¢

Triammonium 2-((Prop-2-yn-1-yloxy)methyl)-2-((trioxidanylthio)methyl)propane-1,3-
disulfonate (Triammoniumpropargyloxy-neopentanetrisulfonate) (7)

1 The compound was synthesized according to reference.?

3 2 Propargyloxy-neopentantrithiol-triacetate 5 (200 mg, 0.57 mmol)

o Gy 6 was dissolved in glacial acetic acid (4 mL), and H>O> (0.53 mL,
® 08 |6 so; 0 5.17 mmol, 30% water solution) was added dropwise to the
NH NC;)4883 © NH, stirred solution. The reaction mixture was heated to 50 °C and left

7 to stir for 1 hour. Reaction was monitored by TLC using

hexane/EtOAc 10:1 mixture for the starting compound and MeOH/CHCIl; 2:1 mixture for the

product. Spots were visualized with stain S1. The reaction mixture was partially neutralized with
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1 M NaOH (1.8 mL) to pH = 3—4. The reaction mixture was loaded onto 2 g of DEAE Sephadex
A-25 weak anion exchanger. The product was eluted using 1 M NH4HCO3 solution. Solvent was
evaporated on a rotary evaporator at 50 °C, and the product was dried on a vacuum pump at 60
°C. The product was obtained as a yellow glassy solid in a 79% yield (190 mg). Rr = 0.77. 'H
NMR (400 MHz, D20O): 6 =4.15 (d, J = 2.4 Hz, 2H, H-3), 3.89 (s, 2H, H-4), 3.53 (s, 6H, H-6),
2.78 (t, J = 2.3 Hz, 1H, H-1) ppm. 3C NMR (101 MHz, D>O, -BuOH) 6 = 79.84 (C-1), 75.66
(C-2), 71.37 (C-4), 69.75 (+-BuOH, -C-OH), 58.29 (C-3), 52.80 (C-2), 39.41 (C-5), 29.61 (t-
BuOH, -CH3) ppm. ESI MS: for CgH14010S3 calcd: m/z 366.0 (for [M-H] caled: m/z 365.0),
found 365 [M-HT", (for [M-2H]* calcd: m/z 182.0), found 182 [M-2H]*". HRMS: for C14H2004S;3
caled: m/z 365.9749 (for [M-H] calcd: m/z 364.9749), found 364.9663 [M-H], (for [M-2H]*
calcd: m/z 181.9838), found 181.9798 [M-2H]*. 'H and '*C NMR agree with the reference.?®

2-(Hydroxymethyl)-2-((trioxidanylthio)methyl)propane-1,3-disulfonic acid (Hydroxy-

neopentantrisulfonic acid) (8)

2 OH1 Triammoniumpropargyloxy-neopentanetrisulfonate 7 (21.4 mg, 0.051

3 mmol) was dissolved in 57% aq. HI (13.5 pL, 0.103 mmol). The reaction

4 Som mixture was heated to 55 °C and left to stir at this temperature for 17
3

SOH hours. The reaction was monitored by LC-MS and TLC using

HO,S

8 MeOH/AcOH 1:5 mixture. Spots were visualized with stain S1. The

product was sorbed on a DEAE Sephadex A-25 weak anion exchanger

and eluted with 0.25-0.5 M NH4HCOs. The fractions with product were evaporated at 40 °C on a

rotary evaporator. The product was dried on a vacuum pump at 50 °C. The product was obtained

as a transparent glassy solid in a 45% yield (7.6 mg). Rr = 0-0.11. '"H NMR (400 MHz, D,0): 6

= 3.86 (s, 2H, H-2), 3.43 (s, 6H, H-4) ppm. 3C NMR (101 MHz, D;0) ¢ = 64.25 (C-2), 53.06

(C-4), 40.55 (C-3) ppm. ESI MS: for CsHi2010S3 caled: m/z 328.0 (for [M-H] calcd: m/z

327.0), found 326.9 [M-HJ, (for [M-2H]* caled: m/z 163.0), found 163.0 [M-2H]*. HRMS: for

CsH12010S5 caled: 327.9593 (for [M-2H]* caled: m/z 162.9797), found 162.9721 [M-2H]*. 'H
and 3C NMR agree with the reference.?

30



7
(1

2

)

“4)

)
(6)
(7

®)

)

(10)
(11)
(12)
(13)

(14)

(15)

(16)

(17)

(18)
(19)

REFERENCES

Sigmund, G.; Arp, H. P. H.; Aumeier, B. M.; Bucheli, T. D.; Chefetz, B.; Chen, W.; Droge, S. T. J.;
Endo, S.; Escher, B. I.; Hale, S. E.; Hofmann, T.; Pignatello, J.; Reemtsma, T.; Schmidt, T. C.;
Schonsee, C. D.; Scheringer, M. Sorption and Mobility of Charged Organic Compounds: How to
Confront and Overcome Limitations in Their Assessment. Environ. Sci. Technol. 2022, 56 (8),
4702-4710. https://doi.org/10.1021/acs.est.2c00570.

Rengaraj, S.; Yeon, K.-H.; Kang, S.-Y.; Lee, J.-U.; Kim, K.-W.; Moon, S.-H. Studies on Adsorptive
Removal of Co(Il), Cr(IIl) and Ni(II) by IRN77 Cation-Exchange Resin. J. Hazard. Mater. 2002, 92
(2), 185-198. https://doi.org/10.1016/S0304-3894(02)00018-3.

Dizge, N.; Keskinler, B.; Barlas, H. Sorption of Ni(II) Ions from Aqueous Solution by Lewatit
Cation-Exchange Resin. J. Hazard. Mater. 2009, 167 (1), 915-926.
https://doi.org/10.1016/j.jhazmat.2009.01.073.

Abdelwahab, O.; Amin, N. K.; El-Ashtoukhy, E.-S. Z. Removal of Zinc Ions from Aqueous
Solution Using a Cation Exchange Resin. Chem. Eng. Res. Des. 2013, 91 (1), 165-173.
https://doi.org/10.1016/j.cherd.2012.07.005.

Boethling, R. S.; Lynch, D. G. Quaternary Ammonium Surfactants. In Detergents; de Oude, N. T.,
Ed.; Springer: Berlin, Heidelberg, 1992; pp 145—177. https://doi.org/10.1007/978-3-540-47108-0 3.
Gilbert, P.; Al-taae, A. Antimicrobial Activity of Some Alkyltrimethylammonium Bromides. Lett.
Appl. Microbiol. 1985, 1 (6), 101-104. https://doi.org/10.1111/j.1472-765X.1985.tb01498.x.
Baydar, A.; Johnston, R. Novel Quaternary Ammonium Salts Derived from Triglycerides and Their
Application in Skin and Hair Products. Int. J. Cosmet. Sci. 1991, 13 (4), 169—190.
https://doi.org/10.1111/j.1467-2494.1991.tb00560.x.

Zaikin, V. G.; Borisov, R. S. Options of the Main Derivatization Approaches for Analytical ESI and
MALDI Mass Spectrometry. Crit. Rev. Anal. Chem. 2022, 52 (6), 1287—-1342.
https://doi.org/10.1080/10408347.2021.1873100.

Daud, S. M.; Kim, B. H.; Ghasemi, M.; Daud, W. R. W. Separators Used in Microbial
Electrochemical Technologies: Current Status and Future Prospects. Bioresour. Technol. 2015, 195,
170-179. https://doi.org/10.1016/j.biortech.2015.06.105.

Banerjee, S.; Curtin, D. E. Nafion® Perfluorinated Membranes in Fuel Cells. J. Fluor. Chem. 2004,
125 (8), 1211-1216. https://doi.org/10.1016/j.jfluchem.2004.05.018.

Seko, M. The lon-Exchange Membrane, Chlor-Alkali Process. Prod. RD 1976, 15 (4), 286-292.
https://doi.org/10.1021/i360060a013.

Del Valle, E. M. M. Cyclodextrins and Their Uses: A Review. Process Biochem. 2004, 39 (9),
1033-1046. https://doi.org/10.1016/S0032-9592(03)00258-9.

Popr, M.; Filippov, S. K.; Matushkin, N.; Dian, J.; Jindfich, J. Properties of Cationic
Monosubstituted Tetraalkylammonium Cyclodextrin Derivatives — Their Stability, Complexation
Ability in Solution or When Deposited on Solid Anionic Surface. Beilstein J. Org. Chem. 2015, 11
(1), 192—199. https://doi.org/10.3762/bjoc.11.20.

Kasal, P.; Michel, M.; Gaalova, J.; Cufinova, P.; Izak, P.; Dian, J.; Jindfich, J. Chiral Nafion
Membranes Prepared by Strong Electrostatic Binding of Multiply Positively Charged f3-
Cyclodextrin Derivatives for Tryptophan Racemic Mixtures’ Separation. Mater. Today Commun.
2021, 27, 102234. https://doi.org/10.1016/j.mtcomm.2021.102234.

lon-exchange resin - Wikipedia. https://en.wikipedia.org/wiki/lon-exchange resin (accessed 2025-
03-11).

Popr, M.; Hybelbauerova, S.; Jindfich, J. A Complete Series of 6-Deoxy-Monosubstituted
Tetraalkylammonium Derivatives of a-, B-, and y-Cyclodextrin with 1, 2, and 3 Permanent Positive
Charges. Beilstein J. Org. Chem. 2014, 10 (1), 1390-1396. https://doi.org/10.3762/bjoc.10.142.
Kasal, P. Synthesis of Cyclodextrin Derivatives Suitable for Binding to Solid Supports. Doctoral
Thesis, Univerzita Karlova, Prirodovédecka fakulta, 2022.
https://dspace.cuni.cz/handle/20.500.11956/177515 (accessed 2025-03-10).

Whitmore, F. C.; Rothrock, H. S. NEOPENTYL ALCOHOL AND ITS REARRANGEMENT
PRODUCTSI. J. Am. Chem. Soc. 1932, 54 (8), 3431-3435. https://doi.org/10.1021/ja01347a067.
Dostrovsky, I.; Hughes, E. D. 49. Mechanism of Substitution at a Saturated Carbon Atom. Part
XXXI. The Role of Steric Hindrance. (Section F) a Comparison of the Rates of Reaction of Methyl,
Ethyl, n-Propyl, and Neopentyl Bromides with Wet Formic Acid. J. Chem. Soc. Resumed 1946, No.

31



(20)

21

(22)

(23)

24)

(25)

(26)

27)

(28)

(29)

(30)

€2))

(32)

(33)

(34)
(35)
(36)
(37

(3%)

0, 171-173. https://doi.org/10.1039/JR9460000171.

Dostrovsky, 1.; Hughes, E. D.; Ingold, C. K. 50. Mechanism of Substitution at a Saturated Carbon
Atom. Part XXXII. The Roéle of Steric Hindrance. (Section G) Magnitude of Steric Effects, Range
of Occurrence of Steric and Polar Effects, and Place of the Wagner Rearrangement in Nucleophilic
Substitution and Elimination. J. Chem. Soc. Resumed 1946, No. 0, 173—-194.
https://doi.org/10.1039/JR9460000173.

Dunn, T. J.; Neumann, W. L.; Rogic, M. M.; Woulfe, S. R. Versatile Methods for the Synthesis of
Differentially Functionalized Pentaerythritol Amine Derivatives. J. Org. Chem. 1990, 55 (26),
6368—6373. https://doi.org/10.1021/j000313a026.

Jia, Z.; Lonsdale, D. E.; Kulis, J.; Monteiro, M. J. Construction of a 3-Miktoarm Star from Cyclic
Polymers. ACS Macro Lett. 2012, 1 (6), 780—783. https://doi.org/10.1021/mz300259v.
Mahapatra, S. S.; Ramasamy, M. S.; Yoo, H. J.; Yi, D. H.; Cho, J. W. Synthesis and Properties of
Click Coupled Graphene Oxide Sheets with Three-Dimensional Macromolecules. J. Appl. Polym.
Sci. 2016, 133 (17). https://doi.org/10.1002/app.43358.

Kasal, P.; Jindfich, J. Kinetics of Nucleophilic Substitution of Compounds Containing Multiple
Leaving Groups Bound to a Neopentyl Skeleton. ACS Omega 2022, 7 (23), 20137-20144.
https://doi.org/10.1021/acsomega.2c01965.

Pinto, S. M. A.; Lourengo, M. A. O.; Calvete, M. J. F.; Abreu, A. R.; Rosado, M. T. S.; Burrows, H.
D.; Pereira, M. M. Synthesis of New Metalloporphyrin Triads: Efficient and Versatile Tripod
Optical Sensor for the Detection of Amines. Inorg. Chem. 2011, 50 (17), 7916-7918.
https://doi.org/10.1021/ic200727f.

Tomanova, A. Syntéza vicenasobné zaporn¢ nabitych kotev se sulfonatovymi skupinami.
Bachelor’s Thesis, Univerzita Karlova, Prirodovédecka fakulta, 2022.
https://dspace.cuni.cz/handle/20.500.11956/175274 (accessed 2025-03-16).

Lo, W.; Scott, T. A.; Zhang, P.; Ling, C.-C.; Holm, R. H. Stabilities of Cubane Type
[Fe4S4(SR)4]2— Clusters in Partially Aqueous Media. J. Inorg. Biochem. 2011, 105 (4), 497-508.
https://doi.org/10.1016/j.jinorgbio.2010.12.009.

Backer, H. J.; Evenhuis, N. Le Tétra-(Mercaptométhyl)-Méthane (Tétrathiopentaérythritol), un
réactif pour les aldéhydes et les cétones. Recl. Trav. Chim. Pays-Bas 1937, 56 (7), 681-690.
https://doi.org/10.1002/recl.19370560710.

Self Assembly - an overview | ScienceDirect Topics.
https://www.sciencedirect.com/topics/materials-science/self-assembly#definition (accessed 2025-
02-18).

Tien, J.; Terfort, A.; Whitesides, G. M. Microfabrication through Electrostatic Self-Assembly.
Langmuir 1997, 13 (20), 5349-5355. https://doi.org/10.1021/1a970454i.

Sanchez-Iglesias, A.; Grzelczak, M.; Altantzis, T.; Goris, B.; Pérez-Juste, J.; Bals, S.; Van
Tendeloo, G.; Donaldson, S. H. Jr.; Chmelka, B. F.; Israelachvili, J. N.; Liz-Marzan, L. M.
Hydrophobic Interactions Modulate Self-Assembly of Nanoparticles. 4CS Nano 2012, 6 (12),
11059-11065. https://doi.org/10.1021/nn3047605.

Dominic Kurbah, S.; Simisi Clovis, N. Supramolecular Self-Assembly Dicopper Carboxylates
Metallogels Driven by Non-Covalent Interactions and Pi-Pi Stacking: Crystal Structure and
Bioinspired Catalysis. Inorganica Chim. Acta 2024, 565, 122000.
https://doi.org/10.1016/j.ica.2024.122000.

Zhu, C.; Mu, A. U.; Lin, Y.-H.; Guo, Z.-H.; Yuan, T.; Wheeler, S. E.; Fang, L. Molecular
Coplanarity and Self-Assembly Promoted by Intramolecular Hydrogen Bonds. Org. Lett. 2016, 18
(24), 6332-6335. https://doi.org/10.1021/acs.orglett.6b03225.

Jorge, M. Molecular Dynamics Simulation of Self-Assembly of n-Decyltrimethylammonium
Bromide Micelles. Langmuir 2008, 24 (11), 5714-5725. https://doi.org/10.1021/1a800291p.
Bottom-Up Approach - an overview | ScienceDirect Topics.
https://www.sciencedirect.com/topics/engineering/bottom-up-approach (accessed 2025-03-17).
Yu, J.; Corma, A.; Li, Y. Functional Porous Materials Chemistry. Adv. Mater. Deerfield Beach Fla
2020, 32, €2006277. https://doi.org/10.1002/adma.202006277.

Zeolites in Catalysis: Properties and Applications; The Royal Society of Chemistry, 2017.
https://doi.org/10.1039/9781788010610.

O’Connor, C.; Van Steen, E.; Dry, M. New Catalytic Applications of Zeolites for Petrochemicals.
In Studies in Surface Science and Catalysis; Chon, H., Woo, S. ., Park, S.-E., Eds.; Recent

32



advances and new horizons in zeolite science and technology; Elsevier, 1996; Vol. 102, pp 323—
362. https://doi.org/10.1016/S0167-2991(06)81407-2.

(39) Furukawa, H.; Cordova, K. E.; O’Keeffe, M.; Yaghi, O. M. The Chemistry and Applications of
Metal-Organic Frameworks. Science 2013, 341 (6149), 1230444.
https://doi.org/10.1126/science.1230444.

(40) Diercks, C. S.; Yaghi, O. M. The Atom, the Molecule, and the Covalent Organic Framework.
Science 2017, 355 (6328), eaal1585. https://doi.org/10.1126/science.aal1585.

(41) Ultrahigh Porosity in Metal-Organic Frameworks. https://doi.org/10.1126/science.1192160.

(42) Yusran, Y.; Li, H.; Guan, X.; Fang, Q.; Qiu, S. Covalent Organic Frameworks for Catalysis.
EnergyChem 2020, 2 (3), 100035. https://doi.org/10.1016/j.enchem.2020.100035.

(43) Iftekhar, S.; Heidari, G.; Amanat, N.; Zare, E. N.; Asif, M. B.; Hassanpour, M.; Lehto, V. P.;
Sillanpaa, M. Porous Materials for the Recovery of Rare Earth Elements, Platinum Group Metals,
and Other Valuable Metals: A Review. Environ. Chem. Lett. 2022, 20 (6), 3697-3746.
https://doi.org/10.1007/s10311-022-01486-x.

(44) Wang, B.; Lin, R.-B.; Zhang, Z.; Xiang, S.; Chen, B. Hydrogen-Bonded Organic Frameworks as a
Tunable Platform for Functional Materials. J. Am. Chem. Soc. 2020, 142 (34), 14399-14416.
https://doi.org/10.1021/jacs.0c06473.

(45) Hisaki, I.; Xin, C.; Takahashi, K.; Nakamura, T. Designing Hydrogen-Bonded Organic Frameworks
(HOFs) with Permanent Porosity. Angew. Chem. Int. Ed. 2019, 58 (33), 11160-11170.
https://doi.org/10.1002/anie.201902147.

(46) Xing, G.; Peng, D.; Ben, T. Crystalline Porous Organic Salts. Chem. Soc. Rev. 2024, 53 (3), 1495—
1513. https://doi.org/10.1039/D3CS00855J.

(47) Xing, G.; Yan, T.; Das, S.; Ben, T.; Qiu, S. Synthesis of Crystalline Porous Organic Salts with High
Proton Conductivity. Angew. Chem. Int. Ed. 2018, 57 (19), 5345-5349.
https://doi.org/10.1002/anie.201800423.

(48) Su, D.; Wang, X.; Simard, M.; Wuest, J. D. Molecular Tectonics. Supramol. Chem. 1995.
https://doi.org/10.1080/10610279508032533.

(49) Zhang, S.; Fu, J.; Das, S.; Ye, K.; Zhu, W.; Ben, T. Crystalline Porous Organic Salt for Ultrarapid
Adsorption/Desorption-Based Atmospheric Water Harvesting by Dual Hydrogen Bond System.
Angew. Chem. Int. Ed. 2022, 61 (40), €202208660. https://doi.org/10.1002/anie.202208660.

(50) Yu, S.; Xing, G.-L.; Chen, L.-H.; Ben, T.; Su, B.-L. Crystalline Porous Organic Salts: From
Micropore to Hierarchical Pores. Adv. Mater. 2020, 32 (44), 2003270.
https://doi.org/10.1002/adma.202003270.

(51) Wang, J.; Yang, S.; Zhang, L.; Xiao, X.; Deng, Z.; Chen, X.; Liu, C.; Huang, G.; Kwok, R. T. K.;
Lam, J. W. Y.; Tang, B. Z. Constructing Flexible Crystalline Porous Organic Salts via a
Zwitterionic Strategy. J. Am. Chem. Soc. 2024. https://doi.org/10.1021/jacs.4c10713.

(52) Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. A Stepwise Huisgen Cycloaddition
Process: Copper(I)-Catalyzed Regioselective “Ligation” of Azides and Terminal Alkynes. Angew.
Chem. Int. Ed. 2002, 41 (14), 2596-2599. https://doi.org/10.1002/1521-
3773(20020715)41:14<2596:: AID-ANIE2596>3.0.CO;2-4.

(53) Tornge, C. W.; Christensen, C.; Meldal, M. Peptidotriazoles on Solid Phase: [1,2,3]-Triazoles by
Regiospecific Copper(I)-Catalyzed 1,3-Dipolar Cycloadditions of Terminal Alkynes to Azides. J.
Org. Chem. 2002, 67 (9), 3057-3064. https://doi.org/10.1021/jo011148§;j.

(54) Meldal, M.; Tornge, C. W. Cu-Catalyzed Azide—Alkyne Cycloaddition. Chem. Rev. 2008, 108 (8),
2952-3015. https://doi.org/10.1021/cr0783479.

(55) Worrell, B. T.; Malik, J. A.; Fokin, V. V. Direct Evidence of a Dinuclear Copper Intermediate in
Cu(I)-Catalyzed Azide-Alkyne Cycloadditions. Science 2013, 340 (6131), 457—460.
https://doi.org/10.1126/science.1229506.

(56) Rambabu, D.; Bhavani, S.; Swamy, N. K.; Basaveswara Rao, M. V.; Pal, M. Pd/C-Mediated
Depropargylation of Propargyl Ethers/Amines in Water. Tetrahedron Lett. 2013, 54 (9), 1169-1173.
https://doi.org/10.1016/j.tetlet.2012.12.093.

(57) Nayak, S. K.; Kadam, S. M.; Banerji, A. Selective Deprotection of Ethers by Low-Valent Titanium:
Facile Cleavage of Propargyl Ethers. Synlett 2002, 1993, 581-582. https://doi.org/10.1055/s-1993-
22537.

(58) Ohkubo, M.; Mochizuki, S.; Sano, T.; Kawaguchi, Y.; Okamoto, S. Selective Cleavage of Allyl and
Propargyl Ethers to Alcohols Catalyzed by Ti(O-i-Pr)4/MXn/Mg. Org. Lett. 2007, 9 (5), 773-776.

33



(39)

(60)

(61)

(62)

(63)

(64)

(65)

https://doi.org/10.1021/01062963u.

Mereyala, H. B.; Gurrala, S. R.; Mohan, S. K. Study of Metal and Acid Catalysed Deprotection of
Propargyl Ethers of Alcohols via Their Allenyl Ethers. Tetrahedron 1999, 55 (37), 11331-11342.
https://doi.org/10.1016/S0040-4020(99)00631-6.

Crich, D.; Jayalath, P.; Hutton, T. K. Enhanced Diastereoselectivity in B-Mannopyranosylation
through the Use of Sterically Minimal Propargyl Ether Protecting Groups. J. Org. Chem. 2006, 71
(8), 3064-3070. https://doi.org/10.1021/j00526789.

Zhang, H. X.; Guibé¢, F.; Balavoine, G. Palladium Catalyzed Hydrostannation of Alkynes and
Palladium-Catalyzed Hydrostannolysis of Propargyl or Propargyloxycarbonyl Derivatives of
Various Functional Groups. Tetrahedron Lett. 1988, 29 (6), 619—622.
https://doi.org/10.1016/S0040-4039(00)80165-3.

Swamy, V. M.; llankumaran, P.; Chandrasekaran, S. Selective Deprotection of Propargyl Ethers
Using Tetrathiomolybdate. Synlett 2000, 1997, 513—-514. https://doi.org/10.1055/s-1997-6132.
Ramapanicker, R.; Gupta, R.; Megha, R.; Chandrasekaran, S. Applications of Propargyl Esters of
Amino Acids in Solution-Phase Peptide Synthesis. Int. J. Pept. 2011, 2011 (1), 854952.
https://doi.org/10.1155/2011/854952.

Bhatt, M. V.; Kulkarni, S. U. Cleavage of Ethers. Synthesis 2002, 1983, 249-282.
https://doi.org/10.1055/s-1983-30301.

Williams, D. B. G.; Lawton, M. Drying of Organic Solvents: Quantitative Evaluation of the
Efficiency of Several Desiccants. J. Org. Chem. 2010, 75 (24), 8351-8354.
https://doi.org/10.1021/j0101589h.

34



