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Abstract: Bioorthogonal chemistry has become a mainstay in
chemical biology and is making inroads in the clinic with recent
advances in protein targeting and drug release. Since the field’s
beginning, a major focus has been on designing bioorthogonal
reagents with good selectivity, reactivity, and stability in complex
biological environments. More recently, chemists have imbued
reagents with new functionalities like click-and-release or
light/enzyme-controllable reactivity. We have previously developed a
controllable cyclopropene-based bioorthogonal ligation, which has
excellent stability in physiological conditions and can be triggered to
react with tetrazines by exposure to enzymes, biologically significant
small molecules, or light spanning the visual spectrum. Here, to
improve reactivity and gain a better understanding of this system, we
screened diene reaction partners for the cyclopropene. We found that
a cyclopropene—quinone pair is 26 times faster than reactions with
1,2,4,5-tetrazines. Additionally, we showed that the reaction of the
cyclopropene—quinone pair can be activated by two orthogonal
mechanisms: caging group removal on the cyclopropene and
oxidation/reduction of the quinone. Finally, we demonstrated that this
caged cyclopropene—quinone can be used as an imaging tool to label
the membranes of cultured cells.

INTRODUCTION

Since its development in the late 1990s, bioorthogonal
chemistry has empowered scientists to conjugate useful
chemical groups like fluorophores, biosensors, or drugs to
biomolecules like proteins, lipids, and nucleic acids in cells and
living organisms!. Many new bioorthogonal reactions have been
developed, and much of the focus of bioorthogonal reagent
design has been on improving reaction rates and reagent
stability in the complex biological environment of living cells2.
More recently, chemists have designed reactions with an eye
towards expanded capabilities, including click-and-release for
on-demand drug delivery3 and the ability to be “turned on” by
exposure to an external stimulus (eg., light, enzyme, or
metabolites)4-6. These activatable bioorthogonal reactions
provide the means to control when and where the reaction
occurs, promising the ability to limit bioorthogonal reactions to
specific cell types or subcellular locations, an incredibly useful
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feature that has been available to protein-based tools for
decades. For example, Fox and coworkers have created a
peroxidase- or light and photocatalyst-triggered oxidation
reaction that converts dihydrotetrazine into the trans-
cyclooctene-reactive s-tetrazine for reaction in hydrogels? and
living cells8. While this approach takes advantage of the
impressive reaction rates for trans-cyclooctene-tetrazine
ligations, its use with other activation modalities has not yet
been demonstrated, and the dihydrotetrazines do not quench
pendant fluorophores like tetrazines, precluding the use of turn
on tetrazine-fluorophores. Devaraj and coworkers have
employed a similar strategy to trap the dihydrotetrazine with
light labile protecting groups?, and Mizukami and coworkers
have employed a cleavable distorting chemical bridge in
tetrazine to control its reaction with trans-cyclooctene!0. Other
examples include Lin and coworkers work with tetrazoles as
light-activated substrates for bioorthogonal ligation via 1,3-
dipolar cycloaddition!!, and Carrico and coworkers light-
triggered Staudinger-Bertozzi ligation.12

Our work in this area has focused on the establishment of a
modular enzyme-, light-, or metabolite-triggered inverse
electron demand Diels-Alder (iEDDA) reaction based on the
cyclopropene-tetrazine ligation (Figure 1A).13-15 In this
approach, we append a caging group to a nitrogen positioned at
the C3 carbon of the cyclopropene to prevent cycloaddition with
s-tetrazines due to steric hindrance and modulation of the
nitrogen'’s electron density. An advantage of this work is that the
labile caging motif on the cyclopropene scaffold can be easily
switched to another caging group within two steps (protecting
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Figure 1. Potential diene substrates and strategies for reaction
partner  screening in  activatable  cyclopropene—tetrazine
bioorthogonal ligations. (A) Previously developed activatable
cyclopropene—tetrazine bioorthogonal ligation. The removal of the
caging group permits the cycloaddition between cyclopropene and
diene substrates like the tetrazine shown. (B) Diene substrates
evaluated for use with activatable cyclopropenes in this work.
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group removal followed by caging group installation).13 We have
confirmed that the caged cyclopropene is stable under
physiological conditions and in the presence of tetrazines for
months without decomposing or reacting with the tetrazine. To
begin the reaction, the caging group on the cyclopropene can be
removed by exposure to the appropriate stimulus, such as light
of the appropriate wavelength or an uncaging enzyme. Once
activated, the reactions between uncaged cyclopropene and
tetrazines proceed with 2nd order rate constants of 6x10-4 -
1x10-6¢ M-1s-L,

While we have shown that the activatable cyclopropene-
tetrazine ligation can be used for bioconjugation in cells13,
optimizing the reaction kinetics to achieve parity with best-in-
class bioorthogonal reagents will further improve its utility.
Such optimizations can be accomplished through modifications
to the cyclopropene component of the reaction, which we have
explored with the creation of a Kketone-containing
cyclopropenels and continues to be of interest to our lab. Here,
however, we take a different approach. We evaluate alternative
iEDDA reaction partners in an effort to optimize the reaction
rates of this class of activatable reaction, and, potentially, to
evaluate additional activation strategies.

Essentially, we sought diene substrates that have been
previously reported for other iEDDA reactions to examine
whether they react with the activatable cyclopropene shown in
Figure 1A. We began our search with modified s-tetrazines, as
they are popular dienes for iEDDA reactions due to their rapid
reaction rates, which can exceed 104 M-1s-1 with strained alkenes
and alkynes.16.17 To select compounds, we drew inspiration from
recent work by Fox and coworkers exploring the commonly
used preparation through a silver-mediated Liebeskind-Srogl
cross-coupling.18 This report showed that tetrazines decorated
with functional groups to improve iEDDA reactivity and/or
tetrazine stability could be synthesized in fewer steps than the
traditional methods for tetrazine preparation.17.19.20 [n an effort
to enhance the reactivity toward the dienophile, the activatable
cyclopropene in our case, we selected tetrazines with strong
electron withdrawing groups (Tz-3 and Tz-4, Figure 1B) to
evaluate whether the cycloaddition reactivity can be enhanced
relative to the commonly-used tetrazines in our group and
elsewhere, Tz-1 and Tz-2 (Figure 1B).

In addition to tetrazines, we sought other diene substrates to
evaluate as candidates for improved reactivity, each of which is
shown in Figure 1B. These additional substrates included a 4,4-
difluoro-3,5-diphenyl-4H-pyrazole (DFP, Figure 1B) recently
reported by Raines and coworkers?!, with a 5.2 M-1s-! reaction
rate with bicyclononyne (BCN) that is almost two times faster
than  tetrazine/BCN. We also explored a 9,10-
phenanthrenequinone (PAQ, Figure 1B), developed by Zhang
and coworkers for ‘visible light-triggered bioorthogonal
photoclick cycloadditions. With this substrate, 405 nm light or
two-photon excitation triggers the ligation with an alkene
within one minute, with rate constants up to 2.76 M-1s-1.22 We
explored an o-naphthoquinone methide developed by Popik and
coworkers (QM, Figure 1B),23.2¢ which can be generated in situ
by treating 3-(hydroxymethyl)-2-naphthol (NQMP) with 300
nm light (Figure S4A), suggesting the possibility of dual
methods for controlling the bioorthogonal ligation with
activatable cyclopropenes. Another substrate we evaluated was
a thiophene dioxide (Th-diO, Figure 1B) developed by Wang
and coworkers as a prodrug to release sulfur dioxide (SO2) in
cells after undergoing an iEDDA reaction with cyclooctyne with
rates approaching 0.26 M-s! in methanol at room
temperature.2> Lastly, we also evaluated a tert butyl quinone
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Figure 2. General bioorthogonal pairs screening process for caged-
/uncaged- cyclopropene and dienes. (A) The cycloaddition reaction
scheme of uncaged difluoro cyclopropene H-CP-FF-Ben and tert-
butyl quinone tBu-Q (B) HPLC analyses of the reactivity between
cyclopropene H-CP-FF-Ben and quinone tBu-Q (C) Kinetic
measurement of cycloaddition rate (D) HPLC analyses of no
reaction between caged difluoro cyclopropene Boc-CP-FF and tert-
butyl quinone tBu-Q in acetonitrile (E) HPLC analyses of no reaction
between caged cyclopropene Boc-CP-FF and Quinone tBu-Q in
physiological conditions.

(tBu-Q, Figure 1B), brought to our attention by reports from
Hest, van Delft, and Abhilash.2627 tBu-Q-based substrates are
particularly interesting due to the potential for quinone
generation in situ through oxidization of the corresponding
catechol, raising the potential for activating the reaction by
exposure to an oxidase enzyme, oxidizing agents, or light.28

In the following report, we describe the synthesis and
evaluation of the above candidate IEDDA reaction partners for
the activatable cyclopropenes. First, we determine their
reactivity, stability, and synthetic accessibility. We examine the
reactivity with both the caged and uncaged forms of an
activatable cyclopropene (H-CP-FF-Ben, Figure 2A) as well as
the stability of each diene molecule in physiological conditions.
We identify one promising new reaction partner, the quinone
(tBu-Q, Figure 2A) and then evaluate its reaction with
activatable cyclopropenes in the presence or absence of an
oxidant and cyclopropene activation stimulus by confocal
microscopy on the membranes of cultured cells.

RESULTS AND DISCUSSION

To investigate the reactivity of an activatable cyclopropene
with the candidate dienes from Figure 1B we used HPLC to
monitor the reaction progression. First, we evaluated the
modified tetrazines Tz-3 and Tz-4. 1,2,4,5-Tetrazine derivatives
are widely used in bioorthogonal reactions due to their fast
reaction rates with cyclopropenes and trans-cyclooctenes and
good selectivity at low concentrations. In previous studies, the
mono-substituted tetrazine Tz-1 and di-substituted tetrazine
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Tz-2 had a second-order reaction rate of approximately 0.0006
M-1s-1 and 0.00017 M-1s-1 with difluoro-cyclopropene H-CP-
FF.1415 Consistent with literature reports, we found that mono-
substituted tetrazine was more reactive but less stable than di-
substituted tetrazine. We predicted that introducing an
electron-withdrawing group on the tetrazine would increase the
reactivity towards the cyclopropene dienophile, since previous
reports have suggested that the reactivity toward dienophiles
may be enhanced with more electron deficient substitutions to
tetrazine.17.29-31 Accordingly, we chose Tz-3 and Tz-4, which
have been previously reported,32-34 to test electron deficient
tetrazines in the context of the activatable cyclopropene system.

To begin evaluating these tetrazines, we mixed Tz-3 and H-
CP-FF-Ben at 5 mM in 1:1 MeCN:PBS and monitored the
reaction for reagent stability and product formation by HPLC.
After 2 hours, we observed no change in the HPLC trace,
indicating no, or very slow, reactivity with the reagent pair
(Figure S1). Extending the reaction time to 3 days showed a
small decrease in HPLC peak volume for both reagents and the
formation of two small broad peaks whose identity we were
unable to determine by mass spectrometry (Figure S1).

Moving on to Tz-4, early studies by Bradley and coworkers
found that the Diels-Alder reaction between Tz-4 and allyl
glycidyl ether in DMSO reaches 100% conversion in ~1.5
hours.35 Later, Koert and coworkers showed that Tz-4 reacts
with cyclooctyne in room temperature CH:Cl;, reaching
completion in ~40 seconds.3¢ However, we observed no product
formation in our HPLC assay with the activatable cyclopropene
H-CP-FF-Ben. When we tested the tetrazine Tz-4 with
cyclopropene, we found that the Tz-4 had poor stability and
decomposed quickly in aqueous buffer, producing no
identifiable products according to 'H NMR analysis of the
reaction mixture.31.37

We continued our exploration of other candidate diene
reaction partners with H-CP-FF-Ben with DFP (Figure 1B).
Previous work by Raines and coworkers found a reaction rate
between DFP and BCN of 5.2 M-1s-1, two times faster than BCN
with diphenyl tetrazine in physiological conditions.2! To test
DFP’s reactivity toward the cyclopropene H-CP-FF-Ben, we
performed an HPLC analysis in MeCN: PBS=1:1, monitoring
reaction times as long at 24 h. Unfortunately, under these
conditions we did not observe either the formation of products
or decomposition of starting materials (Figure S2).

Next, we moved on to evaluate PAQ and QM (Figure 1B) as
potential reaction partners with H-CP-FF-Ben. Previous reports
have shown that the cycloaddition between alkene and PAQ, or
QM, can be initiated by light in a wavelength range of 250 to 350
nm.2238-40 Intrigued by the possibility of dual activation
modalities (i.e., light-based formation of the PAQ or QM and
light- or enzyme-based activation of the cyclopropene), we
investigated their reaction with H-CP-FF-Ben. We first
examined the reaction between H-CP-FF-Ben and PAQ in the
dark for 1 h. As expected for this duration in the dark, we
observed no decomposition or product formation by HPLC
(Figure S3). Unfortunately, when the mixture of H-CP-FF-Ben
and PAQ was irradiated with 365 nm or 405 nm light for 1
minute to activate PAQ, we observed decomposition of
cyclopropene H-CP-FF-Ben (Figure S3). We hypothesize that
light-activated PAQ, which forms a radical intermediate upon
light exposure,?2 reacted with the cyclopropene to form a
mixture of unidentifiable side products. We then evaluated QM'’s
reactivity with H-CP-FF-Ben. In these studies, we found,
consistent with literature reports,23 that the quinone methide
intermediate has a short halflife (t = 7 ms) in aqueous
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conditions, reducing back to the starting material, 3-
(hydroxymethyl)-2-naphthol (NQMP), thus precluding its
reaction with H-CP-FF-Ben (Figure S4).

We then moved our attention to Th-diO (Figure 1B), which
has been shown in previous reports to be a versatile substrate
that can be used as an iEDDA diene.25 Previous research has
demonstrated that thiophene dioxide derivatives can undergo
Diels-Alder reactions with alkynes or alkenes, followed by the
release of sulfur dioxide to form the aromatic ring.341 Thiophene
dioxide derivatives share a similar two-step mechanism with
tetrazine derivatives, where the cheletropic reaction occurs
after cycloaddition between diene and dienophile. In the first
step, the cycloaddition rate depends on the energy gap
differences between the diene’s LUMO and the dienophile’s
HOMO. The conformation of the product and the tendency to
form the aromatic ring are the two major driving forces in the
second step. To improve the reactivity and solubility in the
reaction media (acetonitrile: PBS in 1:1), we selected
tetrachlorothiophene dioxide Th-diO as the diene to analyze the
ligation rate with cyclopropene. Our HPLC analyses followed a
similar method to that used for the other candidate dienes
described above, unfortunately, once again showing no product
formation (Figure S5).

Finally, we concluded our new diene reaction partner search
by exploring the reaction between for H-CP-FF-Ben and 1,2-
quinones. 1,2-quinones have been reported to undergo a
concerted [4+2] cycloaddition reaction with cyclooctynes in
organic solvents.2¢é The 1,2-quinone can be generated by
oxidizing the corresponding catechol with sodium periodate or
tyrosinase to form the 1,2-quinone from phenol in the presence
of oxygen (Figure 2A).28 Due to their fast reaction rate with
cyclooctyne, 1,2-quinone substrates have been explored as
bioorthogonal diene substrates with reaction rates up to 500 M-
1s-1.26 Here, we investigated the reactivity of cyclopropene H-CP-
FF-Ben with tert-butyl quinone tBu-Q in a 1-to-1 ratio in 50%
acetonitrile/PBS at room temperature. Our HPLC analysis
showed that the starting material cyclopropene H-CP-FF-Ben
and tert-butyl quinone tBu-Q, gradually decreased in intensity
and new peaks appeared over time (Figure 2B). We collected
the three new peaks at retention times tr = 16.4 min, 18.8 min,
and 21.9 min and characterized them by NMR and high-
resolution mass spectrometry. The peak at tg = 16.4 min
corresponded to the tert-butyl catechol tBu-Cat. Interestingly,
the peak at tg = 18.8 min initially increases and then decreases
over time. This compound had a m/z of 517.3, 16 mass units
more than observed for the product CP-Q (discussed below, m/z
= 501.3), suggesting that it was an oxidation byproduct (e.g.,
formation of an N-oxide in the presence of NalO4). More rigorous
characterization of this compound was complicated by its
instability: multiple HPLC runs were required to obtain
sufficient material for NMR analysis, but this compound
degraded on the order of 24 hours into compounds we were
unable to identify by NMR with MS data that did not match CP-
Q or any side, degradation, or polymerization products we could
envision. Finally, at tz = 21.9 min we observed the cycloaddition
product CP-Q. All NMR and MS characterization data was
consistent with the proposed CP-Q structure (e.g., HRMS for CP-
Q was found as 501.2558 which matched the calculated value).
Interestingly, we observed only one diastereomer reaction
product, shown in Figure 2A. To better understand this
unexpected diastereoselectivity, we performed theoretical
calculations to determine the transition state energies of the
eight expected diastereomers. All cycloadditions occurred via a
concerted mechanism involving a non-synchronous transition
state. We identified one diastereomer with a 1.8 kcal/mol lower
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Figure 3. The light- and oxidation-activatable cyclopropene-quinone
reaction for cell imaging. (A) Schematic description of the
activatable cyclopropene-quinone system for imaging labeled lipids
in cells. A catechol-labeled phospholipid (C-DOPE) was incubated
with cells for incorporation into cellular membranes. An activatable
cyclopropene caged by the light-labile Nvoc group and labeled with
sulforhodamine B (Nvoc-CP-Rho) was then delivered to cells.
Exposure to light removes Nvoc to activate the cyclopropene (CP-
Rho) and addition of NalO, converts C-DOPE into the reactive
quinone-conjugated phospholipid (Q-DOPE), allow the ligation
reaction to proceed. (B) Light- and oxidation-activated ligation for
cellular imaging. Top row, the ligation reaction was initiated after 365
nm light irradiation for 1 minute. Prominent CP-Rho labeling can be
observed (Green). Bottom row, without 365 nm light exposure the
caged Nvoc-CP-Rho remains intact, producing no observable CP-
Rho labeling. (C) Evaluating the requirement for oxidant exposure.
Top row, with the addition of NalO,, the provided CP-Rho produced
prominent fluorescent labeling of cell membranes (Green). Bottom
row, without the addition of NalO4, only minimal labeling with CP-
Rho is observed. Magenta nucleus fluorescence represents
Hoescht 33342 labeled nuclei. Images are displayed as maximum
intensity projections of a confocal microscopy z stack. All scale bars:
20 ym

transition state energy than the next lowest diastereomer
(Figure S6, lowest energy transition state diastereomer is
shown in Figure 2A), suggesting that, as observed
experimentally, predominantly one diastereomer would be
formed in this reaction. After a day, H-CP-FF-Ben was consumed
and only trace tBu-Q remained, with the majority of the reaction
mixture being composed of the expected ligation product CP-Q
and reduced tBu-Q in the form of tBu-Cat. The yield of CP-Q was
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53% when the reaction was performed in 50% PBS/MeCN, and
73% when the reaction was performed in MeCN alone. We
evaluated the reaction rate of this cyclopropene-quinone
reaction by monitoring the disappearance of tert-butyl quinone
tBu-Q using its characteristic absorbance at 384 nm and found
a second-order rate constant of 0.016 +/- 0.0072 M-1s-1, which is
26 times faster than H-CP-FF-Ben'’s reaction with Tz-1 (Figure
2Q).

Having identified a new reaction partner for this activatable
cyclopropene, we next sought to confirm the cyclopropene’s
ability to be caged by N-modification and activated by N-
modification removal. Previous studies have shown these
activatable cyclopropenes can have their reactivity caged
through N-modification with a diverse array of carbamate-
linked removable protecting groups.!3 To evaluate reactivity
caging with tBu-Q, we tested the reaction between a Boc-caged
difluoro cyclopropene Boc-CP-FF and tBu-Q by HPLC. In these
experiments, we found no reaction between these two reagents
in either organic solvent (Figure 2D) or 50% acetonitrile/PBS
buffer for over 2 weeks (Figure 2E). However, we did observe
tBu-Q’s reduction to the catechol in the 50% acetonitrile/PBS
buffer conditions over 1-2 days, consistent with our results in
Figure 2B and literature reports of quinone reduction in
aqueous conditions.4243 We further confirmed that the new
peaks are from the decomposition of tert-butyl quinone tBu-Q
in a control experiment with only tBu-Q under the same 50%
aqueous/organic conditions, indeed finding that the quinone is
reduced to the corresponding catechol (Figure S7). We did not
observe this tBu-Q reduction in organic solvents (Figure 2D).

These findings show that the reaction of quinone tBu-Q with
uncaged activatable cyclopropene H-CP-FF-Ben is 26-times
faster than that of the previous faster partner Tz-1. Additionally,
the spontaneous aqueous reduction of tBu-Q to the catechol
presents an intriguing opportunity to create a dual activatable
reagent, restricting the quinone-cyclopropene reaction to cells
or organelles with oxidizing environments (to generate tBu-Q)
and further controlling reaction timing or location by light- or
enzyme-based activation of a caged H-CP-FF-Ben.

To begin exploring the potential of this dual oxidant- and
light-based reaction activation, we evaluated the activatable
cyclopropene and quinone for the labeling of cellular lipids.
Bioorthogonal lipid labeling has provided valuable information
on lipid metabolism, localization, and lipid post-translational
modifications through the incorporation of either metabolic
clickable precursors or chemically synthesized lipids with
clickable handles.44-54 Nevertheless, there have been few
reports for controllable bioorthogonal lipid labeling,13.55 which
would permit the use of bioorthogonal lipid labeling for
studying lipid function in specific cell types or tissues. To
achieve light-controllable lipid labeling, we linked the
activatable  difluoro  cyclopropene scaffold with a
sulforhodamine B fluorophore and caged it using the light-labile
group Nvoc (Nvoc-CP-Rho) to prevent the ligation reaction
from occurring prior to light exposure (Figure 3A).
Additionally, we conjugated a catechol substrate (tBu-Q
precursor) to a 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-
phosphoethanolamine (DOPE) phospholipid to obtain C-DOPE
(Figure 3A, see SI for synthetic details and compound
characterization). We explored the synthesis of lipid catechols
with methylene linkages (As shown in Figure 3A, C-DOPE) or
more sterically hindered dimethyl substituted linkages (See SI
for synthetic details). DOPE is an ethanolamine phospholipid
containing two oleoyl lipid moieties. Such phospholipid
ethanolamines are among the most abundant lipids in cell
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membranes including both the plasma membrane and the
membranes of intracellular organelles, including the ER,
mitochondria, Golgi, and late endosomes>e.

We incubated Hela cells with C-DOPE for 1 hour to allow it to
incorporate into the cell membranes. The now C-DOPE-labeled
cells were washed three times with PBS (1 mL) and fixed with
4% PFA in PBS (1 mL) for 20 minutes at room temperature.
Next, we incubated the C-DOPE-labeled cells with Nvoc-CP-Rho
(10 pM in PBS) and the oxidant sodium periodate (NalO4, 1 mM
in H20) to convert the catechols to quinones in situ. The chosen
concentration of the oxidant sodium periodate (NalOs) was
inspired by work from Francis and coworkers28, who used it to
convert an o-methoxy phenol into a quinone, and Paulson and
coworkers57 who used it to oxidize the cis diols of cell surface
sialic acids into aldehydes for subsequent ligations. Although
Francis and coworkers noted that NalOs could also result in
oxidation of cysteine and methionine sidechains, which would
likely compromise cell viability, Paulson and coworkers were
still able to perform NalOs oxidation at 4 °C on living cells.
Importantly, however, in this study NalOs exposure is
performed after fixation, thus mitigating any potential cell
toxicity concerns. To initiate the ligation reaction, we irradiated
the samples at 365 nm (1 min, 0.3W) to remove the caging group
on the cyclopropene, allowing the liberated CP-Rho to react
with Q-DOPE integrated into the Hela cell’s membranes, or kept
cells in the dark as control (Figure 3A).

We then evaluated these cells by confocal microscopy. The
results showed very little fluorophore labeling on the Hela cell
membranes when the cyclopropene was caged in the presence
of sodium periodate (Figure 3B, bottom panels). Once the
sample was exposed to 365 nm light to release CP-Rho, the
ligation occurred, producing clear fluorophore labeling in the
cells (Figure 3B, top panels). Notably, the subcellular
distribution of the fluorescent labeling is primarily on
intracellular membranes, consistent with the subcellular
distributions of DOPE’s PE-based phospholipid structure5¢ and
with the microscopy data in a previous report by Devaraj and
coworkers that explored intracellular membrane labeling with
DOPE-tagged bioorthogonal reagents.#¢ We further examined
whether adding an oxidant or light exposure would affect the
ligation outcomes. Without the oxidant, the reaction produced
only very modest cell membrane labeling (Figure 3C, bottom
panels), consistent with there being a small concentration of
quinone produced in the absence of an added oxidizing agent.
Adding NalOs produced the expected intense fluorescent
labeling of Hela cell membranes (Figure 3C, top panels). We also
performed additional control experiments to verify that this
system can only be activated by applying both light and oxidant
(Figure $8), and to show that prominent labeling does not occur
in the presence of NalO4 but absence of C-DOPE (Figure S9).
These results suggest that this catechol/quinone and activatable
cyclopropene system can serve as a dual-activatable reaction for
imaging cells based on the presence of an oxidizing
environment, which could report on cells or organelles with
oxidizing environments with the added spatiotemporal control
provided by light- or enzyme-based activation of the activatable
cyclopropene.

In conclusion, we have screened several classes of diene
candidates in an effort to identify an activatable cyclopropene
reaction partner with improved reaction rates. We found that
the activatable cyclopropene H-CP-FF-Ben had a faster reaction
rate with quinone substrates than the best-in-class tetrazines,
but the quinones have poor stability in aqueous environments
due to their tendency to reduce to the catechol. The addition of
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an oxidant served to preserve a sufficient pool of reactive
quinone. Finally, we used this oxidant and light activatable
reaction to image the presence of modified lipids embedded in
the cell membranes of Hela cells using confocal fluorescence
microscopy. The requirement of an oxidizing environment for
quinine stability and efficient reaction with the activatable
cyclopropene has the potential to provide a dual, e.g., oxidant
and light, method for reaction activation. In future studies, this
dual activation approach could enable reaction activation only
in highly oxidizing cell environments, eg. macrophages
responding to a wound or site of inflammation, and during a
time period controlled by the researcher’s administration of the
activating light source.
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