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ABSTRACT

Cube-octameric silsesquioxanes (COSS) present interesting opportunities in several applications due to their rigid inorganic

and biocompatible silicate core combined with tunable, well-oriented corner functionalities. In the present study, multivalent

mannose-decorated COSS-metallosalen complexes, as models combining potential catalytic activity and cell-targeting moieties in

a single structure, were synthesized. The complexes proved to be hydrolytically stable, and their assembly was efficient between a

slight excess of salicylaldehyde-derived mannose and an aminopropyl-modified COSS core, followed by complexation with metal

ions. The complexes can adopt a D, or an S, geometry with zinc and copper ions, respectively, which affects the orientation of the

mannose substituents and the availability of the catalytic metallosalen centers on the COSS core. Potential but modest ribonuclease

activity of the complexes was observed. The hydrolytic stability and the efficient assembly of these well-organized complexes can
be utilized for the synthesis of other glyco or biomolecule analogues.

1 | Introduction

Nanoparticles and other nanomaterials with custom-made func-
tionalities have become increasingly more attractive in the field
of drug development [1]. Among silicananoparticles are cage-
like silsesquioxanes, fully condensed polyhedral organosilicon
materials with a general formula of (RSiO, ;),, and a diameter
of around 1-3 nm [2-5]. They consist of an inorganic silicate
core (Si-O-Si) and an exterior organic shell. There can be a
different number of silicon atoms in the cage, and trifunctional
siloxane cages usually include T6, T8, T10, and T12 structures,
of which the highly symmetrical T8 structure (RSiO;;)s is the
most widely studied. In cube-octameric silsesquioxanes (COSS),
the fourth position of a silicon atom is bonded with other
functional groups, enabling a spherical deployment of eight
ligands. Many interesting properties arise from the rigid inorganic
core structure: tiny size, good pH tolerance, high mechanical
strength, enhanced thermal and chemical stability, good charge

transferability, reduced heat transfer coefficient, optical trans-
parency, and resistance to fire. The aforementioned properties
have been examined in various applications, including thermal
and biomedical (drug delivery, tissue engineering) applications,
catalysis, sensors, and energy storage [2-7]. COSS structures are
particularly appealing in biomedical applications due to their low
toxicity and high biocompatibility, as their hydrolytic degradation
leads to well-known primary silsesquioxanes [8, 9]. Cube-shaped
T8 COSS structures are highly tailorable in functionality because
pendant functionalities allow, for example, the conjugation of
different biomolecules such as peptides and carbohydrates [10].

Multivalency improves the specificity and affinity of ligand-
receptor interactions as multiple molecular recognition processes
occur simultaneously [11-13]. Many biological systems utilize
multivalency, for example, in signal transduction, biological
recognition processes, and self-organization of matter. Interest
has been drawn to the precise assembly of multiple ligands
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around a suitable scaffold or nanoparticle, aiming to maximize
biological effects [14]. An example of multivalent interactions
in biological systems is the reversible binding between lectin
receptors and carbohydrates [12, 13]. This interaction is present
in several important biological functions like cell-cell and
cell-pathogen recognition, immune regulation, and cell-growth
regulation. One important lectin—carbohydrate interaction is
between mannose receptors on the surfaces of macrophages
[12]. Macrophages are part of homeostasis [15-17] and the innate
immune system [18-20], however, they have also been shown
to be involved in numerous diseases, among them cancer and
autoimmune diseases [15, 21, 22]. For example, tumor-associated
macrophages (TAMs), where the expression of the mannose
receptor (CD206/MRC1) is upregulated [23-25], contribute to
tumor growth, angiogenesis, metastasis, immunosuppression,
and relapse [26-33]. Therefore, macrophages and
their mannose receptors can be important therapeutic
targets.

Multivalent systems can also entail several catalytically active
functional groups [34]. They can result in the cooperation
of the reactive functions and allow multiple catalytic events
to take place simultaneously [35]. Lately, nano-catalysis has
been explored as an alternative to conventional catalysis since
nanoparticles can offer higher stability, dispersibility, activity,
and biocompatibility [36]. In recent years, a lot of COSS-based
systems have been developed for catalysis [5], including one
utilizing metal-coordinating salen ligands [37]. A salen ligand
is a tetradentate bis-Schiff base ligand where two equivalents of
salicylaldehyde are combined with a diamine. The cooperative
effects of multiple metal sites in salen complexes have been
shown to be important in several catalytic reactions [38, 39].

Coordination compounds can provide benefits for pharmaceu-
tical applications that may not be achievable with organic
compounds [40]. For example, many metal compounds have
been used in cancer treatment since they destroy cancer cells
by damaging DNA [41]. In nature, the cleavage of nucleic
acids is achieved with nucleases [42], enzymes that catalyze the
hydrolysis of DNA and RNA, and their catalytic centers usually
contain one or two metal ions [43, 44]. Some properties of natural
enzymes have been utilized to create artificial nucleases and
nanozymes, which aim to mimic a natural catalytic site within
an enzyme by combining appropriate functions [35, 45-50].

Here we describe the synthesis and characterization of
multivalent COSS-metallosalen-glyco complexes (Scheme 1).
3-azidomethyl-5-tert-butyl-salicylaldehyde (4), which can be
conjugated to any carbohydrate ligand using robust Cu(I)-
catalyzed click reaction, was synthesized and condensed with
the aminopropyl-modified COSS. The Schiff bases formed
were then exposed to divalent metal ions (Zn?*" and Cu?") to
obtain the COSS-metallosalen-glyco complexes. Mannose was
attached to the complexes, representing a multivalent glyco
sphere potential for cell-specific recognition. Crystal structures
of the corresponding COSS-di-tert-butyl-salen Zn?** and Cu?*
complexes show D, and S, geometries, respectively. The
variable geometry, depending on the metal ion, contributes to
the potential catalytic pockets and the orientation of the glyco
substituents on the COSS core. Potential ribonuclease activity of
the complexes was also explored.

2 | Results and Discussion
2.1 | Syntheses

3-azidomethyl-5-tert-butyl-salicylaldehyde (4) was synthesized
from 4-tert-butylphenol (1) via a three-step method (Scheme 1).
First, formylation of 4-tert-butylphenol with MgCl,/HCHO
afforded 5-tert-butylsalicylaldehyde (2) in 48% yield. Then,
halomethylation at C3 of 5-tert-butylsalicylaldehyde resulted in 3-
bromomethyl-5-tert-butylsalicylaldehyde (3) in 90% yield. Finally,
the benzylic azide was prepared from the salicylaldehyde via
nucleophilic displacement at the benzylic bromide moiety using
NaN; in DMSO, the yield being 97%. Butynyl-mannose 6 was
prepared by glycosidation reaction of peracetylated mannose
5 in the presence of BF; - Et,0 with a yield of 32%. The
salicylaldehyde 4 and the acetylated butynyl-mannose 6 were
exposed to copper(I)-catalyzed click reaction (CuAAc), result-
ing in the salicylaldehyde-mannose compound 7 in 72% yield.
The acetylated salicylaldehyde-mannose 7 was deprotected with
K,CO; in methanol, yielding 72% salicylaldehyde-mannose 8.

The aminopropyl-functionalized COSS (9) was prepared by
hydrolytic condensation of 3-aminopropyltriethoxysilane
(APTES) [55], and recrystallization from methanol afforded
the product in 13% yield. Finally, the COSS-salen-mannose
10 was synthesized by quantitative condensation between the
salicylaldehyde 8 and 9 in the presence of triethylamine in
methanol. Product 10 thus contained a COSS-core, four metal-
coordinating salen moieties, and an outer layer of mannose
carbohydrates, which offered some water-solubility and potential
cell surface recognition.

Schiff bases can coordinate metal ions via the imine nitrogen and
another group, usually linked to the aldehyde. Metal complexes
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SCHEME 1 | Synthesis of salicylaldehyde-mannose derivative 8.
Conditions: i) paraformaldehyde, MgCl,, Et;N, MeCN, 24 h, 100°C [51];
ii) paraformaldehyde, HBr, H,SO, (cat.), H,0, 24 h, 70°C [52]; iii) NaNj,
DMSO, 24 h, r.t. [53]; iv) BF5-Et,0, but-3-yn-1-0l, DCM, 24 h, r.t. [54]; v)
CuSOy (cat.), sodium ascorbate, MeCN/H,0 (1:1v/v), 7 h, r.t.; vi) K,COs3,
MeOH, 24 h, r.t.
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SCHEME 2 | Synthesis of metal complexes of COSS-salen-mannose. Conditions: i) Zn(OAc),-2H,0, MeOH, 2 h, r.t.; ii) Cu(OAc),, MeOH, 2 h, r.t.

FIGURE 1 | Crystal structures of COSS-di-tert-butyl-salen Zn, and
Cuy complexes, representing Dy, and S, symmetries, respectively.

(11 and 12) were obtained by exposing 10 to Zn(OAc), or
Cu(OAc), in anhydrous methanol. The metal complex solutions
were divided into 60 nmol aliquots and lyophilized for later use.
The authenticity of the complexes 11 and 12 was verified by mass
spectroscopy (ESI-TOF) (Figure S23 and S24).

2.2 | Potential Geometry of the COSS-Salen Metal
Complexes

COSS-salen 10 incorporates tetradentate N,O, binding sites for
four distinct metal ions. Furthermore, the core provides con-
formational flexibility that can result in two different complex
geometries with approximately D,, and S, symmetries. These
affect the orientation of the sugar moieties and the availability
of the metal centers in potential catalytic cavities on the COSS
core (Scheme 2). A D, symmetric complex has previously
been authenticated by single-crystal X-ray diffraction studies
of a COSS-salen-Zn, complex (13, Figure 1) [37]. We failed to
obtain good-quality and sufficiently stable crystals of 11 and 12
for single-crystal X-ray diffraction studies and, therefore, used
complexes 13 and 14 (Figure 1) as analogous model compounds to
experimentally confirm the variable D, /S, symmetry in COSS-

salen-metal complexes. 13 and 14 were prepared by exposing
the synthesized COSS-3,5-di-tert-butyl-salen to Zn(OAc), and
Cu(OAc),, respectively, in a mixture of chloroform and methanol.
In a few days, crystals of 13 and 14 formed in these solutions
were collected, and their crystal structures were determined
using single-crystal X-ray diffraction. The crystal structure of 13
corresponds to its previously reported structure (CSD-XAGGUL)
[56] and shows four Zn?** cations coordinated to the chelating
groups in a distorted tetrahedral fashion (d, o = 1.91-1.92 A
and d,,n = 1.98-2.02 A). As discussed above, and previously
by Janeta et al. [37], 13 adopts a D, symmetric geometry,
resulting in four approximately equally sized molecule binding
pockets, each situated between two of the metal bearing groups.
These cavities are large enough to encapsulate one chloroform
molecule each, and due to their proximity to the metals, they
may serve a significant role in catalytic processes involving the
metal centers. The crystal structure of the Cu** complex (14)
is similarly a chloroform solvate with a ca. 25% larger unit cell
volume compared to 13, suggesting a significantly higher solvent
content in the crystals (see refinement details in SI, Table S1).
In contrast to 13, 14 displays an S, symmetric structure due
to the different sequence in which the coordinating groups are
connected to the Cu®* centers (bond lengths: d¢, o = 1.89-1.92
A and d., y = 1.96-1.97 A; Figure 1). This can be addressed
to the noticeably more flattened coordination environment of
the Cu?* ions, with a geometry index of 7, = 0.29-0.33 [57],
compared to Zn** with 7, = 0.74-0.75 (where 7, = 1 corresponds
to ideal tetrahedral coordination), causing less intramolecular
steric strain between the tert-butyl groups in the S, symmetric
configuration. In this geometry, 14 contains only two distinct
cavities with one chloroform molecule included in each (Figure
S25). Based on this crystallographic evidence, i.e., the metal
coordination-driven selection between the D, and S, symmetries
in 13 and 14, it is likely that respective geometries are displayed by
the Zn?** and Cu®* metal complexes of COSS-salen-mannose, 11,
and 12, with the same tetranuclear core moiety. For 11 and 12, this
would mean that the mannose groups have different orientations
in these two complexes, which can affect their catalytic perfor-
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FIGURE 2 | 'H NMR analyses of the stabilities of the metal com-
plexes. 200 uM 11/12 in a 3:1 (v/v) mixture of cacodylate buffer (0.1 M in
D,O0, pH 7.5) and DMSO-d6. A change in pH due to the addition of 5 uL
concentrated H,SO, shifts the signal positions slightly.

mances and potential binding properties. However, the aqueous
environment and the substituent effect in 11 and 12 can change
the energetically most favored geometry of the complexes.

2.3 | Hydrolytic Stability of the Metal Complexes

Metallosalens are shown to be relatively stable hydrolytically
[39, 58]. Coordination of metal ions stabilizes the complexes and
prevents hydrolysis of the corresponding imines. To evaluate the
stability of the complexes 11 and 12, they were incubated in
hydrolytic conditions, and the potential hydrolysis was monitored
by NMR (Figure 2). The experiments were carried out in a 3:1 (v/v)
mixture of cacodylate buffer (0.1 M in D,0, pH 7.5) and DMSO-d6.
'H NMR spectra were recorded as soon as possible after dissolving
and after 3, 7, 14, 21, and 28 days. A reference monitoring was
performed with compound 10 without any metals (Figure S26).
As the compound degrades, the signals from the hydrolysis
products (i.e., no metal coordinated) are clear and distinct, and
the aldehyde proton at around 10 ppm is distinguishable. To
demonstrate this, 'H NMR spectra were recorded in identical
conditions but with the addition of 5 uL concentrated sulfuric acid
to the NMR samples to purposefully hydrolyze the complexes (the
spectra at the bottom, Figure 2). Consequently, the appearance
of distinct signals, and especially the signal from the aldehyde
proton, indicates hydrolytic degradation of the coordination
compounds. In the stability tests, the lack of distinct signals
therefore indicates no significant hydrolytic degradation of the
metal complexes in four weeks. Thus, the complexes (11 and 12)
demonstrated no leakage of metal ions and showed sufficient

hydrolytic stability for them to act as potential catalysts in a
relatively long time period, for example, in the RNase activity
experiments carried out in this study.

2.4 | RNase Activity

The catalytic centers of natural nucleases usually contain one
or two metal ions, which facilitate either hydrolytic or oxidative
cleavage of nucleic acids. In the hydrolytic pathway, the metal
ions contribute to the cleavage by a) acting as Lewis acids, thereby
activating the phosphoryl group toward nucleophilic attack; b)
decreasing the pK, of the leaving group, thus enhancing the
leaving group ability; c) deprotonating hydrating water molecules
or other hydroxyl groups present, which increases the proportion
of anionic nucleophiles; or d) holding the nucleophile and the
substrate close to each other, therefore partially overcoming the
electrostatic repulsion [48]. Metal-promoted cleavage of RNA is a
combination of modes (a) and (c), where the metal ion assists the
proton transfer from the attacking 2’-OH nucleophile to the leav-
ing 5’-OH nucleophile. In the oxidative pathway, electron transfer
from the metal to molecular oxygen or peroxide creates reactive
oxygen species (ROS), which abstracts a hydrogen from the ribose
or deoxyribose ring [59]. Subsequently, spontaneous cleavage of
C-Cand C-0 bonds leads to strand scission. The metal complexes
mimic, for example, nature’s glycopeptoid bleomycin, a cancer
drug, where the peptoid moiety is responsible for oxidative
cleavage of DNA and RNA, and the saccharide moiety accounts
for cellular uptake. Some other salen complexes have previously
shown good ability to cleave RNA and DNA [60, 61].

The catalytic phosphodiester cleavage activity of the metal com-
plexes (11 and 12) was studied using a biologically relevant
sequence of HER2 RNA (5-6FAM-GUG AGC ACC AUG GAG-
3). The oligonucleotide was labelled with fluorescein, and the
degradation was analyzed by denaturing polyacrylamide gel
electrophoresis (PAGE) to obtain t,,, values of the RNA’s decay
(Figure 3A). The cleavage was followed at 35°C and pH 7.5, and
aliquots were withdrawn from the reaction solution at suitable
time intervals. A fluorescein labelled 2’-OMe oligonucleotide (5’-
6FAM-AAA AAA AAA AAA AAA AAA AAA-3’) was used as an
internal standard. All reactions were carried out in HEPES buffer
(0.10 M, I = 0.10 M) in excess of the cleaving agent (50 uM 11/12
(Cegr =200 uM), 50 uM

target-ON, 25 pM std-ON). The disappearance of the starting
material followed first-order kinetics, exemplified by Figure 3b,c.
For reference, we also followed the potential RNA cleavage with
compounds 9 and 8, as well as without any catalyst. The amounts
of 9 (1 eq relative to 11/12) and 8 (8 eq relative to 11/12) were
matched to the reaction conditions with 11 and 12, or the catalyst
was replaced with water. The reactions were also performed with
only the metal precursors (i.e., no ligands) to see if the activity
was in fact due to the whole complexes. The amount of metal
precursors Zn(OAc), and Cu(OAc), (4 eq relative to 11/12) was
also matched to the reaction conditions with 11 and 12. The metal
complexes 11 and 12 exhibit RNase activity with half-lives of
146 h and 362 h, respectively (Table 1). The Zn** complex (11)
proved to be a more active but modest catalyst for the HER2 RNA
cleavage in comparison with artificial Zn** ion-based catalysts in
general [62]. Compounds 8 and 9 induce negligible cleavage of the
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target RNA. The metal precursors exhibit different, albeit faster,
reaction rates than the respective metal complexes. Considering
the hydrolytic stability of the complexes (11 and 12) and the
kinetics of the RNA degradation, the catalytic activity, although
modest, can be accounted for by the complexes.

3 | Conclusion

COSS-metallosalen-mannose complexes 11 and 12 were syn-
thesized, and their identity was verified by NMR and mass
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FIGURE 3 | Cleavage of HER2 by 11 in HEPES buffer (0.10 M, [ =
0.10 M) at 35°C and pH 7.5.

TABLE 1 |

First-order rate constants and half-lives of HER2 cleavage
in HEPES buffer (0.10 M, I = 0.10 M) at 35°C and pH 7.5.

Catalyst k /1078 (s71) t,, (h)
1 132 +1.41 146 + 1.56
12 53.2 £ 0.60 362 + 4.07
9 ~ 6.55 ~ 3000
8 stable stable
No catalyst stable stable
Zn(OAc), 237 +3.38 81.0 £1.15
Cu(OAc), 56.3 +0.78 342 + 4.69

spectrometry. The hydrolytic stability of these compounds was

proven by NMR studies. In addition, crystal structures of model
zinc and copper complexes (13 and 14) with the same tetranuclear
core moiety were synthesized and crystallized to demonstrate the
likely D,;, and S, symmetries of the respective mannose analogues
(11 and 12). While the crystal structure of 13 has previously been
published [37], the structure of the S, symmetric Cu*" complex
14 was described for the first time. The potential variable D, /S,
geometries of the COSS-metallosalen-mannose complexes (11
and 12) expectedly affect the orientation of the sugar moieties
and the availability of the metal centers in potential catalytic
cavities on the COSS core. Ribonuclease activity of 11 and 12
was studied using a biologically relevant RNA model as a target
(HER2 RNA responsible for the expression of human epidermal
growth factor receptor in many breast cancer types). The zinc(II)
complex (11) showed higher activity than the copper(II) complex
(12), but the activity remained modest compared to Zn-based
artificial nucleases in general. Both zinc and copper are good
Lewis acids, but the coordination chemistry of metallosalens
might not be optimal for hydrolytic cleavage, as the metal ions are
not as available to react with other surrounding hydroxyl groups.
Modifying the ligand, for example, using hydroxysalens, might
improve the catalytic activity [63].

Alternatively, a different target sequence for these complexes, or
other metal ions for the cleavage of HER2, might show better
activity, as certain sequences might be more prone to cleavage
by certain complexes [60]. Metallosalens are redox active, so an
oxidative cleavage pathway is more preferable for them than a
hydrolytic one [61, 64]. However, whereas the 2’-OH group makes
RNA more labile toward hydrolytic degradation, it stabilizes
the sugar moiety in RNA against ROS [65]. ROS toward RNA
may lead to base damage rather than strand cleavage. DNA
is more susceptible to oxidative cleavage. There are plenty of
examples where metallosalens have shown good DNase activity,
but examples with good RNase activity are sparse [60, 61, 63]. As
our interest lies in cleaving RNA (the HER2 model), cleavage of
DNA was not explored. Since the cleavage activity was not at a
desired level, no cell uptake studies were performed. Regardless,
the good hydrolytic stability of these well-organized complexes
and their efficient, good-yielding assembly on the COSS core can
be utilized for the synthesis of other glyco or biomolecule ana-
logues, possibly with more potent catalytic activity and RNA/cell
receptor-binding properties.
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4 | Experimental Section
4.1 | General Methods and Materials

Oligonucleotides were synthesized by a conventional phospho-
ramidite strategy on a solid support using commercial phospho-
ramidite blocks. Deprotection and cleavage were performed with
a 1:1 (v/v) mixture of 25% (w/w) aq ammonia and 40% (w/w)
aq methylamine, and the crude oligonucleotides were purified
by RP-HPLC using Phenomenex Clarity Oligo-RP (5 pm, 250 x
10 mm) semipreparative column. The yields of oligonucleotides
were determined according to their UV absorbance at 260 nm.
The mass spectra were recorded using a Waters Acquity UPLC-
DAD RDa MS electrospray ionization time-of-flight (ESI-TOF)
spectrometer. The 'H, C, and ?°Si NMR spectra were recorded
on a Bruker Avance-III 500 MHz instrument equipped with
a Prodigy BBO CryoProbe. Characterizations were made with
additional information from DEPT-135, DQF-COSY, multiplicity
edited HSQC, and HMBC experiments. The reported 'H and
BBC NMR signals are referenced to the residual solvent signals
[66], and the reported 2°Si signals are referenced to TMS (& =
0.00 ppm) added to the samples.

4.2 | Synthesis of 5-tert-butylsalicylaldehyde (2)

The reaction was performed according to a procedure from the
literature [51].

4.3 | Synthesis of
3-bromomethyl-5-tert-butylsalicylaldehyde (3)

The reaction was performed according to a procedure from the
literature [52].

4.4 | Synthesis of
3-azidomethyl-5-tert-butylsalicylaldehyde (4)

The reaction was performed according to a procedure from the
literature [53].

4.5 | Synthesis of 2,3,4,6-tetra-O-acetyl-1-O-(3-
butynyl)mannopyranoside
(6)

The reaction was performed according to a procedure from the
literature [54].

4.6 | Synthesis of tetraacetylated
salicylaldehyde-mannose (7)

3-azidomethyl-5-tert-butylsalicylaldehyde (4, 0.1700 g, 1 eq),
2,3,4,6-tetra-O-acetyl-1-O-(3-butynyl)mannopyranoside (6,
0.2931 g, 1 eq), CuSO, (0.0117 g, 0.1 eq), and sodium ascorbate
(0.0435 g, 0.3 eq) were dissolved in a 50:50 (v/v) mixture of
MeCN and water (10 mL). The reaction was stirred at room
temperature and followed by TLC (hexane/EtOAc 60:40 (v/v))

until no starting materials were visible. CuSO, (0.1 eq) and
sodium ascorbate (0.3 eq) were added to the reaction mixture
every one hour, as the product was noticed to coordinate copper
a little bit. The reaction mixture was evaporated to dryness after
7 h. DCM and water were added to the evaporation residue,
and the layers were separated. The aqueous layer was extracted
with DCM (1x), and the combined organic layers were washed
with saturated aqueous NaHCO; (2x), brine (2x), and water
(2x). The organic layer was dried with Na,SO, and evaporated
in vacuo after filtration. The crude product was purified by silica
gel column chromatography (DCM/MeOH 97:3 (v/v)), affording
the product 7 as a white solid (0.33 g, 72%). 'H NMR (500 MHz,
CDCL,, 25°C): 6 = 11.26 (s, 1H), 9.89 (s, 1H), 7.62 (d, J = 2.5 Hz,
1H), 7.61 (s, 1H), 7.54 (d, J = 2.5 Hz, 1H), 5.56 (s, 2H), 5.24-5.32
(m, 2H), 5.20 (dd, J = 3.1, 1.7 Hz, 1H), 4.81 (d, J = 1.7 Hz, 1H), 4.25
(dd, J = 12.3, 5.2 Hz, 1H), 4.07 (dd, J = 12.3, 2.3 Hz, 1H), 3.97 (dt,
J=9.5, 6.6 Hz, 1H), 3.87 (ddd, J = 9.4, 5.2, 2.3 Hz, 1H), 3.70 (dt, J
=9.5, 6.6 Hz, 1H), 3.01 (dd, J = 6.6, 6.6 Hz, 2H), 2.14 (s, 3H), 2.07
(s, 3H), 2.05 (s, 3H), 2.01 (s, 3H), 1.30 ppm (s, 9H); BC{'H} NMR
(126 MHz, CDCl,, 25°C): § = 196.8, 170.8, 170.2, 170.1, 169.8, 157.3,
144.5, 143.4, 135.6, 131.0, 123.1, 122.8, 120.4, 97.7, 69.7, 69.2, 68.8,
67.3, 66.2, 62.5, 48.3, 34.3, 31.3, 26.4, 21.0, 20.9, 20.8 ppm; HRMS
(ESI): m/z caled for C;,HN;0,,+H*: 634.2607 [M+H]*, found:
634.2593.

4.7 | Synthesis of salicylaldehyde-mannose (8)

Starting material 7 (0.1914 g, 1 eq) and K,CO; (0.2505 g, 6 eq) were
dissolved in MeOH (15 mL), and the reaction mixture was stirred
overnight at room temperature. TLC analysis (EtOAc) indicated
no starting material left after 24 h, so the reaction mixture
was evaporated to dryness. The crude product was purified by
silica gel column chromatography (EtOAc/MeOH 80:20 (v/v)),
affording the product 8 as a light-yellow solid (0.10 g, 72%). 'H
NMR (500 MHz, CD,0D, 25°C): § = 9.93 (s, 1H), 7.83 (s, 1H),
7.75 (d, J = 2.5 Hz, 1H), 7.65 (d, J = 2.5 Hz, 1H), 5.60 (s, 2H),
4.76 (d, 1.7 Hz, 1H), 3.95 (dt, J = 9.7, 6.7 Hz, 1H), 3.79 (dd, J =
11.8, 2.3 Hz, 1H), 3.76 (dd, J = 3.1, 1.7 Hz, 1H), 3.57-3.71 (m, 4H),
3.40 (ddd, J = 9.3, 5.8, 2.3 Hz, 1H), 2.97 (dd, J = 6.7, 6.7 Hz, 2H),
1.32 ppm (s, 9H); 3C{'H} NMR (126 MHz, CD,0D, 25°C): & =
198.8, 158.0, 146.2, 144.4, 136.1, 132.3, 124.4, 124.2, 121.8, 101.6, 74.7,
72.5, 72.0, 68.5, 67.4, 62.8, 49.2, 35.1, 31.6, 27.0 ppm; HRMS (ESI)
m/z calcd for C,,HyN;Og+H*: 466.2184 [M+H]*, found: 466.
2170.

4.8 | Synthesis of aminopropyl-COSS (9)

The synthesis process was modified from a procedure from
the literature [55]. A solution of concentrated aqueous HCI
(10 mL) and MeOH (110 mL) was heated to 60°C, and 3-
aminopropyltriethoxysilane (9, 4.680 mL) was added dropwise
to the reaction mixture. After addition, the reaction mixture was
further heated to 90°C and stirred overnight. The solution was
cooled to room temperature, and THF (220 mL) was added to
precipitate the crude product. The precipitate was isolated by
suction filtration and washed with THF. The crude product was
recrystallized from MeOH and washed with Et,0, affording the
product 10 as a white solid (0.39 g, 13%). 'H NMR (500 MHz,
DMSO-d6, 25°C): § = 8.24 (br, 24H), 2.79 (t, J = 7.6 Hz, 16H),
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1.74 (m, 16H), 0.74 ppm (t, J = 8.0 Hz, 16H); C{!H} NMR
(126 MHz, DMSO-d6, 25°C): § = 41.0, 20.6, 8.4 ppm; ¥Si{'H}
NMR (99 MHz, DMSO-d6, 25°C): & = -66.4 ppm; HRMS (ESI)
m/z calcd for C,,H,NgO,,Sig+H*: 881.2871 [M+H]*, found: 881.
2874.

4.9 | Synthesis of COSS-salen-mannose (10)

Aminopropyl-COSS (9, 0.0150 g, 1 eq) and salicylaldehyde-
mannose (8, 0.0595 g, 10 eq) were dissolved in anhydrous MeOH
(5mL), and triethylamine (42.7 uL, 24 eq) was added. The reaction
mixture was stirred overnight at room temperature and then
evaporated to dryness. The crude product (as a dry solid) was
washed multiple times with CH;Cl (to remove triethylamine
chloride) and EtOAc (to remove the excess starting material 8).
The product was dissolved in MeOH, and evaporation to dryness
afforded the product 10 as a yellow solid (0.056 g, 99%). '"H NMR
(500 MHz, CD,0D, 25°C): 6 = 8.33 (s, 8H), 7.73 (s, 8H), 7.32 (d, T =
2.4Hz, 8H),7.22(d,J = 2.4 Hz, 8H), 5.44 (s, 16H), 4.73 (d, J=1.6 Hz,
8H), 3.88 (dt, J = 9.7, 6.7 Hz, 8H), 3.78 (dd, J = 11.8, 2.4 Hz, 8H),
3.75(dd, J = 3.2, 1.6 Hz, 8H), 3.57-3.70 (m, 32H), 3.53 (t, J = 6.3 Hz,
16H), 3.39 (ddd, J = 9.5, 5.7, 2.4 Hz, 8H), 2.87 (dd, J = 6.7, 6.7 Hz,
16H), 1.81 (m, 16H), 1.19 (s, 72H), 0.79 ppm (t, J = 7.8 Hz, 16H);
BC{'H} NMR (126 MHz, CD;0D, 25°C): § = 167.3, 162.0, 145.9,
141.3, 132.7, 130.3, 124.5, 124.3, 118.7, 101.5, 74.7, 72.6, 72.1, 68.6,
67.4, 62.9, 60.0, 50.1, 34.8, 31.8, 27.0, 25.5, 10.0 ppm; 2Si{'H} NMR
(99 MHz, CD,;0D, 25°C): § =—66.2 ppm. HRMS (ESI) m/z calcd for
C00Ha06N3, O Sig+2H2*: 2229.9494 [M+2H]?*, found: 2229.9409;
m/z caled for CyooH,gaN3,O6sSig+3H3: 1486.9687 [M+3H]*,
found: 1486.9664; m/z calcd for C,noH,gs N3, OgsSig+4H* 1115.4783
[M+4H]*, found: 1115.4745.

4.10 | Synthesis of COSS-salen-mannose-Zn**,
(1)

Starting material 10 (5.1 mg, 1 eq) was dissolved in anhydrous
MeOH (2.733 mL). Zn(OAc), - 2H,0 in anhydrous MeOH
(0.0364 M, 0.125 mL, 4 eq) was added, and the reaction
mixture was stirred at room temperature for 2 h. The solu-
tion was then divided into 150 pL (60 nmol) aliquots, which
were lyophilized. HRMS (ESI) m/z (most abundant) calcd
for C,0H,g5N3,045SisZn,+2Na**: 2380.2596 [M+2Na]**, found:
2380.2493.

4.11 | Synthesis of COSS-salen-mannose-Cu’*,
(12)

Starting material 10 (4.4 mg, 1 eq) was dissolved in anhydrous
MeOH (2.255 mL). Cu(OAc), in anhydrous MeOH (0.0187 M,
0.211 mL, 4 eq) was added, and the reaction mixture was stirred
at room temperature for 2 h. The solution was then divided
into 150 pl (60 nmol) aliquots, which were lyophilized. HRMS
(ESI) m/z (most abundant) calcd for C,oH,5N3,OgsSigCu,+3H3*:
1570.1883 [M+3H]**, found: 1570.1900; m/z (most abundant) calcd
for CapoH,gsNs, O SigCu, +4H*: 1177.8930 [M+4H]*, found:
1177.8980.

4.12 | Synthesis of
COSS-di-tert-butylsalicylaldehyde (15)

Aminopropyl-COSS (9, 0.20 g, 1 eq) was dissolved in EtOH
(6 mL), and triethylamine (106 pL, 8 eq) and 3,5-di-tert-butyl-
salicylaldehyde (0.50 g, 22 eq) were added. The reaction mixture
was stirred at room temperature overnight, after which it was
evaporated to dryness. The crude product was dissolved in
DCM and washed with water. The organic layer was dried with
Mg,SO, and then evaporated to dryness after filtration. The
evaporation residue was washed multiple times with MeOH to
remove the excess 3,5-di-tert-butyl-salicylaldehyde. The product
was dissolved in DCM, and evaporation to dryness afforded the
product as a yellow solid (0.132 g, 53%). 'H NMR (500 MHz,
CDCl;, 25°C): 6 =13.96 (s, 8H), 8.33 (s, 8H), 7.35 (d, J = 2.4 Hz, 8H),
7.06 (d, J = 2.4 Hz, 8H), 3.55 (t, J = 6.6 Hz, 16H), 1.81 (m, 16H), 1.44
(s, 72H), 1.29 (s, 72H), 0.72 ppm (t, J = 8.4 Hz, 16H); *C{'H} NMR
(126 MHz, CDCl,, 25°C): § = 166.0, 158.4, 139.9, 136.7, 126.8, 118.0,
62.0, 35.2, 34.2, 31.7, 29.6, 24.6, 9.7 ppm; **Si{'H} NMR (99 MHz,
CDCl,, 25°C): § = -66.74 ppm.

4.13 | Synthesis of
COSS-di-tert-butylsalicylaldehyde-Zn?*, (13)

Starting material 15 (5.2 mg, 1 eq) was dissolved in a 1:1 (v/v)
mixture of CH;Cl and MeOH (1 mL). Zn(OAc), - 2H,0 in
a 1:1 (v/v) mixture of CH;Cl and MeOH (0.01 M, 0.8 mL, 4
eq) was added, and the solution was left crystallizing at room
temperature.

4.14 | Synthesis of
COSS-di-tert-butylsalicylaldehyde-Cu?®*, (14)

Starting material 15 (7.8 mg, 1 eq) was dissolved in CH;Cl (1.5 mL).
Cu(OAc), - H,0 in MeOH (0.01 M, 0.96 mL, 4 eq) was added, and
the solution was left crystallizing at room temperature.

4.15 | Kinetic Experiments

The reactions were carried out in Eppendorf tubes and heated
at 35°C with a dry heat block. 20 uL. HEPES buffer (0.40 M
in H,O, pH 7.5, ionic strength adjusted to 0.40 M with NacCl),
20 uL internal standard oligonucleotide (100 uM in H,0O), 20 uL
target oligonucleotide (200 uM in H,0), and 20 pL catalyst
11/12 (200 pM in H,0/DMSO 3:1 (v/v)) were added to an
Eppendorf tube. Consequently, the total reaction volume was
80 uL (c(HEPES) = 0.10 M), I(HEPES) = 0.1 M, c(std-ON) =
25 uM, c(target-ON) = 50 uM, c(cat.) = 50 uM) with a pH of 7.5.
In the reference reactions, 20 pL 9 (200 pM), 20 uL 8 (1.6 mM),
20 uL H,0, 20 uL Zn(OAc), - 2H,0 (800 uM), or 20 pL Cu(OAc),
(800 uM) was added instead of the catalyst 11/12 to match the
reaction conditions. 4 uL aliquots were withdrawn at suitable
time intervals and cooled immediately on an ice-water bath.
The aliquots were diluted 10-fold with H,O, and a 4 uL sample
from the dilution was mixed with 4 puL Novex TBE-Urea 2x
sample buffer. The samples were frozen with liquid N, and kept
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in a freezer until denaturing polyacrylamide gel electrophoresis
(PAGE) was performed to analyze the cleavage of HER2. 6 uL
of the samples were applied to gel wells. The gel used was a
TBE-Urea gel (15% acrylamide, 1XTBE, 7 M urea) fixed into
a vertical electrophoresis chamber, which was filled with the
running buffer (90 mM Tris, 90 mM borate, 2 mM EDTA, pH 8.3).
The gels were run at 200 V and 45 mA for 45 min, and they were
imaged by the fluorescence labels in the standard oligonucleotide
and the target oligonucleotide. The bands on the gels were
quantified by processing the images into 2D density profiles and
integrating them using ImageJ software. The values obtained for
HER2 were corrected by dividing them by the values obtained
for the standard, and then normalized to the starting point. First-
order rate constants were calculated for the disappearance of the
target oligonucleotide by applying the integrated first-order rate
law to the diminution of the signal from HER?2.
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