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Abstract: The use of thiosemicarbazones (TSCs) as ligands for the functionalization of nanoparticles (NP) for
various purposes, such as the covalent immobilization is fueled by their modular character (thiosemicarbazides
+ carbonyl compound), allowing enormously broad variation of up to four substituents on the main
RiR2C=N(1)-NH-C(5)-N(4)RsR4 core. For Ri and Rz we introduced di-2-pyridyl ketone for the coordination of
metals and 9-anthraldehyde for luminescence. Rs and R4 substituents were varied for various purposes. Amino
acids were functionalized at the N4 position to [RiR2TSC-spacer—amino acid] conjugates for future peptide
conjugation or for direct anchoring to NP via their carboxylic function. Further direct NP anchoring functions
such as phosphonic acid (OP(OH)2), glucose, o-hydroquinone, OH, and thiol (SH) were introduced with or
without separation through hydrocarbon spacer units such as phenyl, cyclohexyl, benzyl, ethyl and methyl in
[RiR2TSC-spacer—anchor group] conjugates. [RiR:TSC—spacer—end group] conjugates including OH, S-Bn (Bn
= benzyl), NH-Boc (Boc = tert-butyloxycarbonyl), COOtBu, or N3 end groups were produced for the facile
formation of amide, ester, or triazine conjugates through click chemistry. The synthesis of the
thiosemicarbazides H:2NH-C(S)-NRsR4 starting from amines, including amino acids, SCClz or CSz, and
hydrazine and their condensation with dipyridyl ketone and anthraldehyde lead finally to 34 new TSC
derivatives. They were synthesized in up to six steps with overall yields ranging from 10 to 85% and were
characterized by a combination of elemental analyses, mass spectrometry, and magnetic nuclear resonance
spectroscopy. UV-vis absorption and photoluminescence spectroscopy allowed to easily trace the dipyridyl
imine and anthracene chromophores.
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1. Introduction

Functionalization of nanoparticles (NP) through covalent bonding of various molecules has
become a versatile technique in nanochemistry [1-4]. Such functionalization can have various
intentions ranging from stabilizing the surface of NP to controlled drug-release [5-11]. Covalent
bonding of surface ligands, drug molecules, luminescent probes or other surface functionalities to
NP is clearly superior to adsorption through non-covalent forces such as hydrogen bonding, dipolar
forces, or van der Waals forces. Covalent bonding allows far more stable and selective binding of the
surface functionalities, defined chemical moieties, and controlled release through specific reactions
reversing the covalent binding [12-16]. This also includes coordinative bonds [17,18]. The functional
molecules defining the application can be either directly anchored on the NP surface through
functions like carboxylates, phosphonates, or alkylsilanes ([molecule—anchor] conjugates) or by using
[molecule—end group] conjugates combining the functional molecule and a reactive end group for
covalent binding to functionalize NP surfaces. For both cases, multifunctional molecules allowing
broad variation and good chemical stability are required [19,20].

Thiosemicarbazones (TSC) have continuously received attention from their interesting
biological properties and anti-bacterial, anti-malarial, anti-parasitic, and anti-proliferative activities
have been reported [21-30]. This includes TSCs covalently bound/conjugated to other biologically
relevant molecules such as glucose or coumarin to enforce their biological activities [31-33]. Also, the
binding of metals to TSCs or such molecular conjugates to generate anti-proliferative properties has
previously been studied [34—40].

In contrast to this, the idea of binding metal-TSC complexes or [drug-TSC] conjugates to surfaces
of NP is new [41-43]. The potential suitability of TSCs to serve as ligands for metal coordination
covalently anchored on NP surfaces and conjugating them to further functional units at the same
time, is obvious from the up to four possible substituents on both the N1 and N4 functions of the
general TSC RiR2C=N(1)-NH-C(S5)-N(4)RsR4 backbone (Scheme 1A and B, marked in green) and
from the modular synthesis from the Rs- and Rs-substituted thiosemicarbazides and any Ri- and Re-
substituted carbonyl (Scheme 1D, blue and red marking, respectively).
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H H H H
R N R R 2] Rg 2Y
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° 1 N N4 + > TsC R1|3|R2|’kR|3’ o |
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H S carbonyl potentially bearing further
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Scheme 1. A: Schematic representation of thiosemicarbazones (TSC) in their thione and thiol forms
(R, R, R” = H, alkyl, or aryl) with numbering of the TSC backbone (in green. B: N”S thione
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coordination of a TSC to metal fragments [M]. C: 2-acetylpyridine-thiosemicarbazones (R2 = CHs)
showing tridentate N*N"S thiolate binding. D: Formation of a TSC from a thiosemicarbazone and a
carbonyl.

TSCs have several donor atoms in their NNC(S)N backbone that allow metal coordination, a
five-ring chelate N1"S coordination is the most prominent [27-30]. This coordination sphere can be
extended using further coordination units such as pyridyl (Scheme 1C). The TSC immanent thione-
thiole tautomerism (Scheme 1A) contributes to selective metal ion binding through the charge of the
ligands with the neutral thione vs. the anionic thiolate forms. Thus, even if R is part of the metal
coordination site, Rz, Rs, and R« are still available to carry additional functional groups allowing to
conjugate the TSC to other functional molecules (fluorescent or bioactive) AND conjugate the entire
molecular entity to the surface of a NP thus forming trilateral [functional-molecule-TSCcomplex—
NP] conjugates (Scheme 2 and Scheme 3).

TSCs have previously been used for the functionalization of NP using various non-covalent
approaches, including nano formulation/encapsulation [44-38]. In contrast to this, approaches for
covalent binding of TSC onto NP are scarce. Till recently, only the condensation of citrate-
functionalized Au NP with p-methyl-carbohydrazonethioamide [41] was reported, while the binding
of a phenolate-acridine-TSC molecules on an Ag NP surface is depending on the coordination of this
molecule on the surface and not on covalent bonds [42]. In a very recent approach, Fes04@SiO2 core-
shell NP were reacted subsequently with (3-chloropropyl)trimethoxysilane (CPTMS), 4-
hydroxyacetophenone, thiosemicarbazide, and CuSO+5H:0 to yield a fully covalently linked [NP-
TSC—Cu] conjugate with the Cu(Il) ions bound by two different anchored 4-oxoacetophenone-TSC
moieties [43]. In further recent reports, the surface of NPs was functionalized using materials such as
dextran or chitosan before attaching TSCs or TSC complexes to them, but the character of the bonding
between the TSCs and NP surface is not clear [49-54].

We thus embarked to explore possibilities to bind TSC molecules covalently to NP surfaces or
use them as covalent connections between NP-anchoring functions and biologically relevant
molecular entities (trilateral conjugates). Herein we report on our first attempts to synthesize
functionalized TSC derivatives for direct covalent/coordinative anchoring of TSC molecules on NP
surfaces ([TSC-X-NP] conjugates), Scheme 2, approach A) or TSC derivatives (TSC-Z) which can be
bound to NP surfaces using additional anchoring units (Y—X) for covalent connection in [TSC-Z-Y-
X-NP] conjugates (Scheme 2, approach B).
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Example =

Scheme 2. Schematic approaches to [TSC-X anchor] (A) and [TSC-Z-Y-X anchor] (B) conjugates with
an example.

We functionalized the TSCs in this study at the N1 position with di-2-pyridyl ketone (Scheme 3),
as the resulting di-2-pyridyl-imine group usually leads to an increased toxicity of TSCs [22,55-58].
Also, we placed 9-anthraldehyde (anthracene-9-carbaldehyde) in this position to form the fluorescent
9-anthracenylmethyl tag (Scheme 3)[59].

A:
1.tuning toxicity of TSC \R :] 83 i i
2. adding fluorophores 1Y N N/ \Z ZorX=
2 Na or X NH-Boc or COOtBU
o R, H H
| N\ | N\ chelator / separating anchor group from chelator
o = = B: TSC anchor group for
)J\ - or . Spacer direct anchoring (B1)
Ri R, o H R or cross linking
1 to nanoparticles (B2)
N NWZ or X
=~ Y N2 Na
N Zorxs=
chelator OH, SH, COOH, NH,, OP(OH),, glucose,

catecholate, N3, C CH =

Scheme 3. Targeted functionalization of TSC in this work. A: [RiR:TSC-spacer-amino acid]
conjugates B: [RiR2TSC—spacer—anchor] (B1) and [RiR:TSC—spacer-end group] conjugates (B2).

In the N4 position we placed various chemical functionalities. They were either protected amino
acids with their NHBoc protected functions terminating the conjugate, or hydrocarbon spacers to
functional groups such as phosphonic acid (OP(OH)2), glucose, o-hydroquinone, and thiol (SH), or
OH for anchoring on NPs or OH, NHz, COOH, Ns or C=CH (Scheme 3) for further connection via
simple reactions such as amide or ester formation or click chemistry.

With the molecular TSC conjugates shown in Scheme 3 in hands will allow us to generate
trilateral [functional-molecule-TSCcomplex—NP] conjugates in future work. In this contribution we
will exclusively report on these molecular [TSC-spacer-anchor] and [TSC-spacer—end group]
conjugates.

2. Results and Discussion

2.1. General Approaches and Targets

In the focus of the first group (group A in Scheme 2) of target structures TSC-X, were TSCs
containing potentially coordinating amine, carboxylate, hydroxy, phosphonate, silane, and thiol
group (Scheme 4, anchoring group). TSCs with a thiol group can be used for the direct attachment to
gold or other NP with a soft character in view of the hard and soft acids-and bases (HSAB) principle
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[60]. Hard NP surfaces such as metal oxides can be coordinated using amine, carboxylate, hydroxy,
phosphonate, or silane groups.

Components of the conjugate Targeted chemical structures

g 0
< = thiosemicarbazone G _N_ JL
with N1 end group N O
functionalisation Z "N
<

YW = spacer RO R/H\R R n=0,2,6

OMe || SH
X = anchoring group )J\O R— SII_OMG R—FI>—OH R
R H
OMe OH N
0 R
. OH _SH _NH, *
Y, Z = functional group - S e R OB —
R R r R———H
R R)J\OH
Z—Y = covalent bond”™" )(J)\ R ﬁ/\
= Ry
Ry N R1)]\O N= N7R

Scheme 4. Components of the TSC-X anchor (A) and TSC-Z-Y-X anchor (B) conjugates attempted in
this work and their chemical structures. * Targeted but not accomplished. ** For future work.

Amine, carboxylate, and hydroxy groups together with alkyne and azide functionalities can also
be used to covalently link the TSCs to pre-functionalized nanoparticles by “click” chemistry or the
formation of esters and amides (TSC-Z + Y-X-NP) (group B in Scheme 2 and Scheme 4, for details,
see Section 2.2). TSCs with bromide functions are interesting precursors for the introduction of other
anchoring groups by the substitution of the bromide function or for a three component click reactions
with bromides as precursors for azides, as will be outlined later.

The synthesis of the N4 functionalized TSCs started from bifunctional, primary amines with the
general synthesis shown in Scheme 5 (details in Section 2.2 and the Supplementary Materials).
Reaction of the amines with thiophosgene (SCClz) or carbon disulfide (CSz) lead to thiocyanates.
Reaction with hydrazine (N2Hz2) gave the thiosemicarbazides. These were reacted with the two
carbonyl compounds di-2-pyridyl ketone and 9-anthraldehyde to give the protected TSCs. In some
cases, we deprotected them, in other cases, the protected TSCs are the final products.

The amine and the anchoring group should be spatially separated in these starting materials to
reduce the influence of the anchor group on the properties of the TSC later on (Scheme 3). The nature
of this spacer function will probably also affect the biological properties of the TSC and we chose the
rigid 1,4-phenylene, the slightly more flexible 1,4-cyclohexane, and the fully flexible alkyl spacers
ethylene or hexylene (Scheme 4). Depending on the reactivity of the anchoring group, the
intermediate protection of amine, thiol and carboxylic acid functions is necessary due to the high
reactivity of thiophosgene SCCl2 and hydrazine used for the TSC synthesis.
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Scheme 5. General procedure for the synthesis of TSCs in this work.

In total we synthesized 34 TSC derivatives with di-pyridyl ketone (Scheme 6, marked in blue) or
9-anthraldehyde (Scheme 6, marked in purple) in the N1 position and various functional groups
(marked in red) and spacers in the N4 position (for details, see Section 2.2).
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Scheme 6. Summary of functionalized TSCs reported in this work (the labels A1, A2, B1, and B2 refer
to Scheme 3).

Details of the syntheses of the thiosemicarbazides and the thiosemicarbazones can be found in
the Supplementary Materials. The reported products are generally air- and hydrolysis stable. The
anthracenyl derivatives seem to be light-sensitive and should be stored under the exclusion of light.
All products are soluble in MeCN and dimethyl sulfoxide (DMSO) and were characterized using 'H
and ®C nuclear magnetic resonance (NMR) spectroscopy, electron-spray-ionization mass
spectrometry (ESI-MS) and UV-vis absorption and in part, UV-vis absorption and photoluminescence
spectroscopy (spectra in the Supplementary Materials).
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2.2. Syntheses of TSCs

2.2.1. Thiosemicarbazones Derived from Amino Acids

The purpose of introducing amino acids at the TSC-N4 group is motivated by our wish to use
these building blocks for the attachment of peptides for further functionalization [19]. We have
recently reported tert-butyloxycarbonyl (Boc)-protected L-lysine-TSC derivatives for the addition of
the cell-penetrating peptide sc18 [38].

Starting with the Boc-protection of the carboxylic acid function, the final products, including
both the anthraldehyde and the dipyridylketone, were obtained as Boc-protected derivatives in a
four-step procedure in reasonable to good overall yields ranging from 18 to 50%. The yields for the
formation of the thiocyanates from the Boc-protected amines varied massively with the lowest values
for R = 4-hydroxymethyl benzyl. Maybe the additional hydroxymethyl function is not well tolerated.
The yields for the thiosemicarbazide formation reaction (Figure 1, bottom right) are generally
excellent, while the Boc-protection and the condensation with the ketones requires optimization as
some yields are only around 50% or even below.

0

0 )J\ CHj3 CHj
HZN%OH HeC™ "OtBu HZN% &CH —,030'2 W)k )yCH3
R HCIO,, 48 h, rt. CH; NEt;, THF CHj
Yield: 3hrt. Yield: R
Ry = methyl, R, = i-propyl, R3 = benzyl, Ry = 43%, Ry = 77%, R1 =Rz =100%, R3 = 90%
Ry = ibutyl, Rg = CH,COOH, Rs = 49%, Ry = 50%, Ry = 98%, Rs = 80%,
Rg = 1-methyl propyl, R; = 4-hydroxy benzyl Rs = 66%, Rg = 60% Re = 78%, R7 = 45%
N2H,4 lMeOH, 4h,70°C
CH j\ CH
Rs 3 3
H H
)\\ /N W)k CH; - R4 Rs /N W)J\ )TCH3
CHs  \eOH, AcOH, 4 h, rt. CHs
o Oy H e} Yield: Ry = 88%, Ry, = 100%,
)J\ = Ny Ny R3 = 84%, R4 = 44%, R5 = 99%,

Ry "Rs OOO or L) Re = 80%, Ry = 84%

Yield: Yield:

Ry = 48%, Ry = 52%, Rq =56%, Ry, = 65%,

Rs = 43%, Ry = 97%, Rs = 75% Rs =82%, Ry = 98%, Rs = 75%

Rs = 65%, Ry = 49% Re =80%, R7 = 82%

Figure 1. Synthesis of TSCs derived from amino acids.

Since the NH: function of the amino acid is functionalized and not the C-a atom, the
stereochemistry at C-« is retained.

2.2.2. Thiosemicarbazones Derived from Diamines

The same motivation, to final conjugates for further functionalization using peptides motivated
to start from diamines (Figure 2). The four-step reaction sequence in overall yields ranging from 50
to 68%. The Boc-protection of one amine function was generally very successful with excellent yields
(81 to 92%). The thiocyanates were formed quantitatively. For the thiosemicarbazide formation from
the thiocyanates we obtained excellent yields, while some condensations require optimization as
yields were as low as 38 or 50%.
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Yield: Ry = 98%,

OsH
j\ _ R, = 94%, Ry = 91%
J00e m

Yield: Ry =38%, Ry =65%, R3=75% Yield: Ry = 50%, R, = 90%, R3 = 80%

Figure 2. Synthesis of TSCs starting with diamines introducing hydrocarbon spacers.

2.2.3. Thiosemicarbazones Derived from Acetobromo-a-D-Glucose

Glucose has been reported as an interesting functionality to selectively address cancer cells [61-
65]. Therefore, it is not surprising, that TSCs with glucose moiety at the N4 position and their
biological activities have previously been reported [64-69]. However, the N1 position was not
functionalized with dipyridyl ketone and 9-anthraldehyde yet. Also, the possibility to use glucose-
tagged TSC in polysaccharide nanoconjugates was not studied yet. Finally, the glucose moiety might
also anchor efficiently on metaloxide NP surfaces.

We started the synthesis from acetobromo-a-D-glucose and received the two target conjugates
in a three-step process in overall yields of 20% (Figure 3). Both, the formation of the thiocyanate and
the reaction with hydrazine require optimization.

Br AcQ OAc AcQ OAc

AcO NoHs y
 * KScN %MO’C&NCS EtOH, 4 h, rt ACO’C&
- ~, OAc MeCN, 3 h reflux —0 y , LU )—NH
AcO" " J _
" \ Yield: 36% \ NH,
o Ohe OAC Yield: 57%
MeOH, AcOH -
o o H. O AcQ  PAc 4h,rt
R‘])kRZ ‘ N\ ‘ N\ or ACO’C&NH *Rz
J U0 Vo e R
$ d =
Yield: 100% Yield: 100% \OAC R,

Figure 3. Synthesis of TSCs from acetobromo-a-D-glucose.

2.2.4. Thiosemicarbazones with a Hydroxy-Alkyl Function

Hydroxy functions are very versatile and the target HO-CnHm spacer moiety could potentially
be used for the formation of esters for further conjugation or for direct anchoring to NPs.

In a three-step reaction procedure, starting from trans-4-amino-cyclohexanol we obtained the
N4-4-hydroxy-cyclohexanol TSCs in overall yields of 10 and 14%, which definitely calls for
optimization, especially for the reaction of the amine with carbon disulfide (CS2) to the thiocyanate.
The stereochemistry of the 4-hydroxy-cyclohexanol was retained.
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1 = 550
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T MeOH, AcOH
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or
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Figure 4. Synthesis of TSCs starting from trans-4-hydroxy-cyclohexanol.

2.2.5. Thiosemicarbazones with a o-Hydroquinone Function

Benzene-1,2-diol (0-hydroquinone) represents a very suitable anchoring function for iron oxides
in the form of catecholate [70,71]. We introduced this moiety starting from 4-(1,2-benzene-1,2-
diol)ethylammonium chloride (dopamine hydrochloride) and received the two TSCs in very good
overall yields of 76 and 85% yields in three steps (Figure 5). The 1,2-diol functionality is obviously
fully tolerated.

=S
C

HO N
Q/v e jij/v e, NH2
MeOH rt, 30 min Ho MeOH, relfux, 3 h

Yield: 98% Yield: 90%

MeOH, reflux, 3h

Yield: 86% Yield: 96%

Figure 5. Synthesis of TSCs starting from dopamine.

2.2.6. Thiosemicarbazones Derived from Amino Thiols

A benzyl-protected thiol was the target of the reaction starting from 2-amino-1-thiol and benzyl
chloride (Figure 6). However, overall yields were moderate (32%) to low (19%). Both the formation
of the thio-benzyl unit and the condensation reactions require optimization, while the formation of
the thiocyanate using thiophosgene was quantitative.

CsCl, ~ s\/©
HQN/\/SH + CI/\© m HZN/\/S\/©4> S\C:N/\/

— EtsN, THF
20 min, 35 °C Yield = 50% Yield = 100%

O _H (0]
O N N i
)J\ - or | N | = MeOH, 4 h, 70 °C | NoH,4
v or, (I
Yield: 43% Yield: 74%
\/@ I \/@
/\/S 4— HoN< )J\H/\/S

Yield = 87%

R1Y

Figure 6. Synthesis of TSCs derived from amino thiols.
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The benzyl protecting group can be removed by using strong acids or bases, or reductive
conditions using alkali metals or stannyl hydrides and the product used for anchoring to thiophilic
metal NP such as Au or Ag [72].

2.2.7. Thiosemicarbazones with an Alkyne Function

Terminal alkynes are versatile groups for azide-alkyne click reactions (AAC), which has been
frequently used for bioconjugation [73-75].

Unfortunately, the synthesis of thiosemicarbazides derived from propargyl amine (Figure 7) was
not successful. While the reaction of propargyl amine with thiophosgene gave the thiocyanate in 52%
yield, the following reaction of the isothiocyanate with hydrazine hydrate failed to give the target
thiosemicarbazide. Our failure is in line with a previous report using hydroxy-isothiocyanates [76]
and we assume, that a rapid cyclisation reaction occurs, preventing the product formation (Scheme
7)[77,78].

1) 1.5 eq. NyH,, MeOH, 70 °C
2) Addition of isothycyanate over 1 h

S
3)70°C, 4h
HoN<
X N)LN
H H

1) 1.0 eq. NyH,4, MeOH, 70 °C
2) Addition of isothycyanate over 1 h

/\
X
S Na,COj3 3)70°C,4h H,N
HoN S ———— //N/\ > °N N
2 /\ + )k HoO/CH,Cl, S//C S " N H/\
/\

H Cl cl 2h,rt 1) Isothiocyanate, MeOH, 70 °C

Yield: 52% 2) Addition of 1.0 eq. N,H, over 1 h s

3)70°C,4h HN
NN
H H

Figure 7. Attempted synthesis of thiosemicarbazones with an alkyne function starting from propargyl
amine.

N
@ ':\/\N\\C'/—\ N4< HN//< -

N H,N  — > S or S — = ??7?
‘ Wil |
NH2 H H

H H

Scheme 7. Proposed cyclisation reaction preventing the formation of propargyl amine
thiosemicarbazide.

Consequently, we introduced a more rigid spacer function between the thiosemicarbazide and
alkyne function (Figure 8) and obtained N4-alkyne-TMS functionalized TSC in four steps in good to
reasonable yields.
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™S ™S
: N H Pd(PPhs), Cul, Et;N _CSCh, EtsN_
foluene, it, 24 h THF 4hrt
NH, |
Yield: 92% Yield: 97%
o OH
= _N N MeOH
@*@ NoHs| oo
2 L ~ T™S
Yield: 71% Yield: 58% TMS O %
=z PR S
S R Ra /”\
v L -
1YN\N N AcOH, MeOH NN
H R 50 °C, rt, 4 h Yield: 60%

Ro

Figure 8. Synthesis of synthesis of TSCs with alkyne functions on rigid phenylene spacers.

2.2.8. Attempted Synthesis of Thiosemicarbazones with a Bromide Function

Bromide is a very versatile functional group that can either be converted into other functional
groups for conjugation, such as amines, alcohols or cyanides. At the same time it can be directly used
in a three component azide-alkyne click (AAC) reaction as azide precursor (bromide + NaNs + alkyne)
[73-75,79]. Starting from 1,2-amino-bromo-ethane, we received the 1-bromo-2-thiocyanate in
quantitative yield (Figure 9) through reactions with thiophosgene. The subsequent attempts to
achieve the bromo-ethylene functionalized thiosemicarbazide through reaction with hydrazine failed

(Figure 9).
1.:1.8 eq. NpHy, MeOH, 70 °C
Et;N N2 1.4 . NpH,, MeOH, 70 °C JSL
HzN/\/Br+ CHC s S T
CI)J\CI 3h rif Yield = 100% 3-: 1.0 9. NoHs, MeOH, 70 °C H H

Figure 9. Attempted synthesis of the 1-bromo-2-N4-thiosemicarbazide.

In a similar way as supposed for our attempts of introducing a terminal alkyne function (Figure
7), we suspected that a flexible spacer function between the bromide and isothiocyanate function
probably allows a detrimental cyclisation reaction (Scheme 8) [63-65]. Consequently, we introduced
a more rigid spacer function between the thiosemicarbazide and alkyne function (Figure 10).

Br  Base S X=0orN
/—\ /N/\/ X
R X L 0 - X R = H, alkyl, aryl
-Br

Scheme 8. Proposed cyclisation reaction preventing the formation of 2-thiazoline derivatives from
1-Br-2-N-thiocyanate and alcohols or amines.

Na,COs3, Br

_LiAIH, K@y CSC|2 s
TTHE NH, HZO NH3 H20/0H2c3|2 NC
reflux 12 h

3.5 h, reflux rt, 16 h
Yield: 100% Yield: 93% Yield: 46%

Figure 10. Synthesis of TSCs with Br functions on rigid spacers.

We therefore converted 4-cyano-benzaldehyde into the 4-amine derivative in quantitative yield,
reacted it with HBr to form the hydrobromide (93% yield) and converted this to the thiocyanate in
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46% yield using thiophosgene (Figure 10). Unfortunately, also from this more rigid thiocyanate, the
reaction with N2Hs (same conditions as in Figure 9) to form the thiosemicarbazides failed. In future
work we will explore the late-stage introduction of bromide into the TSC.

2.2.9. Thiosemicarbazones with an Azide Function

Azide-substituted TSC derivatives are excellent candidates for covalent conjugation using the
azide-alkyne click (AAC) reaction [73-75,79]. Thus, 2-amino-1-bromoethane was reacted with NaNs
to yield 2-azidoethylamine in 74% (Figure 11). The conversion to the thiocyanate using thiophosgene
was also successful (83% yield). When reacting the thiocyanate with hydrazine under our established
conditions, we failed to receive the azido derivative. Very probably, the flexible spacer function
between the azide and isothiocyanate function probably led to cyclisation reactions, confirming our
assumptions for the attempts for alkyne and Br substituted TSCs with flexible spacers (Figure 7 and

Figure 9).
s NoH, S
Nafts HaN o~ CSCl, ke N Jk _NH
H,N —o> > \ —X— 3\/\ 2
" Br H,0,75°C No BN THF 3h,rt. NN, MeOH, 4 h, 70°C NN
Yield = 74% Yield = 83%

Figure 11. Attempted synthesis of thiosemicarbazones with an azide function.

When introducing the rigid phenylene spacer function between the thiosemicarbazide and azide
function, we obtained the two azide functionalized TSCs in a six-step reaction sequence in remarkable
36 and 42% overall yields, starting from 4-cyano-benzaldehyde (Figure 12).

N3
_HBrLHO _ NaNg H0
+ LiAIH
4 reﬂux 12 h 3 5 h, reflux 16 h, reflux NH,
$ Yield: 100% Yield: 93% f

Yield: 78%
N3 N3 CCLS, EtsN| THF, 3 h, rt.
R
\O\/H H )\1 AcOH, MeOH KQVH H N, Meon V2
N TR, 50°C son. 4h YONH, .
S Yield: 65% & S
reflux, 3 h z
: N
o O_H
= N NG o Yield: 89%
=(J U0
F F
Yield: 73% Yield: 99%

Figure 12. Synthesis of TSCs with azide functions using the rigid dimethyl-phenylene spacer.

2.2.10. Thiosemicarbazones with a Phosphonate Group

Phosphonates are suitable groups for anchoring on iron oxide NPs [80-82]. Phosphonylation of
4-iodo-nitrobenzene allowed to introduce a diethylphosphonato-phenyl unit as end-group at the N4
terminus of the TSC (Figure 13) in a five-step reaction sequence in 61% and 40% overall yield,
respectively.
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N Oy, -OEt Oy, OEt
| 0 Osp OEt Osp OEt ~ps P

EtO—P-OEt OEt OEt OEt _OEt
H SnCl, 2H,0 CSCly, NEt3 NoHp - H,O
Pd(PPhs)s, Et;N EtOH, reflux, 4h THF, 2h, rt MeOH, 3.5 h, rt

EtOH, 110°C, 20 h H
, , HN._ _N.
NO, NO, NH, Nscs NH;
. ] . 0,
Yield: 85% Yield: 81% Yield: 99% Yield: 92% S
O<_H R
i O 1 o
= N N AcOH, MeOH
~N AN ’
Joavlieee LS e
= = p\
OFt
Yield: 64% Yield: 97% OEt

Figure 13. Synthesis of TSCs with a phosphonate group.

2.2.11. Attempted Synthesis of Thiosemicarbazones with a Silane Group

Silanes are versatile groups for covalent bonding to surfaces of SiO2 NP or core-shell NP with a
SiOz shell [83]. Starting from amino-propyl-trimethoxysilane we received the 4-N-trimethoxysilane-
propylene thiosemicarbazone in an excellent yield of 86% (Figure 14). However, the subsequent
condensation reactions failed in both cases. The reason is very probably hydrolysis as water cannot
completely be avoided in the reaction. The condensation step (thiosemicarbazide + ketone or
aldehyde) requires acidic or basic catalysts and produces an equivalent of water.

S
CSCl, N,H
MeO-__. — % » MeO_ 274 MeO- )k _NH,
/S|/\/\NH2 THF, r.t., 3 h S /\/\N MeOH, r.t., 3 h /\/\ N~
MeQ™ L) MeO” c MeO” S N R
e Omte Ng € Yield: 86%
Yield: 100% o

EtOH )k
S reflux, 12 h

X or MeO. _N
m /\/\N)k
MeO H H R

no yield no yleld

Figure 14. Synthesis of TSCs with a silane group.

At present we are thinking about refinement of the condensation method to avoid even traces
of water by efficient trapping of water from the condensation and using alternative catalysts.

3. Materials and Methods

3.1. Materials and Synthesis

The supplied material and all details on the synthesis of the compounds are provided in the
Supplementary Materials.

3.2. Instrumentation

1H, BC, and correlation spectra were recorded on a Bruker Avance II 300 MHz (1H: 300 MHz,
13C: 75 MHz), equipped with a double resonance (BBFO) 5 mm observe probe head with a z-gradient
coil or on a Bruker Avance III 499 (*H: 499 MHz, 3C: 125 MHz) using a TCI Prodigy 5 mm probe head
with z-gradient coil (Bruker, Rheinhausen, Germany). Chemical shifts were reported relative to TMS
('H, 3C). HR-ESI-MS spectra in the positive mode were measured using a Thermo scientific LTW
Orbitrap XL mass spectrometer at 70 eV (ThermoFisher Scientific, Waltham, MA, USA). UV-vis
absorption spectra were recorded on a Varian Cary 60 spectrophotometer (Varian Medical Systems,
Darmstadt, Germany). UV-vis photoluminescence spectra were obtained using a FLS100
spectrometer with a 450 W xenon light source (Edinburgh Instrument, Livingston, Scotland). The
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spectrometer was equipped with a PMT-900 detector and a double grating Czerny-Turner
monochromator. All measurements were performed at room temperature in MeCN.

4. Conclusions and Outlook

In this work we have derivatized thiosemicarbazones (TSCs) for the functionalization of
nanoparticles (NPs) using the modular character of TSCs allowing to react N4-functionalized
thiosemicarbazides with carbonyl compounds (R1/R2) to form a plethora of TSCs RiR2C=N(1)-
N(2)H-C(S)-N(4)RsR4 structures.

We have followed the approach of introducing the functional groups di-2-pyridyl imine for
metal ion coordination and 9-anthracenyl-methyl as luminescent probe as CR1/Rz functions on the N1
atom through their carbonyl compounds. On the other hand, functional groups for direct anchoring
on the NPs or as reactive groups for the formation of conjugates, were introduced modifying the N4-
Rs/R4 site on the precursor thiosemicarbazides. This allowed us to extensively use amines as starting
materials, reacting them with SCClz or CS:z to form the corresponding thiocyanates and reacting these
with hydrazine to form the thiosemicarbazides. This method allowed to synthesize a large number
of TSC with Boc-protected amino acids and Boc-NH terminated diamines in N4 position. It also
allowed to introduce phenyl-(ethyl)phosphonate, 4-hydroxy cyclohexyl, o-hydroquinone, S-benzyl,
dimethyl-phenylene-Ns and phenyl-C=C-TMS end groups.

For the potentially directly NP anchoring end groups, the remarkably high overall yields for the
phosphonate, received as ethyl esters in 40 and 61% overall yields after five steps and the very
successful synthesis of the hydroquinone derivatives in overall yields of 76 and 85% in three steps
opens right away the door to their future use as anchoring groups for NPs. In contrast to this, the
introduction of the S-benzyl group for NP anchoring (as thiolate) requires further optimization as
overall yields are moderate to low (32 and 19%). The same is true for the synthesis of the two N4-
glucose substituted TSCs with 20% overall yields. Unfortunately, we failed to introduce
trimethoxysilane group for potential direct anchoring on SiO: or other metal oxides. However, it is
only the last step, the condensation with the carbonyl compounds, that requires further optimization.

Within the series of end groups for potential covalent conjugation, the NH-boc and C-Boc
terminated diamines and amino acid represent a huge potential. Some of them were synthesized in
excellent overall yields of up to 70%, while others require optimization (yields down to 16%). The
very versatile terminal N3 group for the important AAC (alkyne-azide click) reaction was very
successfully introduced with overall yields of 36 and 42% after six steps. Here we encountered the
aspect that a rigid spacer is needed between the thiocyanate and the azide group for the reaction with
hydrazine. The same is true for this reaction with thiocyanates with alkyne (C=CH) or bromide. For
the alkynes (C=C-TMS) and the Ns rigid spacers between the two functional groups allowed the
successful conversion to the thiosemicarbazones, while for Br, this move did not help. For the less
rigid alkyl spacers we suppose cyclization reactions circumventing the product formation. For Br the
overall high reactivity of the thiocyanate opens even more destructive pathways and we seek for a
late-stage introduction of Br in N4-substituted TSCs in future work.

Future work will include the optimization of some of the reaction protocols as described above,
but more important, having very versatile functionalized TSCs carrying either a metal-coordinating
di-2-pyridyl function or a luminescent 9-anthranyl tag in hands, we will study the NP anchoring of
these TSCs either by direct coordination to the NP surface or through conjugation of the TSCs e.g. by
click reactions with surface-functionalized NPs in depths.

Supplementary Materials. The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Supplementary Materials contains the Experimental Section with details on
Materials and Syntheses as well as Supplementary Figures S1 to S302 showing NMR spectra. Further figures
are: Figure §303. UV-vis absorption spectra of dipyridyl ketone TSCs measured in MeCN. Figure S304. UV-vis
absorption spectroscopy of 9-anthraldehyde TSCs measured in MeCN. Figure S305. Normalized emission
spectra of the 9-antraldehyde TSCs in MeCN upon irradiation at 365 nm.
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