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ABSTRACT: We report piperazine-fused six-membered-cyclic dichalcogenides as rapid-response redox sensors for probes, prodrugs, and bifunctional 
conjugates that interface with cellular thiol/disulfide redox biology. By combining the thermodynamic stability of 1,2-dithianes with unprecedently 
rapid kinetics of self-immolation after reduction, these motifs are uniquely reliable and flexible reduction-based sensors for live cell applications. We 
synthesise four cis- and trans-piperazine-fused cyclic disulfides and diselenides by scalable, diastereomerically pure, six-step synthetic routes with just 
one chromatographic purification. Fluorogenic probes using these redox-active diamines are >100-fold faster activated than the previously known 
monoamines, which now allowed us to deconvolute the kinetics of the reduction and the cyclisation steps during activation. The diastereomers have 
remarkably different reductant specificity. In particular, the cis-fused disulfides are only activated by strong vicinal dithiol reductants, while trans-fused 
disulfides are activated even by monothiols like GSH. Thus, although both disulfides are good substrates for glutaredoxins and thioredoxins in cell-free 
assays, upon cellular applications the cis-disulfide probes substantially report on oxidoreductase activity in the thioredoxin system (the trans-disulfides 
remain promiscuously reactive). Finally, we showcase efficient late-stage synthetic diversification of the piperazine-disulfides, promising their broad 
applicability as cleavable bifunctional cores for redox probes and prodrugs, for solid phase synthesis, and as linkers for antibody-drug conjugates. 

1. INTRODUCTION 

Biological research relies on chemical tools with selective reactivity 
profiles that can be used in living cells. Redox biology remains under-
supplied with high-quality chemical tools, particularly in the context 
of thiol/disulfide redox manifolds: which are used in hundreds of 
protein networks not only to shuttle electrons but also to modulate 
protein shape or activity, to control protein-protein interactions, or 
to trigger or block signaling. The highly conserved, upstream 
oxidoreductases that supply reducing equivalents for these many 
reaction manifolds are attractive targets as the "central nodes of 
thiol/disulfide redox biology": particularly the dithiol-type redoxins, 
including the thioredoxin/thioredoxin reductase system 
(Trx/TrxR), the glutaredoxin/glutathione/glutathione reductase 
system (Grx/GSH/GR), and a handful of related proteins.1–3 

There are tremendous untapped opportunities for small molecule 
approaches that are chemocompatible with these dithiol/disulfide 
chemistries (or even selectively address certain oxidoreductases), 
and that work effectively and non-invasively in live cells. Such 
reagents may drive basic research into biological redox dynamics and 
regulation, support translational medicine with redox- or 
metabolically-gated diagnostics and therapeutics, or contribute in 
many other ways to the broader field of chemical biology. A selective 
reagent platform for the selenol/thiol enzyme TrxR1 was recently 
developed, relying on the unusual reactivity of its rare active-site 
selenocysteine.4 However, there remain no cellularly-effective 
reagent systems that selectively address dithiol reductases like Trxs 
and Grxs; and despite some efforts,5,6 even inhibitors that could be 

selective for these proteins in the cellular context7 are not known, 
regardless of their prominence as cancer-relevant targets8. 

 
Fig 1 Thermodynamic and kinetic tuning of cyclic dichalcogenide 
chemistry. We combined the previous designs to establish a condensed 
molecular core that also enables further derivatisation. 

The chemical challenge for targeting these central dithiol reductases 
is to develop artificial disulfide-type substrates with fast on-target 
reactivity in cells, yet without broad lability to other (di)thiol 
proteins or to concentrated monothiols such as GSH. Recently, 
guided by Whitesides’ studies on disulfide thermodynamics,9 we 
identified monothiol-resistant cyclic disulfide monoamines SS60 
and SS66C as dithiol protein substrates that even offer good 
selectivity for reduction by Trxs in cell-free assays (Fig 1A,B). Their 
cyclic topology is crucial to dithiol protein selectivity, as it requires 
full reduction before triggering probe activation;9 the kinetic and 
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thermodynamic stabilisation of the 6-membered disulfide were also 
expected to promote their cellular selectivity by resisting activation 
from less strongly reducing downstream reductases or GSH. 
Unfortunately, when these substrates were incorporated into 
fluorogenic probes, their cargo release kinetics were poor; and they 
proved to be inactive in cells.10 This is not surprising since, to be 
active, their post-reduction dithiol intermediate must cyclise and 
irreversibly expel a leaving group before it is simply re-oxidised by 
reducing any disulfide in its surroundings: and this dithiol 
intermediate's similarity to the powerful reductant DTT, that is 
known to rapidly reduce very many cellular disulfides, suggests that 
it would need exceptional cyclisation rates to effectively out-
compete cellular re-oxidation. We tested using an 
N-methylpiperazinamide (P) group to enhance activation kinetics, 
hoping that local basicity could keep the thiolate deprotonated and 
so enhance cyclisation. The resulting P-SS60 (Fig 1C) had 
remarkably faster cell-free activation but still remained cellularly 
silent.4 Likely, its post-reduction thiolate cyclisation was still slower 
than re-oxidation in the cellular environment, or it was too poor a 
substrate for its target dithiol proteins - or both. 

In this work, we wanted to tackle both these potential problems, to 
develop cellularly-activated proagents triggered by dithiol-type 
redox effector proteins. We aimed to combine the cyclisation 
preorganisation delivered by SS66-type fused 1,2-dithianes with a 
nearby amine as in P-SS60 for local basicity while maintaining the 
thermodynamic and kinetic disulfide stability that seems to favour 

their being selective for the powerful Trx/Grx-type dithiol proteins. 
Condensing these features, we designed cis- and trans-piperazine-
fused cyclic disulfides and diselenides (Fig 1D) as a densely-
functionalised new class of redox substrate for diverse cellular uses. 
We aimed to employ them in probes achieving high chemical 
robustness, fast reduction and cleavage kinetics, and strong dithiol 
protein selectivity in live cells; we also wanted to explore whether 
their diamine structure would permit flexible chemical 
diversification so that they might be broadly applicable well beyond 
enzyme probes: e.g. as robust but quickly reversible linkers for ADCs 
or protein purification. Lastly, if the cellular activity were obtained 
without incurring broad reductant lability, we aimed to test if tuning 
structural features could enhance processing by selected dithiol 
proteins as an opening step towards the not only rapid but also 
highly selective redox probes of the future. 

2. RESULTS 

2.1 Syntheses of dichalcogenide piperazine redox substrates 

Since cargo release, reduction potentials, and reductant sensitivity of 
annelated dithianes are strongly affected by cis- or trans-fusion of the 
bicyclic system; we desired diastereomerically pure synthetic routes 
that also avoid epimerisation at any of the synthetic steps (from e.g. 
strong base conditions).9 We also aimed at scalable synthetic routes 
that could provide all four disulfide and diselenide piperazines from 
one starting material type. 

 
Fig 2 Scalable, modular synthetic procedure for dichalcogenide-fused piperazines. 

1,4-dithioerythritol and 1,4-dithiothreitol are alluring starting 
materials for cis and trans disulfide piperazines respectively: after 
oxidation to the dithianes (DTEox/DTTox), they would only 
require converting the diol to a piperazine. Unfortunately, 
DTEox/DTTox mesylates and triflates were unsuccessful in C-N 
bond formation regardless of the N-nucleophile used 
(DEX/DTX, Fig S1). Cis-butene-diol Z-1 is also a cheap 

feedstock, whose 1,4-diol promises straightforward chalcogen 
introduction4,10 but whose alkene may allow alternative 2,3-
diamine installations. After 1,4-diol protection, we set up trans 
stereochemistry by epoxidation and basic nucleophilic ring 
opening, or else cis stereochemistry by Upjohn bishydroxylation 
(26T/C, Fig S1). We aminated 2,3-diols 26T/C to the 1,4-
dihydroxybutane-2,3-diamines 29T/C in 4 steps. First, we tested 
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installing the chalcogens before piperazine formation; in the sulfur 
series, 1,2-dithiane-4,5-diamines were easily accessed 
(e.g. 36T/C), but subsequent reductive amination with glyoxal to 
assemble the piperazine gave only a complex mixture of species, 
including the pyrazine formed by oxidation. We then tested 
forming the piperazine before the dichalcogenide: first condensing 
the open-chain 2,3-diamine with dimethyl oxalate and reducing to 
the piperazine11 (e.g. 31→39→40, Fig S1), then deprotecting the 
1,4-diol and introducing the chalcogens, to give bicyclic dithiane 
target 7T in 13 steps overall with an overall yield of 6% (Fig S1). 

Unsatisfied by the high step-count and time-cost of that route, we 
then tested direct olefin (di-)amination, as pioneered by Sharpless 
and recently refined by Okumura12 (Fig S1). To our delight, 
iodine-catalysed 1,2-anti-diamination of starting butenols Z-1 and 
E-1 provided nosyl-protected 1,4-dihydroxybutane-2,3-diamines 
2T/C as pure diastereomers in good to excellent yield without 
chromatography (Fig 2), cutting 6 steps from the previous route. 
Diol mesylation gave 3T/C in excellent purity and good yields by 
simple precipitation, ready to transform into the 1,2-dithianes and 
1,2-diselenanes by using appropriate chalcogen sources (Fig 2). 

Sulfur was smoothly introduced by treating 3T/C with KSAc; 
acidic cleavage of bis(thioester) 4 then oxidation gave protected 
dithiane-2,3-diamine 5 in near-quantitative yield, again isolated 
purely by precipitation. (Basic thioester cleavage should be 
avoided since rapid intramolecular SNAr onto the nosyl groups 
gives the aryl thioethers). Now, 5 faced the challenge of annelating 
the piperazine, which had failed for 36T/C by e.g. reductive 
amination. Bis-alkylations of 5 e.g. using 1,2-dihaloethanes did not 
give good conversion. However, bis-electrophile methodologies 
from Aggarwal (diphenylsulfonium)13,14 and Ritter (vinyl 
thianthrenium "VTT")15 offered alternatives. Diphenylsulfoniums 
did not perform well with our substrates, but VTT gave the 
piperazines 6T/C in good yields with purification just over a short 
silica plug, removing thianthrene as the only reaction byproduct 
(Fig 2). We avoided Fukuyama nosyl deprotection with thiol 
reagents16 due to the risk of dithiane reduction then SNAr; but 
NaOMe deprotection ran smoothly, and purification by 
precipitation as the di-hydrochloride gave 7T/C in excellent yield 
(63 wt% alongside 2.5 equiv. NaCl, Fig 2). 

For the selenium introduction, we avoided taking an analogous 
route to that for sulfur since selenoesters are notoriously 
unstable17. Se could be instead introduced to dimesylates 3T/C by 
KSeCN. However, to minimise exposure to selenium species, we 
aimed to convert the bis-selenocyanates to diselenanes 8 in a one-
pot procedure. Again, to avoid intramolecular SNAr reaction onto 
the nosyl groups, we did not wish to unmask the selenolates, so 
avoided O-nucleophiles that would perform SN2 at carbon 
(RSeCN). Instead, we chose KSAc as a chalcophilic nucleophile 
for deprotection: transiently forming an activated R-SeSAc species 
that then undergoes intramolecular Se-Se bond formation, 
presumably via hypervalent selenium. To our delight, the 
formation of diselenanes 8T/C was fast and visible by eye 
(evolution of a bright yellow colour). From here, the procedures 
matched that for the dithianes, with VTT to form the piperazines 
9T/C from the 2,3-nosylamide, then basic solvolytic deprotection, 
with purification by precipitation, to give piperazine-diselenanes 

10T/C. Interestingly, during the piperazine annelation, both 9C 
and 9T significantly degraded to insoluble solids: presumably ring-
opened oligodiselenides, promoted by the strain introduced by the 
bis(sulfonamide) bicycle; whereas 10T/C appeared stable. 

In summary, we developed a scalable and efficient sequence 
towards piperazine-annelated 1,2-dithianes (SS66C, SS66T) and 
1,2-diselenanes (SeSe66C, SeSe66T). The syntheses provide all 
four dichalcogenides in 6 steps, as pure diastereomers, on a gram 
scale, and require only one chromatographic purification (Fig 2). 

2.2 Thermodynamic features of the piperazine-bicycles 

We wanted to find out how functional groups near the 
dichalcogenide affect the thermodynamic stability of the 
piperazine-annelated systems. In particular, we wanted to compare 
their performance against that of the corresponding piperidine-
annelated systems (Fig 1B), to test for influences of their second 
ring nitrogen: e.g. i) nitrogen lone pair electronics, and bond angle 
preferences that may distort the annelating ring geometry; ii) the 
influence of a local basic amine that may lower the local pkA; or 
iii) the influence of substituents at the amine that may influence 
CSSC/CSeSeC-dihedral angles and SS/SeSe bond distance. We 
determined the reduction potentials of piperazine dithianes 7T/C 
by known methods10, using HPLC to measure reduced-to-oxidised 
equilibria of model benzamides H-SS66C-Bz and H-SS66T-Bz 
against dithiothreitol (DTT; E° -327 mV18). Notably, equilibria 
were reached 10× faster than for piperidine dithianes 
SS66C/T-Bz, although the endpoints were similar: with 
H-SS66C-Bz (−335 mV) harder to reduce than H-SS66T-Bz 
(−317 mV), similar to previous findings9,10 (Fig 3a, Fig S3). 

 
Fig 3 Thermodynamics of bicyclic 1,2-dithianes. (a) Experimental 
reduction potentials9,10,18 determined by HPLC equilibration against 
DTT (E° = −0.327 V) (see Fig S3). (b) DFT calculation of energetic 
minima - examples for C-C, C-Ac, and H-Ac substitution (see Fig S4). 
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Density functional theory (DFT)-based calculations using the 
B3LYP functional19 were performed to look for systematic trends 
in how annelation influences (i) the relative energies of cis/trans 
diastereoisomers; (ii) ring tension, revealed by SS/SeSe distance 
and dihedral angles (Table S2); and (iii) the energy gain/penalty 
upon reduction of the dichalcogenides (Fig 3b). To that end, 
energetic minima of oxidized and reduced SS66C/T and 
SeSe66C/T species were compared while varying groups in the 
annelating ring (-CH2-, -NH-, -NMe-, -NAc-, or -N(CO2Me)-; see 
Table S1). We were pleased to see that the second, optionally 
substituted nitrogen atom did not drastically destabilize the 
bicyclic dichalcogenides. Unsurprisingly, the reduction of SS66 
was much more favourable than that of SeSe66 (Fig S4); but 
other trends were much smaller, and overall, these calculations did 
not suggest very different reduction thermodynamics as compared 
to previous piperidine SS66 systems (Tables S1-S2, Fig S4). 

2.3 Redox probes: diversified design and synthesis 

To test the kinetic properties of these piperazine dichalcogenides 
in probes, we incorporated them into fluorogenic probes based on 
O-methylfluorescein (MF). As previously established, MF probes 
are locked as nonconjugated nonfluorescent lactones, so this 
design allows true off-to-on activation of fluorescence after a 
reduction-cyclisation-expulsion cascade (Fig 4a).10,20 

 
Fig 4 (a) Probes based on carbamates between triggers and 
3-O-methylfluorescein (MF) as a fluorogenic cargo that are activated 
after reduction (kred) and cargo expulsion (kcyc) steps that re-establish 
MF's xanthene-based fluorescence. 

A major advantage of the piperazines is the potential for 
diversifying e.g. H-SS66C/T probes at the final step of the 
synthesis, by reactions with the free amine. We now used 
derivatisations to showcase the modularity of this platform, 
ultimately preparing a probe library of 16 piperazine dithianes and 
four additional controls (Fig S2). At this stage, we examined the 
two parent H-SS66C/T-MF probes alongside derivatives with 
three types of sidechain, intended to test the effects of acylation 
and alkylation on probe performance: methyl (Me-, local basic 
amine, sp3), acetyl (Ac-, abasic, ~sp2) and succinamidyl-

(N-methyl)piperazine (P-, ~sp2, distant basic amine) (Fig 4b, 
Fig S2). We did not derivatise the SeSe66-MF probes, fearing 
their potential for problematic linearisation as observed during 
synthesis. All derivatives were accessed in a single step from the 
free amine precursors in good yields (see Supporting 
Information). Controls with a non-reducible piperazine-
cyclohexane (H-CC66-MF) or a P-derivatised monocyclic 
dithiane trigger (P-SS60-MF) were also synthesised following 
similar methods (Fig S2). 

2.4 Kinetic analysis of reduction-based performance 

We aimed to understand the structural influences on the two 
consecutive kinetic steps involved in the probes' generation of 
fluorescent signal: (i) reduction (kred); and (ii) cyclisation/cargo 
expulsion (kcyc) (Fig 4a). To separate these steps, we first analysed 
signal generation kinetics upon reaction with the fast and 
irreversible reducing agent TCEP (tris(2-carboxyethyl) 
phosphine): allowing us to extract pseudo-1st-order kinetics of the 
kcyc step since in our assay conditions, cyclisation and expulsion 
were rate-limiting (increasing TCEP concentrations did not 
accelerate fluorescence turn-on; Fig S5). We then used this rate to 
deconvolute reductant-specific kred values from the overall signal 
generation rates measured with biologically relevant monothiol- 
and dithiol-reductants GSH and DTT (Fig S5). 

 

Fig 5 Post-reduction cyclisation kinetics. (a) TCEP-mediated 
activation is fast and irreversible, allowing to fit fluorescence with 
pseudo-1st-order kinetics reflecting cyclisation/expulsion rates. (b) 
The piperazine-annelated redox triggers give up to >100× faster 
cyclisation/expulsion kinetics than previous10 triggers (see Fig S6). 

The piperazine-fused disulfide probes had vastly faster TCEP-
triggered signal generation rates (Fig 5a; Fig S6) than prior simple 
dithiane SS60-MF and piperidine-dithianes SS66C/T-MF (Fig 
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1A,B), which had all had slow activation kinetics that was 
intrinsically limited by their small kcyc (taking several hours to 
approach full activation even with a large excess of the quantitative 
irreversible TCEP)10. For the piperazines, even when releasing the 
electron-rich MF phenolate, P-SS66T/C showed an exceptional 
halftime of < 5 min, indicating >100× faster kcyc than SS66C/T or 
SS60 probes (all with MF cargo). 

kcyc values for trans and cis diastereomers of each trigger were 
closely similar, which is coherent with the assumption that TCEP 
reduction is both fast and irreversible. However, several trends are 
apparent when comparing trigger types. The side chain on the 
piperazines affects kcyc, with Me (20×) < Ac (30×) < H (ca. 50×) 
< P (ca. 110×) (Fig 5b; kcyc values are given relative to that for 
monocyclic SS60). Since the bicyclic piperidines SS66T/C also 
had relative rates of just ca. 1-2×, these enhanced rates should not 
be attributed to the triggers' bicyclic structure causing classic 
Thorpe-Ingold preorganisation. Instead, a large kinetic 
enhancement can be expected from adding a local basic amine 
(since P-SS60 gives ca. 20× enhancement over SS60) or from 
having the second piperazine nitrogen in the ring (e.g. Ac-
SS66T/C ca. 20× faster than SS66T/C), and these effects are 
somewhat additive (P-SS66T/C >100× faster than SS66C/T). 

We next assayed reduction kinetics with monothiols and dithiols, 
titrating the cellular monothiol reductant GSH (ca. 5 mM in 
cytoplasm) and the artificial dithiol reductant DTT (that serves as 
a cheap model for dithiol proteins) at increasing concentrations 
and collecting timecourse data (Fig 6a,b). DTT gave strong signal 
generation for all compounds, with 10 mM DTT giving nearly 
identical signal generation speed as 100 µM TCEP. By contrast, 
GSH only reduced SS66T-type probes: all SS66C probes, plus 
P-SS60, SeSe66T, and SeSe66C, were fully inert to GSH up to 
10 mM (Fig 6c, Fig S7). Unlike the dithianes, H-SeSeS66C was 
more slowly activated by DTT than trans-fused H-SeSeS66T. 

To compare reduction rates numerically, we considered data 
where reduction (Fig S6b) is orders of magnitude slower than 
cyclisation; here, the initial signal generation rates (normalised for 
reductant concentration) approach a maximum k'red at low 
reductant concentration, which is a lower bound for the true 
reduction rate per unit of reductant (Fig 6c, Fig S8). 

The main feature of interest is that the cis-annelated dithianes are 
remarkably monothiol-resistant, while their trans-
diastereoisomers are moderately (Me/H-SS66T) or even highly 
(P-SS66T) sensitive. We find the cis-dithianes' resistance 
particularly remarkable considering their highly increased 
cyclisation kinetics compared to previous constructs, which might 
otherwise have been thought to make them more generally labile. 
The three last assay types show that the cis- and trans- 
diastereomers have very similar thermodynamic reduction 
potentials (Fig 3) and cyclisation rates (Fig 5): it is rather their 
apparent reduction rates k'red that distinguish them (Fig 6). 
Noting that these k'red values also reflect the reversibility of the 
thiol-disulfide exchange (and/or full reduction) steps, one 
possible explanation for the different monothiol lability/resistance 
of the T/C isomers (a difference that is consistent across so many 
fluorogenic probes), is that the trans diastereomer has a unique 
kinetic inhibition of retro-reaction after thiol-disulfide exchange 

(and/or full reduction), potentially by relaxation of a more 
strained mono/bis-N-acylated piperazine ring geometry. Though 
other factors are also possible, a systematic exploration of the 
reasons for T-instability is best left to future investigations. 

 
Fig 6 Evaluation of monothiol vs. dithiol reduction kinetics. (a) 
Simplified mechanism of dithiol- vs monothiol-based Ac-SS66C-MF 
probe activation. (b) Dose response timecourses for DTT and GSH 
(0.01-10 mM) reduction of Ac-SS66C-MF. (c) Reduction rate 
constants k’red for dithiol and monothiol reduction. 

2.5 Artifical oxidoreductase substrate character 

Building upon the chemical characterisation of fluorogenic 
disulfide piperazines, we next were interested in assessing their 
reactivity in biochemical assays with redox-active proteins and 
enzymes (Fig 7a). Generally, and independent of the substitution 
and diastereomer, disulfide conjugates were activated well within 
the thioredoxin and glutaredoxin systems and did not notably react 
with the upstream reductases TrxR1, TrxR2, or GR. 

The key observations we had made during chemical 
characterisation applied nonetheless, with substitution at the idle 
nitrogen determining release kinetics and (to some degree) 
enzyme promiscuity along Me<H<Ac<P. Concerning 
diasteromerism, SS66T conjugates’ reduction (and thus 
activation) rates were significantly higher than for SS66Cs and 
thus resulted in faster activation regardless of the enzymatic system 
used. Adding to the significant background reactivity with GSH as 
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part of the GR-GSH-Grx system, higher reduction rates of the 
trans-trigger unit appears to render the trans-fused probes more 
promiscuous than their cis-counterparts (Fig S9-S10): SS66T 
probes were readily activated by glutaredoxins, thioredoxins, and 
even TRP14. In contrast, SS66C probes were unreactive with 
GSH and TRP14, while being readily activated by Trx1/2 and by 
Grx1/2, albeit at somewhat different rates. 

Diselenanes SeSe66T and C both reacted with the Trx- and Grx-
systems, but to a significantly lesser degree than their sulfur-
counterparts – both in terms of slower kinetics and lower absolute 
fluorescence; though we remain cautious about interpreting the 
results for diselenane probes (discussion at Fig S11). 

2.6 Piperazine-dithiane probes are active in live cells 

Having determined the in vitro selectivity profiles for these 
piperazine-fused dichalcogen probes, we next turned to cellular 
assays. At this point, we abandoned diselenane-based probes after 
initial experiments (Fig S12) due to recurring issues with 
compound degradation and polymerisation: exclusion criteria for 
meaningful cellular assays. 

We were delighted to observe efficient and dose-dependant 
activation for SS66T probes in A549 cells (1-100 μM, Fig 5b, 
Fig S12); activation kinetics and absolute fluorescent signal 
generation were again determined by the side chain 
(Me<H<Ac<P). We assessed the role of the thioredoxin system in 
this signal generation by variation of selenium supply (starvation 
or supplementation, to decrease or promote synthesis of full-
length active seleno-TrxR); by TrxR1 chemical inhibition (using 
inhibitor TRi-121); or by TrxR1 genetic knockout (from a mouse 
embryonic fibroblast (MEF) cell line, annotated "fl/fl" for MEF 
cells expressing TrxR1, "-/-" for the TrxR1 knockout22,23). 
Matching expectations of promiscuity from the cell-free GSH 
titrations, probe activation was unchanged by all three 
modulations, showing it was independent of thioredoxin system 
activity. However, inhibition of GSH-biosynthesis by buthionine-
sulfoximine (BSO) reduced activation of H-SS66T by almost 50% 
(Figures S13-15). Together with chemical and enzymatic in vitro 
activity assays, this suggests that SS66Ts function as probes for 
cellular thiol activity, strongly involving GSH, but at this stage, we 
cannot exclude roles for redox effector proteins and other protein 
thiols. 

SS66C-based probes were also reliably and dose-dependently 
activated in A549 cells (Fig 5c, Fig S12), but in contrast to their 
trans-counterparts, they provided ca. 10-fold less fluorescent 
signal. This was not unexpected, as in vitro results (Fig 5a) 
indicated monothiol-resistance, thus excluding a major portion of 
active thiols that likely contribute to the activation of SS66Ts. To 
our delight, the three orthogonal methods of modulating 
thioredoxin system activity all strongly affected SS66C activation. 
Based on earlier in vitro assays, we attribute this to modulating the 
effector protein thioredoxin (Fig 5c, Fig S14-16). BSO also 
causes a notable but smaller effect on SS66C activation; since 
SS66C resists direct GSH challenge, we suggest that this effect 
proceeds through the Grxs that use GSH for recovery. Thus, we 
propose that all C-type probes report on both Trx and Grx activity 
but are unaffected by cellular monothiols. 

 
Fig 7 Biochemical and cellular evaluation. (a) SS66C/T piperpazine 
probes are artificial substrates for Grx and Trx. Low turnover with 
TRP14, TrxR or GR. *For GSH, concentrations are given in mM. 
(b,c) Probes based on SS66T are strongly activated in A549 cells, 
whereas SS66Cs shows 10× lower signal. Dose-dependent linear 
signal increases over time suggest intracellular turnover. Cellular 
manipulations of the Trx/TrxR system (±Se, ±TrxR inhibitor TRi-1, 
TrxR ko vs. wt) gives a significant effect only with SS66C-type probes. 
[F(t) is raw fluorescence intensity; F* is an F(endpoint) value 
normalised to compare between conditions, defined in cell-free assays 
as F* = [F(3 h) - Fblank(t0)]/FTCEP-max and in cellular assays as F* = 
[F(6 h) - F(t0)]/Fmax where Fmax is the largest raw F(6 h) replicate 
value; see Supporting Information Parts 4-5 for details.] 

In summary, we identified the first dithiane-based fluorogenic 
probes that report strongly on cellular redox activity. This advance 
was enabled by the development of the piperazine-disulfide motif, 
which provides orders of magnitudes faster probe activation 
kinetics than literature precedents. We believe that particularly the 
speed of cyclisation (kcyc) is key for cellular performance, as it 
determines the efficiency of irreversible fluorophore release and 
accumulation. Previously known dithiane probes had >100-fold 
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lower kcyc and thus, even after full reduction by a target species, 
suffer much more unproductive re-oxidation in a cellular setting. 
In addition to the mere ability to image cellular thiol-redox activity, 
we were able to develop probes with orthogonal profiles 
depending on the diastereomer. 

2.7 Dithiane-piperazines as a flexible platform 

In principle, we now have developed two orthogonal 
reduction-activated trigger units: (i) SS66T that can be used for 
the reliable, fast and quantitative release of appended molecular 
cargos and is activated by thiols of all kinds; (ii) SS66C resists 
reduction by monothiols and is exclusively operated by strong 
(bio-)chemical reductants like DTT, Trxs and Grxs. Selectivity 
profiles for both dithiane cores are retained in cellular settings and 
are independent of sidechain (which rather controls overall 
activation kinetics). Thus, we envisioned dithiane piperazines as 
bifunctional motifs which can additionally be equipped with 
various functionalities to serve many desired applications. To 
showcase this, we now set out to endow the parent probe 
H-SS66C-MF with a range of useful and broadly applicable 
functional handles (Fig 7a). 

We alkylated H-SS66C-MF with propargyl bromide (56% yield, 
11) or allyl bromide (90% yield) to provide handles for thiol-ene 
or thiol-yne chemistry,24,25 as well as for copper(I)-catalysed azide-
alkyne cycloadditions (CuAAC) - the most broadly applied click 
reactions.26 Next, we introduced ethylene sulfonyl-fluoride (ESF27; 
67% yield, 12), to open up applications to the emerging field of 
SuFEx chemistry: which is being used from materials chemistry to 
chemical biology and drug discovery.28,29 The reductive amination 
conditions we developed for Me-SS66C-MF reproducibly 
provided aldehyde 13 in good yield (78%) – a compound that 
offers direct, one-pot functionalisation with amines. To access 
NHS-esters as a second, orthogonal amine-reactive warhead, we 
reacted H-SS66C-MF with succinic anhydride and TSTU in a 
two-step protocol (22% yield, 14). Other reactive groups were 
introduced by amide couplings: a Fmoc-protected amine (60% 
yield, 15) and a cysteine-reactive iodoacetamide (88% yield, 16). 

Overall, we were able to showcase the robustness of the disulfide 
core under various reaction conditions, including with acid 
chlorides, strong electrophiles, and under reductive amination. 
The diverse set of functional handles we introduced onto model 
probe H-SS66C-MF allows for efficient and even high-throughput 
diversification with orthogonal click(-like) chemistries. 

 
Fig 8 Synthetic accessibility of versatile bifunctional linker based on piperazine-fused 1,2-dithianes. (a) Attachment of alkenes or alkynes by alkylation, 
of sulfonylfluorides by Michael addition, of aldehydes by reductive amination, of elongated amines by amine coupling, of iodoacetamides by and NHS-
esters acylation. (b) The bifunctional GS-SS66C-MF probe as a model compound for chemical Grx recognition. 

Finally, to make use of these handles, we aimed to introduce new 
functionality to our probe. We have already shown that 
SS66C-type probes resist monothiols and can report on cellular 
Trx/Grx. An outstanding challenge is now to achieve selectivity for 
one redoxin over the other, despite the structural similarities of 
Trxs and Grxs and despite their moderate substrate specificities. 
We imagined that electrostatic complementarity or mismatch 

between redoxin surfaces and our reporters could add a degree of 
molecular recognition on top of their dithiol-type 
chemocompatibility, as a way to address these proteins more 
selectively.30 Grx1 distinguishes itself from Trx1 by a defined 
binding site for GSH,31 which we envisioned as a suitable chemical 
recognition motif to enable probe-Grx1 surface complementarity 
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with iodoacetamide probe 16, with the reaction in aqueous buffer 
at pH 7.4, giving full conversion to GS-SS66C-MF (17) within 
minutes (Fig 7b). In line with the monothiol-stability we 
established earlier for the SS66C, this establishes another synthetic 
modality which the dithiane-core is robust to. 

We compared model probe 17's activation by Trx1 and Grx1 as 
compared to H-, Ac- and P-SS66C-MF; and identified only a 
small kinetic Grx1-preference for the GS-SS66C-MF probe. Even 
though this effect was minor, this result is encouraging for the idea 
of directing redoxin selectivity through introduction of 
affinity/electrostatic complementarity fragments. 

3. SUMMARY AND OUTLOOK 

Our previous efforts towards reducible triggers for applications to 
thiol/disulfide redox biology focused on thermodynamically 
stable cyclic dichalcogenides that were mechanistically designed to 
resist monothiol reduction. We had identified cis-piperidine-fused 
1,2-dithianes as motifs selectively operated by thioredoxins. 
However, the activation of their fluorogenic probes in cells was 
poor, which we attributed to slow cyclisation kinetics (kcyc). 

In this study, we have improved these cyclisation and cargo 
expulsion kinetics to achieve workable cellular tools. We assumed 
that by accelerating cyclisation kinetics, faster turnover would 
result that could overcome the challenges of cellular release, and 
that this need not compromise its reductant selectivity profile 
which would still be predetermined by its topology and geometry. 
We used disulfide piperazines as a condensed design that 
combines a cyclic disulfide’s redox properties with a basic or 
derivatisable amine within the bicyclic system to achieve this 
enhancement: all dichalcogenide piperazine probes were activated 
at least 20× faster than the previous examples. Building on this 
assay, we then used titrations with monothiol- (GSH) and dithiol-
type (DTT) reductants to extract apparent overall rate constants 
for the reversible reduction steps (k’red), which had, to the best of 
our knowledge, not been done for reducible probes so far. The 
cis-fused isomers retained full resistance to reduction by 
monothiols, while the trans-fused isomers were rapidly responsive 
to both monothiols and dithiols. We also saw that the 
dichalcogenide piperazines’ redox profiles are determined by 
diastereomerism, and independent of N-substitution. 

We tested the probes’ responses to the GR/GSH/Grx and the 
TrxR/Trx systems, i.e. the two prominent oxidoreductase systems 
present in cells. In vitro, biochemical assays with isolated proteins 
showed selective activation of the cis-fused series by Trxs and Grxs, 
but promiscuous reactivity for the trans-fused isomers. In cells, and 
for the first time for any dithiane-based redox probes, we saw dose-
dependent activation. The trans-fused probe series was activated 
at high rates and signal intensities; signal generation was 
independent of modulation of the cellular Trx/TrxR system but 
responsive to chemical inhibition of GSH biosynthesis. The 
cis-fused probes were activated at lower rates, but this was coherent 
with their selectivity for dithiol-type proteins, which we validated 
by the dependence of cellular activation on Trx system activity. 

In a conceptual sense, we envision disulfide piperazines as flexibly 
applicable tools for chemical biology. The modular nature of this 

system offers the arbitrary choice of a "cargo", e.g. a diagnostic, 
therapeutic, or other functional agents. For example, similarly to 
our recent report of thioredoxin-system-targeted bioreductive 
prodrugs,32 a SS66C-bifunctional linker could be used to gate drug 
release to redox activity (e.g. releasing duocarmycin-type DNA 
alkylators33). Importantly, the cellular performance, degree of 
activation, and speed of release will be inherited from one cargo 
construct to any other since these are defined by the disulfide 
piperazine chosen. The bifunctionality of disulfide piperazines also 
offers flexible derivatisation at the second nitrogen for, e.g. tuning 
probes’ physicochemical properties or targeting biolocalisation.34 

Finally, in a practical sense, to promote the applications of disulfide 
piperazines, the streamlined 6-step protocol we report that rapidly 
accesses these piperazines as pure diastereomers on gram-scale will 
be important; as will the versatile diversification possibilities that 
they offer e.g. via orthogonal clickable handles. Due to their ease of 
functionalisation, their stability against non-reductive cleavage, 
and their remarkably fast reductive cleavage rates, disulfide 
piperazines may well establish themselves as broadly applicable 
bifunctional units for redox chemical biology in cells and beyond. 
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