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We describe the development of TMTH-Sulfoxlmine (TMTHSI) as a superior click reagent. This reagent combines a great

reactivity, with small size and low hydrophobicity and compares outstandingly with existing click reagents. TMTHSI can be

conveniently functionalized with a variety of linkers allowing attachment of a diversity of small molecules and (peptide,

nucleic acid) biologics.

Introduction

The development of '"click chemistry" initiated by the
introduction of the copper-catalyzed azide alkyne
cycloaddition reaction by Meldal et al.! and Sharpless et al.2
had led to extremely important developments and ensuing
applications in the chemical, biological, medical and material
sciences.3* Nevertheless, the requirement for catalysis by Cu(l)
in the click reaction has been an obstacle for applications in
the biological sciences.> Apart from methods using limited
amounts of copper or sequestering of the copper catalyst,®
powerful, alternative 'click' reagents have been developed
containing strained triple bonds not requiring copper catalysis.
However, a common feature of all these, often structurally
very different, compounds is that their reactivity is
considerably less than any simple triple bond in the presence
of a copper catalyst (Figure 1). In addition, several of the newly
developed triple bond containing click reagents DIBO,’
DIBAC/DBCO?® have a significantly larger size. This increased
steric bulk and hydrophobicity may induce a biological
response of its own, thereby impeding with the structural
features and biological response of the reagent to be clicked.1®
For example the often used DBCO 1 has a sizable hydrophobic
structure,®® which not only leads to a poor water solubility but
also will engage in (undesired) hydrophobic interactions with
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proteins. These disadvantages led to the development of
alternative smaller strain-promoted triple bond containing
click reagents of which BCN 3 is probably the best
representative.11,12ab

We were interested in a click reagent capable of a faster
reaction with a variety of small to large azide containing
compounds. This would be beneficial for yields of the clicked
molecular constructs and reduction of side-products. In
addition, a satisfactory aqueous solubility of the click-reagent
is desired to allow reactions with relatively polar ligands as
well as a small size, similar to that of BCN, in order to reduce
the observer effect, that is a biological response induced by
the steric bulk and lipophilicity of the click reagent.1©

We were inspired by the reactivity of TMTH 4, a highly strained
triple bond containing 7-membered ring system, which was
already described by Krebs and Kimling in 1970.1* It was
evident that this more strained 7-membered ring in TMTH,
compared to a 8-membered ring system as is present in the
BCN (3) and the earlier developed DIBO, DIBAC (1) and BARAC
(2) compounds, should be more reactive in strain-promoted
azide-alkyne cycloaddition.#* Indeed, it was shown that TMTH
was ca. 29-36 times more reactive than BCN1115* and ca. 4
times more reactive than the large BARAC-system.1516 As was
concluded by Bertozzi and co-workers already in 2012,%°
thiacycloheptynes are a promising new class of reagents for
bioorthogonal Cu-free click chemistry, but their low stability
may impede with practical purposes.

We were also attracted by the small size of the TMTH ring
system, which is expected to have minimal impact on the
physicochemical properties of a compound to react with TMTH
having other favourable properties (see above). The major
challenge was the requirement of a convenient point of
attachment to which different types of ligands could be
connected. Attempts in this direction by Wagner et al.
underlined this requirement.® Thus we set out to develop a
practical synthesis of a new and stable TMTH click reagent, in
which unwanted side reactions can be mitigated by optimal
reaction conditions and which above all contains a functional
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group for convenient introduction of a variety of linkers for
ligand attachment.

R-Nj ) N. Rt
Cu(l)-catalysis N” N~

5 \ TMTH
OH 4
DIBAC (DBCO) BARAC BCN
1 2 3

Figure 1. The classic Cu(l) catalysed 'click' reaction and the most important
examples of reagents for strain-promoted azide-alkyne cycloaddition reactions.

Results and Discussion

The first five steps toward the basic skeleton of the sulfur
containing 7-membered (TMTH) ring system 4 have been
described in the literature. Previously, the triple bond was
introduced by heating using silveroxide or lead tetracetate
(Scheme 1).131417 We found that this was also possible using
the greener alternative phenyliodine (lll)diacetate (PIDA).

The introduction of a linker for ligand attachment turned out
to be a major obstacle. Unfortunately, we were unable to
reproduce the alkylation of bivalent sulfur in TMTH by benzyl
bromide derivatives described by Wagner and Baati et al.18
(Scheme 1). In addition, the volatility and sensitivity to
oxidation hampered handling of TMTH.

Thus, we considered functionalization of the sulfur-atom but
then differently from the above alkylation. Therefore, it was
decided to attempt to functionalize the sulfur atom before
construction of the 7-membered ring. Sulfoximines seemed
very attractive candidates to achieve this.1®22 Indeed, a test
reaction on starting material 7 with PIDA in the presence of
ammonium acetate,?3 gave cyclic sulfoximine 11 showing that
the bivalent sulfur atom could be functionalized (Scheme 1),
but perhaps more importantly that the resulting (cyclic)
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Scheme 1. Synthesis of TMTH 4,[13.14.1517] gttempted alkylation of TMTH, preparation

of sulfoximine and its subsequent cyclization to 11 using PIDA and synthesis of
TMTHSI 12.

COZMe

TMTHSI 12 (18-36%)
overal yield 5 8%
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sulfoximine could be subsequently derivatized as was appasent
from its ammonolysis of the ethyl estBP!($ERBMEBEBTHE
crucial insight obtained from this reaction was the possibility
of simultaneous functionalization of the bivalent sulfur atom
and construction of the strained 7-membered ring using PIDA
for both reactions in the presence of ammonium acetate.
Realization of this approach led to the successful preparation
of TMTHSI 12 (Scheme 1), which is highly attractive because of
its potential reactivity of the triple bond in click reactions as
well as the convenient functionalization (see below) of the
sulfoximine-nitrogen.

Thus, as was shown in Scheme 1, TMTH bishydrazone 10 was
prepared via diester 7 (see Electronic Supplementary
Information). After acyloin condensation and subsequent
Swern oxidation diketone 9 was obtained. The last two steps
leading to TMTHSI were only moderately yielding (range: 18-
36%), which in view of the well-known instability and reactivity
of the strained 7-membered was not unexpected.
Nevertheless, the starting bishydrazone 10 was conveniently
accessible in good overall (5-steps) yield(24%).

Since we were able to develop a relatively stable TMTH-
system, it was now important to determine its reactivity in a
copper free click reaction. Moreover, it was important to
compare its reactivity to the presently most often used BCN

Bn, Bn,
0 Bn-N3 N o N e
I sz — 2 N s cOoN sy
NH N NH N NH

TMTHSI 12 13a,b

Scheme 2. Strain promoted azide-alkyne cycloaddition of prochiral TMTHSI 12 and
benzyl azide to furnish enantiomeric triazole adducts 13a and 13b, in which merely
the stereochemistry of the sulfur atoms was indicated.

(3). Benzyl azide was used as a reference to compare
reactivities (Scheme 2).5

In view of the described attractive reactivity of TMTH, > it was
no surprise that the strain promoted azide-alkyne
cycloaddition reaction of TMTHSI 12 and benzyl azide was too
fast for determination of the reaction-rate by NMR. According
to NMR near-complete conversion was already achieved in
approximately 5-6 minutes (Figure 2 and Electronic

‘Consumption of TMTHSI 12
Formation of 13a,b

—Formation of click product of BCN 3
20% —Formation of 13a,b

o 2 4 6 8 10 12 0 2 a 6 8 10
Time (hours) Time (min)

Figure 2. Determination of the reaction rate of the strain-promoted azide-alkyne
cycloaddition reaction of TMTHSI 12 and benzyl azide by NMR (left) and IMS - MS
(right). Reaction of 5 mM TMTHSI and 6.38 mM benzyl azide (1:1.3) in CDCl; at
25 °C as compared to the reaction of endo-BCN-OH 3 (4.75 mM) and benzyl azide
(6.02 mM) determined by NMR in CDCl; (left). Reaction rate of 5mM TMTHSI and
benzyl azide (1:1) in water/acetonitrile (1:3) and 0.01% acetic acid at 25 °C by MS
(right). The relative intensity of TMTHSI 12 consumption and triazole product
13a,b formation is shown (for more details see Electronic Supplementary
Information).
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Supplementary Information). The lack of sufficient time points
from NMR prevented quantification of its reaction kinetics.
Thus, there was great interest to use mass spectrometry (MS)
for this purpose. This technique enabled monitoring the entire
mass spectrum of the reaction on the microsecond scale and
detection of any transient intermediates. Thus, ion mobility
spectrometry - mass spectrometry (IMS - MS) in the
millisecond scale was used for real-time monitoring of the click
reaction,®> and cyclo-adduct product 13a,b formation was
monitored (Figure 2 and Electronic Supplementary
information). By plotting the second-order reaction rate graph,
the k value of the reaction was determined to be 0.8 M-1s1
(Electronic Supplementary Information). The same method
was applied to monitor the reaction of BCN-OH with
benzylazide. The obtained k value was in agreement with k =
0.14 M-1s1 that has been previously determined by IR-based
measurements.[122] This observed reaction rate by MS showed
that TMTHSI is a most reactive click reagent. It is > 5 fold more
reactive than BCN. It has a similar reactivity as BARAC but is a
far less sterically bulky alkyne containing reagent for strain-
promoted azide-alkyne cycloaddition reactions (Table 1).
Together with the low, experimentally determined logP,
facilitating a better water solubility, these characteristics
contribute to the attractiveness of TMTHSI as a new click
reagent.

Table 1. Reaction rate of the most reactive strain-promoted click reagents to

date.

Click k [x 103 (M"  LogP

reagent 1s1)]

DBCO, 310 3,50 ref. [8]
DIBAC 1

BARAC 2 960 4.21 ref. [16]
endo-BCN 140 2.0 ref. [12]
326

TMTHSI 12 800 0.720] this work

[a] These calculated values were taken from the review by Debets et al.l'%l. [b]
The logD~.4. value was experimentally determined by Sygnature Discovery Ltd
(Nottingham, UK).

Chemical Science

In contrast to difficulties we have experienced, ahove.iin
attempts to functionalize TMTH 4, the RUlfoxiMiA® EoWier BE
conveniently functionalized using a variety of reactions

N \N®

.0
gé Jk /\/0\/\0/\/

Cy7-TMTHSI 25 (87%)

\N®

Q-

DMSO/
phcsphate
buffer pH 7.4

\\

:g\/; < /\/O\/\O/\/NH

Scheme 4. Preparation of Cy7 functionalized nanoparticles 27 from TMTHSI

18 Cy7 ONSu
MeCN

carbamoyl derivative 14, via 18 and Cy7-TMTHSI (25) and core cross-linked polymeric
micelles 26 in DMSO and phosphate buffer pH 7.4. The reaction was monitored by
HMBC 5N - 1H NMR (for details see Electronic Supplementary Information).

including N-alkylation, sulfonylation, acylation and
carbamoylation (Scheme 3). Several of these transformations
have been explored further to attach a diversity of linking -
spacer containing- moieties with functional groups, which are
useful for attachment to Active Pharmaceutical Ingredients
(API's), immobilization onto surfaces, for polymer or nano
particle attachment and in conjugation reactions with
biologics. Of particular interest are biodegradable linkers
allowing a reversible attachment of an APl. One example is a
linker containing a disulfide functionality, which can be
released under reductive conditions.(Scheme 3, 16) In
addition, the stable, succinimide esters allow convenient
ligand attachment and/or conjugation reactions.

To illustrate the versatility of ligand attachment to these
we have reacted the resulting TMTHSI-
molecules exemplified by the click-
reaction with a dye and a folic acid derivative.

The generation of a near Infrared (NIR) labelled Cy7-TMTHSI
adduct and subsequent conjugation to core cross-linked

linking moieties,

derivatives with "small'

polymeric micelles?® may allow tracking of these nanoparticles
in an in vitro or in vivo setting. Thus TMSTHSI hydroxy-
succinimide derivative 14 was furnished with a spacer
affording 18 followed by reaction with Cy7 succinic ester
derivative leading to Cy7-TMTHSI 25. Attachment of Cy7 onto
the surface of nanoparticles was achieved by the strain
promoted using
nanoparticles 26 and Cy7-TMTHSI 25 vyielding nanoparticles

click reaction 15N-azide functionalized

N
s on——» | N
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Scheme 3. Functionalization of TMTHSI 12 followed introduction by linkage moieties for introduction of for example API's.
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containing the dye (27) (Scheme 4).5% HMBC !°N-'H NMR
spectroscopy, showed a 100% conversion of the azides into
the triazoles after 8h of reaction. Cy7 labelling of these
nanoparticles allowed visualisation of their cellular uptake by
FACS (Electronic Supplementary Information, Figure S2). After
24h, A431 cells had taken up more than 90% of the labelled
nanoparticles.

Coupling of a folic acid derivative to TMTHSI derivative 14 led
to folic acid TMTHSI adduct 29. This compound was
successfully click-conjugated to azide bearing core cross-linked
polymeric micellar nanoparticles (Scheme 5).55%

ww@% W@% ot

o™~ NH2 Folic acid TMTHSI 29 (53%) \r(

o

30
Scheme 5 . Preparation of folic acid functlonallzed core cross-linked polymeric
micellar nanoparticles 30 in DMSO/H,0 starting with TMTHSI carbamoyl derivative
14.

Next to "small" molecules, increasingly larger molecules,
"biologics" are promising for drug delivery purposes. As
examples of two important categories the HER2 peptide and
an oligonucleotide were chosen for attachment to the click
reagents, followed by attachment onto nanoparticles or
attachment to a polymerizable moiety. For attachment of the
HER2 targeting peptide,?® TMTHSI succinimide NHS ester 20
was used (Scheme 3).

Reacting HER2 targeting peptide via its N-terminal amine
(phenylalanine) with ester 20 (Scheme 8) afforded the
TMTHSI-peptide adduct 32. Subsequently, this construct was
attached to azide functionalized nanoparticles by strain-
promoted click reaction, aqueous
environment (Scheme 6).

Finally, a peptide-oligonucleotide conjugate was generated
using TMTHSI for potential entrapment and release from core
crosslinked polymeric micellar nanoparticles (Figure 3 and
Electronic Supplementary Information).

In general TMTHSI containing compounds are stable to both
basic and acidic purification conditions and can conveniently
be used in further synthesis. TMTHSI was stable on the bench
for over a year and NMR and LCMS confirmed that TMTHSI
derivatives have proven shelf lives of over a year. It was
possible to use these derivatives where other click reagents
have failed.5%% With respect to this, future applications towards
attachment of the TMTHSI click moiety in peptide and other
highly functionalized compounds will be facilitated by the
notion that this click moiety is stable towards peptide
cleavage/deprotection conditions that is TFA/H,O or
TFA/H,0/TIS. Further investigations of the stability profile of
TMTHSI will likely increase the scope of potential applications.

carried out in an

4| J. Name., 2012, 00, 1-3
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Scheme 6. Preparation of core crosslinked polymeric micellar nanoparticles in
MeCN/H,0 or aqueous buffer pH 5 incorporating the HER2-targeting peptide
starting with TMTHSI carbamoyl derivative 20.

Conclusions

We have developed TMTHSI as a superior cyclic alkyne
containing click reagent for strain-promoted azide-alkyne cyclo
addition reactions as was demonstrated by monitoring the
click reaction by mass spectrometry. Its reaction rate is similar
to the BARAC click reagent. However, TMTHSI is considerably
smaller and much less hydrophobic than BARAC as is evident
from its experimentally determined logP value. This will

acid-labiledinker®
containing@olymerizablell

oligonucleo5def
(siRNA)Z

TMTHSIdinker@erivaSvef
used@o@onnect
SIRNAROPPE@

Figure 3 . Strain promoted click was used to link an oligonucleotide (siRNA) to a peptide
(CPP) having a polymerizable moiety through an acid labile hydrazone containing linker.
Summary of the synthesis: Step 1: siRNA + 17 in aqueous borate buffer pH 8.4/DMSO.
Step 2: Coupling of azido-CPP to TMTHSI-linker-siRNA in phosphate buffer pH 7.4. Step
3: coupling of the polymerizable moiety: aqueous borate buffer pH 8.4/DMSO. Full
experimental details see Electronic Supplementary Information).

facilitate use in more aqueous environments as we have
shown already in the preparation of 27 - 33 and of the siRNA
molecular construct (Figure 3). Additional applications in
biochemical, aqueous environments, such as the construction
of antibody drug conjugates (ADC's) are expected. This will be
expanded to biological applications in the nearby future for
example in cell lysates and in tissue culture. The smaller
hydrophobic size, will likely lead to a smaller "observer effect"
with less influence on the activity of the clicked ligand in
addition to causing less protein binding.1® Although BARAC is
the most reactive click reagent, it is inherently unstable and
rapidly decomposes,'2® which makes TMTHSI an attractive
alternative. Adding to its attractiveness is the convenient

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 6


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03477k

Page 5 of 6

Open Access Article. Published on 10 August 2020. Downloaded on 8/10/2020 9:22:00 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(ec)

functionalization of TMTHSI with a wide variety of linkers
allowing attachment of a diversity of small molecules and
(peptide, nucleic acid) biologics. In our opinion, the very
attractive functionalization possibilities, combined with its
great reactivity and small size offer opportunities for TMHSI to
become the standard for non-copper catalyzed click reactions
in a multitude of applications.
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when Folic Acid BCN in DMSO was mixed with an azide
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A new reagent for strain-promoted azide-alkyne cycloaddition reactions was developed
enabling connection of a diversity of small to large molecular constructs
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