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Abstract 
The chemiluminescent light-emission pathway of phenoxy-1,2-dioxetane luminophores is increasingly 
attracting the scientific community's attention. Dioxetane probes that undergo rapid, flash-type 
chemiexcitation demonstrate higher detection sensitivity than those with a slower, glow-type 
chemiexcitation rate. This is primarily because the rapid flash-type produces a greater number of 
photons within a given time. Herein, we discovered that dioxetanes fused to 7-norbornyl and 
homocubanyl units, present accelerated chemiexcitation rates supported by DFT computational 
simulations. Specifically, the 7-norbornyl and homocubanyl spirofused dioxetanes exhibited a 
chemiexcitation rate of 14.2-fold and 230-fold faster than the spiro-adamantyl-dioxetane, respectively. 
A turn-ON dioxetane probe for the detection of the enzyme β-galactosidase, containing the 7-norbornyl 
spirofused unit, exhibited an S/N value of 415 with low enzyme concentration. This probe demonstrated 
an increase in detection sensitivity towards β-galactosidase with a limit-of-detection value that is 9-fold 
more sensitive than that obtained by the adamantyl counterpart. Interestingly, the computed activation 
free energies of the homocubanyl and 7-norbornyl units were correlated with their CCsC spiro-angle, to 
corroborate the measured chemiexcitation rates. 
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Controlling the chemiexcitation rate of 1,2-dioxetanes enables to manufacture chemiluminophores 
capable of emitting light in either a continuous glow or a rapid flash mode.1, 2 Flash-type 
chemiluminescence assays outperform glow-type assays by generating more intense light emission 
signals, primarily due to the higher photon count produced within a specified time interval.3-8 The 
chemiexcitation pathway of Schaap’s phenoxy 1,2-dioxetanes is initiated through an electron transfer 
from a phenolate species to a peroxide bond of a spiro-cycloalkyl-dioxetane.9, 10 This event leads to a 
disassembly of the dioxetane and the generation of an excited benzoate species that decays to its 
ground state through the emission of a photon. Since 1,2-dioxetanes are chemically unstable, a spiro-
adamantyl unit is incorporated in the molecule, in order to elevate its stability through the generation of 
a steric hindrance.11-22  
We have recently shown that the chemiexcitation of phenoxy-1,2-dioxetanes can be significantly 
accelerated through a spiro-stain release effect resulting  replacing the traditional adamantyl unit with a 
cyclobutyl molecular motif.23 The acceleration of 1,2-dioxetane chemiexcitation enabled the production 
of chemiluminescent probes with an extremely high signal-to-noise, which exhibited unprecedented 
detection sensitivity. The discovery of the spiro-stain release effect stimulated us to evaluate the 
influence of other bridged-cycloalkyl units on the chemiexcitation rate of phenoxy 1,2-dioxetanes.24 
Here we report a chemiexcitation acceleration effect for phenoxy 1,2-dioxetanes generated by a spiro-
fused effect of polycyclic homocubanyl and bicyclic 7-norbornyl units. 
 

 
Figure 1. A) Activation and chemiexcitation pathway of adamantyl-phenoxy-1,2-dioxetanes. B) Chemiexcitation pathway of a 
general bridged cyclic homocubanyl and 7-norbornyl phenoxy-dioxetanes presented in this work. 
 
The rate-determining step of phenoxy-1,2-dioxetane chemiexcitation is the O-O cleavage of the 
dioxetane that is accompanied by electron transfer from the phenolate to the dioxetane to generate a 
biradical species.13 We hypothesized that by exchanging the spiro-adamantyl-dioxetane unit with a 
bridged bicyclic or polycyclic unit with a constrained angle, the additional strain at the spirofusion could 
lead to faster O-O cleavage and accelerated chemiexcitation.25-27 We explored this hypothesis and 
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performed quantum mechanical studies with reliable DFT methods (see SI for details). The 
computational results in Figure 2 indicate that the adamantyl-phenoxy-1,2-dioxetane exhibits a 
comparatively slow chemiexcitation rate, predicted by the relatively high barrier of 18.2 kcal/mol (Figure 
2B) for the rate-determining transition state with O-O cleavage and partial electron transfer. By contrast, 
the 7-norbornyl and homocubanyl-phenoxy-1,2-dioxetanes have faster chemiexcitation rates due to 
barriers of only 16.9 and 14.2 kcal/mol, respectively (Figure 2B). The computational results of the rate-
determining step (O-O cleavage transition state) for four phenoxy-1,2-dioxetanes are compared in Figure 
2B. 

 
Figure 2. A) The chemiexcitation mechanism of a general spiro-cycloalkyl phenoxy-1,2-dioxetane. B) Comparison between the 
computed Gibbs free energy of the rate-determining step of chemiexcitation for four selected phenoxy-1,2-dioxetane. 
Detailed DFT calculations are presented in the supporting information (Figures S1-S2). 
 
The bicyclic 7-norbornyl-phenoxy 1,2-dioxetane, Diox 1, and the polycyclic-homocubanyl phenoxy 1,2-
dioxetane, Diox 2 (Table 1), were synthesized in a similar manner reported for other phenoxy 1,2-
dioxetanes (see supporting information). Adamantyl and cyclobutyl phenoxy-1,2-dioxetanes, Diox 3 and 
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Diox 4 were used as reference control compounds. To facilitate the measuring of Diox 1-Diox 4 
chemiluminescent properties, the phenol functional groups of the dioxetanes were masked with a tert-
butyl-dimethyl silyl (TBS) triggering group. The chemiexcitation of the dioxetanes was initiated by 
removing the TBS groups via tetra-butyl-ammonium-fluoride (TBAF) addition. The molecular structures 
of the four dioxetanes, their stability under physiological conditions (PBS 7.4, RT), total light emission 
half-lives (t1/2) in DMSO or Acetone, and relative chemiexcitation rate, are presented in Table 1. Previous 
measurements by our group have shown that the chemiexcitation rate of 1,2-dioxetanes is particularly 
fast in polar organic solvents like DMSO, but the rate can be modulated by selecting alternative 
solvents.23 Therefore, measurements of t1/2 values for the total light emission of dioxetanes exhibiting 
relatively slow chemiexcitation rates were determined in DMSO, while measurements for dioxetanes 
with faster chemiexcitation rates were conducted in acetone.28  
The relative chemiexcitation rates of the four dioxetanes, Diox 1, Diox 2, Diox3 and Diox 4, were 
determined by evaluating their total light emission t1/2 values according to the plots presented in the 
Supporting Information (Figures S3-S5). Both Diox 1 and Diox 2 exhibited a notably enhanced 
chemiexcitation rate compared to the spiro-adamantyl dioxetane, Diox 3 (14.2-fold and 230-fold, 
respectively). Intriguingly, the chemiexcitation rate of the homocubanyl dioxetane surpassed even that 
of the cyclobutyl-dioxetane, Diox 4, by 2-fold. 

 
Table 1. Molecular structures and chemiluminescent properties of Diox 1-Diox 4. The stability of Diox 1-Diox 4 [500 µM] was 
measured in PBS, pH 7.4, 15% ACN at 25 oC; product distribution was determined using RP-HPLC (90-100% ACN in water with 
0.1% TFA). Chemiexcitation properties of Diox 1-Diox 4 [10 nM] were measured in DMSO or Acetone, with TBAF [10 mM], 
with 10% ACN. Half-life value (t1/2) is defined as the time point by which half of the total light emission was observed. Relative 
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chemiexcitation rate is defined as the ratio between the t1/2 values of Diox 1-Diox 4. The t1/2 of Diox 3 in DMSO was used as a 
reference. All measurements were conducted using SpectraMax iD3, with injector settings fixed on an integration time of 50 
msec. 
 
A visual demonstration of the chemiexcitation acceleration effect obtained by the bridged bicyclic and 
polycyclic units in Diox 1 and Diox 2, is presented in Figure 3A. Images taken at selected time intervals 
over 90 sec show the light emission of Diox 1-Diox 4 in acetone as a solvent. The 7-norbornyl-dioxetane 
Diox 1 emitted light with a chemiexcitation rate that is significantly faster than that of its adamantyl 
analog Diox 3, lasting beyond 15 sec but less than 90 sec. The homocubanyl dioxetane, Diox 2, displayed 
an ultrafast chemiexcitation rate, lasting for less than 15 sec (t1/2=3 sec). This chemiexcitation rate is 
about 2-fold faster compared to that of the cyclobutyl-dioxetane, Diox 4 (t1/2=5 sec). Complete videos of 
these light emission reactions are provided in the supporting information. Normalized plots of the four 
dioxetanes showing their relative chemiexcitation rates are presented in Figure 3B.  
 
The chemical stabilities of the four dioxetanes were determined by monitoring the spontaneous 
decomposition over time at room temperature, in PBS, pH 7.4 (Figure 3C). Diox 1 and Diox 2 were found 
to be less stable than their parent adamantyl derivative. This phenomenon is attributed to the increased 
strain existing in the spiro bicyclic and polycyclic dioxetane units.26, 29-31 However, the 7-norbornyl 
dioxetane, Diox 1, exhibited substantially higher stability than the cyclobutyl derivative Diox 4. The 
homocubanyl derivative Diox 2, exhibited very low stability (t1/2=3h) rendering it unsuitable for further 
application in a biological context.  
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Figure 3. A) Molecular structures and visual demonstration of the light emitted by Diox 1-Diox 4 [500 µM] during 90 sec in the 
presence of TBAF [10 mM] in Acetone. B) Normalized total light emission kinetic profile (time is represented in logarithmic 
scale) of Diox 1-Diox 4. The relative calculated chemiexcitation rates are taken from Table 1 and Figures S3-S5. C) Chemical 
stability of Diox 1-Diox 4 [500 µM] was measured in PBS [100 mM], pH 7.4, 10% ACN at 25oC; decomposition products were 
determined using RP-HPLC (90-100% ACN in water with 0.1% TFA). See chemical stability values of Diox 1-Diox 4 in Figure S6. 
 

The rapid chemiexcitation observed for phenoxy-1,2-dioxetanes containing bridged cyclic units suggests 
that a turn-ON probe utilizing such a luminophore is anticipated to exhibit higher detection sensitivity. 
While the homocubanyl moiety exhibited a significantly faster chemiexcitation rate than the 7-norbornyl 
counterpart, its instability hinders its application in pseudo-biological and biological assays. We have 
previously shown that the incorporation of an acrylate substituent at the ortho-position of phenoxy-1,2-
dioxetane generates a chemiluminophore, which is extremely emissive under physiological conditions.32 
This chemiluminophore was demonstrated to be highly useful for constructing turn-on probes for the 
detection and imaging of various enzymes and bioanalytes.5-7, 33-42 Therefore, we next synthesized a new 
ortho-acrylate substituted phenoxy-1,2-dioxetane chemiluminescent probe, with a 7-norbornyl motif 
(probe MA-b-gal-norbornyl), for the detection of b-galactosidase (b-gal) enzymatic activity (Figure 4A).43 
The probe’s activity was compared with that of the known adamantyl-1,2-dioxetane (probe MA-b-gal-
adamantyl). 
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The full light emission profiles of probe MA-b-gal-norbornyl and probe MA-b-gal-adamantyl, in the 
presence of a high concentration of b-gal [2 U/mL] in PBS 7.4, are presented in Figure 4B1. The relative 
chemiluminescence quantum yields of the probes were determined by measuring the total light 
emission generated upon activation with b-gal (Figure 4B1, inset). Predictably, probe MA-b-gal-
norbornyl exhibited a rapid and intense light emission response that decayed after 100 min. On the 
other hand, the light emission profile of probe MA-b-gal-adamantyl was less intense and lasted for over 
300 min.  
Next, the light emission signals of probes MA-b-gal-norbornyl and MA-b-gal-adamantyl were evaluated 
under low enzyme concentrations. Under such conditions, the signal is gradually increased to reach a 
plateau level, which lasts for a long period. The signal-to-noise value (S/N) of the plateau signal 
generated by probe MA-b-gal-norbornyl, was substantially higher than the S/N value produced by probe 
MA-b-gal-adamantyl, after 80 minutes; 415 and 52 respectively (Figure 4B2). The detection sensitivity of 
the two probes towards b-gal was determined by measuring the light emission signal over a varied 
range of enzyme concentrations (Figure 4C). Predictably, the limit-of-detection value (LOD) obtained by 
probe MA-b-gal-norbornyl (2.3x10-6 U/mL) was 9-fold lower than the LOD value achieved by probe MA-
b-gal-adamantyl (2.0x10-5 U/mL). This data indicates that probe MA-b-gal-norbornyl has a 9-fold higher 
detection sensitivity for b-gal activity. 
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Figure 4. A) Molecular structures of 7-norbornyl and adamantyl methyl acrylate probes. B) (1) Chemiluminescence kinetic 
profiles and total light emission (inset) of MA-b-gal-norbornyl and MA-b-gal-adamantyl [10 µM] in the presence and absence 
of b-gal [2 U/mL]. (2) Chemiluminescence signal-to-noise ratio over time of MA-b-gal-norbornyl and MA-b-gal-adamantyl [10 
µM] in the presence and absence of b-gal [0.004 U/mL]. C) Determination of the limit of detection values: Signal-to-noise of 
total light emission of MA-b-gal-norbornyl and MA-b-gal-adamantyl [10 µM] in the presence and absence of different b-gal 
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concentrations [2.56*10-7 - 1*10-3 U/mL] (presented in a logarithmic scale) after 30 min of measurements. All measurements 
were conducted in PBS, pH 7.4, with 10% ACN at 27oC. See Supporting Information for details (Figures S7-S11). 

 
We next performed additional DFT calculations to understand if the strain of the spirocycles, measured 
as the CCsC angle (Cs is the spiro-carbon) relates to the rate of chemiexcitation. Figure 5A shows that the 
computed activation free energies correlate reasonably well with this angle, with the homocubanyl 
reacting faster than expected based on the spiro angle alone. We have also included the rate calculated 
for the dimethyl-substituted dioxetane, which has no spirostrain. Figure 5B plots the log of the 
measured relative emission rates versus these same spiro angles. Once again, homocubanyl is an outlier, 
reacting faster than expected, based on the spiro fusion angles.  
 

 
Figure 5. A) Plot of DFT optimized C-Cs-C bond angle in Int1 with calculated free energy barriers. B) Plot of DFT optimized 
bond angle in Int1 with the logarithm of experimental relative rate. 
 
The last step in synthesizing phenoxy-1,2-dioxetanes involves the oxidation of an enol ether precursor to 
a dioxetane by singlet oxygen. During this process, a side ene-product can be formed by the elimination 
of a proton positioned at the allylic position of the enol ether.44 We have previously reported that 
oxidation of cyclopentyl enol ether resulted in the complete formation of the undesired ene-product.23, 

24 On the other hand, the oxidation of the bridged bicyclic and polycyclic enol ethers in this study 
afforded full conversion to the desired dioxetane product. Here, the formation of an ene-side product is 
disfavored since the elimination reaction generates a highly constrained poly/bicyclic-alkene. Similarly, 
oxidation of cyclobutyl and adamantyl enol ethers results in the desired dioxetane with no formation of 
the ene-side product. 
 
Spiro-cycloalkyl phenoxy-1,2-dioxetanes, which possess enhanced molecular strain, have been 
demonstrated to undergo accelerated chemiexcitation. One notable example of strain in organic 
molecules is found in the cubane structure. Cubane is a highly strained hydrocarbon molecule composed 
of eight carbon atoms, each occupying a corner of a cube, with hydrogen atoms filling in the remaining 
valences.27 The strain in cubane arises from the forced 90-degree bond angles between the carbon 
atoms, which are significantly smaller than the ideal tetrahedral angle of 109.5 degrees.45 Homocubanyl 
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has a small angle of 95 degrees at the spiro-carbon in the dioxetane we have studied and would be 
expected to be somewhat less reactive than cyclobutyl and 7-norbornyl.29 However, the reactivity of 
homocubanyl is measured to be 16 times that of 7-norbornyl and twice that of the cyclobutyl derivative. 
There appear to be additional factors beyond the spirostrain accounting for the high reactivity of 
homocubanyl observed experimentally. Computations also predict high reactivity, although about the 
same as cyclobutyl which is found experimentally to be one-half as reactive. A possible explanation for 
this contradictory phenomenon can be found in a study published about 30 years ago by Spitz.46 This 
study showed that the homocubanyl moiety exhibited higher reactivity toward solvolysis reactions 
compared to a 7-norbornyl counterpart. This reactivity was explained by stabilizing the homocubanyl 
carbon through two adjacent sigma bonds; the same carbon in this work is referred to as the spiro-
carbon (Cs). Relying on the abovementioned, we suggest that the Cs-O bond of the homocubanyl 
dioxetane is elongated compared to the cyclobutyl analog, making it more reactive and therefore, 
increasing its chemiexcitation rate. Despite the high reactivity, the homocubanyl compound can still be 
isolated and rates of chemiexcitation and decomposition can be measured. This highly strained 
dioxetane (Diox 2) undergoes extremely fast chemiexcitation upon exposure to fluoride, accompanied 
by an intense burst of light emission. The attachment of alkyl substituents to the homocubanyl unit, 
positioned adjacent to the dioxetane ring, could potentially lead to a chemically more stable molecular 
structure.  
The 7-norbornyl unit also possesses a higher degree of angular strain compared to its adamantyl 
counterpart, but its reactivity is more in line with the spirostrain reflected in the 93o spiro-fusion angle.29 
This molecule exhibits strain due to its unique structure, with a single methano bridge of the 1 and 4 
carbons of a boat cyclohexane. The C1-C7-C4 angle of 93o is consistent with its reactivity, intermediate 
between adamantyl and cyclobutyl. Indeed, norbornyl is additionally strained by affixing a two-carbon 
bridge pulling the two ethano linkages in norbornyl towards each other. The strain in the 7-norbornyl-
phenoxy-1,2-dioxetane spirofusion leads to a fast chemiexcitation rate and moderate chemical stability 
in comparison to adamantyl-phenoxy-1,2-dioxetane. This leads to a 10-fold increase in the detection 
sensitivity for a phenoxy-1,2-dioxetane probe spirofused with a 7-norbornyl unit, compared to a probe 
spirofused with an adamantyl unit. 
 
In summary, we have synthesized and evaluated the chemiluminescence properties of two new spiro-
phenoxy-1,2-dioxetanes, fused to bicyclic 7-norbornyl and polycyclic homocubanyl units. The high 
angular strain of the homocubanyl unit led to an extraordinary chemiexcitation acceleration of the 
corresponding dioxetane. However, a molecular probe based on spiro-homocubanyl-dioxetane motif 
was found to be highly unstable. On the other hand, spiro-norbornyl-dioxetane exhibited a substantially 
higher chemiexcitation rate and moderate chemical stability, when compared to its spiro-adamantyl-
dioxetane counterpart. A turn-ON dioxetane probe for the detection of b-gal activity, containing the 
bicyclic 7-norbornyl unit, exhibited a S/N ratio of 415 in the presence of the enzyme. This probe 
demonstrated substantially increased detection sensitivity towards b-gal, with an LOD value that 
indicates a 9-fold increase in sensitivity compared to that obtained by the previously known adamantyl 
analog. We anticipate that the chemiexcitation acceleration effect of phenoxy-1,2-dioxetane through 
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bridged polycyclic units will create new opportunities for designing innovative chemiluminescence 
probes with a flash mode of chemiexcitation and increased detection sensitivity. 
 
 
References 
(1) Kagalwala, H. N.; Reeves, R. T.; Lippert, A. R. Chemiluminescent spiroadamantane-1,2-dioxetanes: 
Recent advances in molecular imaging and biomarker detection. Curr. Opin. Chem. Biol. 2022, 68, 
102134.  
(2) Haris, U.; Lippert, A. R. Exploring the Structural Space of Chemiluminescent 1,2-Dioxetanes. ACS Sens. 
2022, 8 (1), 3-11. 
(3) Yang, M. W.; Huang, J. G.; Fan, J. L.; Du, J. J.; Pu, K. Y.; Peng, X. J. Chemiluminescence for bioimaging 
and therapeutics: recent advances and challenges. Chem. Soc. Rev. 2020, 49 (19), 6800-6815.  
(4) Wang, X. Z.; Pu, K. Y. Molecular substrates for the construction of afterglow imaging probes in 
disease diagnosis and treatment. Chem Soc Rev 2023, 52 (14), 4549-4566.  
(5) Hananya, N.; Shabat, D. Recent Advances and Challenges in Luminescent Imaging: Bright Outlook for 
Chemiluminescence of Dioxetanes in Water. ACS Cent. Sci. 2019, 5 (6), 949-959.  
(6) Hananya, N.; Boock, A. E.; Bauer, C. R.; Satchi-Fainaro, R.; Shabat, D. Remarkable Enhancement of 
Chemiluminescent Signal by Dioxetane-Fluorophore Conjugates: Turn-ON Chemiluminescence Probes 
with Color Modulation for Sensing and Imaging. J. Am. Chem. Soc. 2016, 138 (40), 13438-13446.  
(7) Blau, R.; Shelef, O.; Shabat, D.; Satchi-Fainaro, R. Chemiluminescent probes in cancer biology. Nat. 
Rev. Bioeng. 2023, 648–664.  
(8) Gnaim, S.; Green, O.; Shabat, D. The emergence of aqueous chemiluminescence: new promising class 
of phenoxy 1,2-dioxetane luminophores. Chem. Commun. 2018, 54 (17), 2073-2085.  
(9) Schaap, A. P.; Sandison, M. D.; Handley, R. S. Chemical and Enzymatic Triggering of 1,2-Dioxetanes .3. 
Alkaline Phosphatase-Catalyzed Chemiluminescence from an Aryl Phosphate-Substituted Dioxetane. 
Tetrahedron Lett. 1987, 28 (11), 1159-1162.  
(10) Schaap, A. P.; Chen, T. S.; Handley, R. S.; Desilva, R.; Giri, B. P. Chemical and Enzymatic Triggering of 
1,2-Dioxetanes .2. Fluoride-Induced Chemiluminescence from Tert-Butyldimethylsilyloxy-Substituted 
Dioxetanes. Tetrahedron Lett. 1987, 28 (11), 1155-1158.  
(11) Yang, M. W.; Zhang, J. W.; Shabat, D. R.; Fan, J. L.; Peng, X. J. Near-Infrared Chemiluminescent Probe 
for Real-Time Monitoring Singlet Oxygen in Cells and Mice Model. ACS Sens. 2020, 5 (10), 3158-3164.  
(12) Wei, X.; Huang, J.; Zhang, C.; Xu, C.; Pu, K.; Zhang, Y. Highly Bright Near-Infrared Chemiluminescent 
Probes for Cancer Imaging and Laparotomy. Angew. Chem. Int. Ed. 2023, 62 (8), e202213791.  
(13) Tanaka, C.; Tanaka, J. Ab initio molecular orbital studies on the chemiluminescence of 1,2-
dioxetanes. J. Phys. Chem. A. 2000, 104 (10), 2078-2090. 
(14) Roda, A.; Guardigli, M. Analytical chemiluminescence and bioluminescence: latest achievements 
and new horizons. Anal. Bioanal. Chem. 2012, 402 (1), 69-76.  
(15) Liu, J.; Huang, J. S.; Wei, X.; Cheng, P. H.; Pu, K. Y. Near-Infrared Chemiluminescence Imaging of 
Chemotherapy-Induced Peripheral Neuropathy. Adv. Mater. 2024, 36 (11), 2310605.  
(16) Kagalwala, H. N.; Gerberich, J.; Smith, C. J.; Mason, R. P.; Lippert, A. R. Chemiluminescent 1,2-
Dioxetane Iridium Complexes for Near-Infrared Oxygen Sensing. Angew. Chem. Int. Ed. 2022, 61 (12), 
e202115704.  
(17) Huang, J.; Jiang, Y.; Li, J.; Huang, J.; Pu, K. Molecular Chemiluminescent Probes with a Very Long 
Near-Infrared Emission Wavelength for in Vivo Imaging. Angew. Chem. Int. Ed. 2021, 60 (8), 3999-4003.  
(18) Huang, J.; Cheng, P.; Xu, C.; Liew, S. S.; He, S.; Zhang, Y.; Pu, K. Chemiluminescent Probes with Long-
Lasting High Brightness for In Vivo Imaging of Neutrophils. Angew. Chem. Int. Ed. 2022, 61 (30), 
e202203235.  

https://doi.org/10.26434/chemrxiv-2024-07rl1 ORCID: https://orcid.org/0000-0003-2502-639X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-07rl1
https://orcid.org/0000-0003-2502-639X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 13 

(19) Hirano, T.; Matsuhashi, C. A stable chemiluminophore, adamantylideneadamantane 1,2-dioxetane: 
from fundamental properties to utilities in mechanochemistry and soft crystal science. J. Photoch. 
Photobio. C. 2022, 51, 100483.  
(20) Cao, J.; An, W.; Reeves, A. G.; Lippert, A. R. A chemiluminescent probe for cellular peroxynitrite 
using a self-immolative oxidative decarbonylation reaction. Chem. Sci. 2018, 9 (9), 2552-2558. 
(21) An, W.; Ryan, L. S.; Reeves, A. G.; Bruemmer, K. J.; Mouhaffel, L.; Gerberich, J. L.; Winters, A.; 
Mason, R. P.; Lippert, A. R. A Chemiluminescent Probe for HNO Quantification and Real-Time Monitoring 
in Living Cells. Angew. Chem. Int. Ed. 2019, 58 (5), 1361-1365.  
(22) Acari, A.; Almammadov, T.; Dirak, M.; Gulsoy, G.; Kolemen, S. Real-time visualization of 
butyrylcholinesterase activity using a highly selective and sensitive chemiluminescent probe. J. Mater. 
Chem. B. 2023, 11 (29), 6881-6888.  
(23) Tannous, R.; Shelef, O.; Gutkin, S.; David, M.; Leirikh, T.; Ge, L.; Jaber, Q.; Zhou, Q.; Ma, P.; Fridman, 
M.; et al. Spirostrain-Accelerated Chemiexcitation of Dioxetanes Yields Unprecedented Detection 
Sensitivity in Chemiluminescence Bioassays. ACS Cent. Sci. 2023, 10 (1), 28-42. 
(24) David M, L. T., Shelef O, Gutkin S, Kopp T, Zhou Q, et al. Chemiexcitation Acceleration of 1,2-
Dioxetanes via a Spiro-Fused Inductive Electron-Withdrawing Motifs. . ChemRxiv 2024.  
(25) Lightner, D. A.; Crist, B. V.; Kalyanam, N.; May, L. M.; Jackman, D. E. The Octant Rule .15. Antioctant 
Effects - Synthesis and Circular-Dichroism of 2-Exo-Alkylbicyclo[2.2.1]Heptan-7-Ones and 2-Endo-
Alkylbicyclo[2.2.1]Heptan-7-Ones and 2-Endo-Bicyclo[3.2.1]Octan-8-Ones. J. Org. Chem. 1985, 50 (20), 
3867-3878.  
(26) Abad, G. A.; Jindal, S. P.; Tidwell, T. T. Steric Effects in Bicyclic Systems .4. Base-Catalyzed Enolization 
of Bicyclo[2.2.2]Octan-2-One, Bicyclo[2.2.1]Heptan-2-One, and Bicyclo[2.1.1.]Hexan-2-One. J. Am. Chem. 
Soc. 1973, 95 (19), 6326-6331.  
(27) Eaton, P. E., T. W. C. The Cubane System. J. Am. Chem. Soc. 1964, 86 (5), 962-964. 
(28) Khalid, M.; Souza, S. P.; Cabello, M. C.; Bartoloni, F. H.; Ciscato, L. F. M. L.; Bastos, E. L.; El Seoud, O. 
A. A.; Baader, W. J. Solvent polarity influence on chemiexcitation efficiency of inter and intramolecular 
electron-transfer catalyzed chemiluminescence. J. Photoch. Photobio. A. 2022, 433, 114161.  
(29) Spitz, U. P.; Eaton, P. E. Bridgehead functionalization of non-enolizable ketones: The first 
preparatively useful methods (vol 33, pg 2220, 1994). Angew. Chem. Int. Ed. 1996, 35 (12), 1348-1348. 
(30) Spitz, U. P.; Eaton, P. E. Fluxionality Induced by High-Pressure - [9-D]9-Homocubyl Triflate, a 
Pressure-Sensing Molecule. Angew. Chem. Int. Ed. 1995, 34 (18), 2030-2030.  
(31) BIOSYNTH. Philip Eaton and “The Impossible Molecule". 2024, BIOSYNTH home page; 
https://www.biosynth.com/blog/philip-eaton-and-the-impossible-molecule. 
(32) Green, O.; Eilon, T.; Hananya, N.; Gutkin, S.; Bauer, C. R.; Shabat, D. Opening a Gateway for 
Chemiluminescence Cell Imaging: Distinctive Methodology for Design of Bright Chemiluminescent 
Dioxetane Probes. ACS Cent. Sci. 2017, 3 (4), 349-358. 
(33) Tannous, R.; Shelef, O.; Kopp, T.; Fridman, M.; Shabat, D. Hyper-Responsive Chemiluminescent 
Probe Reveals Distinct PYRase Activity in Pseudomonas aeruginosa. Bioconjug. Chem. 2024, 35 (4), 472-
479.  
(34) Shelef, O.; Sedgwick, A. C.; Pozzi, S.; Green, O.; Satchi-Fainaro, R.; Shabat, D.; Sessler, J. L. Turn on 
chemiluminescence-based probes for monitoring tyrosinase activity in conjunction with biological thiols. 
Chem. Commun. 2021, 57 (86), 11386-11389.  
(35) Shelef, O.; Gutkin, S.; Feder, D.; Ben-Bassat, A.; Mandelboim, M.; Haitin, Y.; Ben-Tal, N.; Bacharach, 
E.; Shabat, D. Ultrasensitive chemiluminescent neuraminidase probe for rapid screening and 
identification of small-molecules with antiviral activity against influenza A virus in mammalian cells. 
Chem. Sci. 2022, 13 (42), 12348-12357.  

https://doi.org/10.26434/chemrxiv-2024-07rl1 ORCID: https://orcid.org/0000-0003-2502-639X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-07rl1
https://orcid.org/0000-0003-2502-639X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

 14 

(36) Roth-Konforti, M.; Green, O.; Hupfeld, M.; Fieseler, L.; Heinrich, N.; Ihssen, J.; Vorberg, R.; Wick, L.; 
Spitz, U.; Shabat, D. Ultrasensitive Detection of Salmonella and Listeria monocytogenes by Small-
Molecule Chemiluminescence Probes. Angew. Chem. Int. Ed. 2019, 58 (30), 10361-10367.  
(37) Omri Shelef, T. K., Rozan Tannous, Moriah Jospe-Kaufman, Maxence Arutkin, Shlomi Reuveni, Doron 
Shabat, Micha Fridman. Enzymatic Activity Profiling Using an Ultra-Sensitive Array of Chemiluminescent 
Probes for Bacterial Classification and Characterization. J. Am. Chem. Soc. 2023, 146 (8), 5263–5273.  
(38) Hananya, N.; Reid, J. P.; Green, O.; Sigman, M. S.; Shabat, D. Rapid chemiexcitation of phenoxy-
dioxetane luminophores yields ultrasensitive chemiluminescence assays. Chem. Sci. 2019, 10 (5), 1380-
1385. 
(39) Hananya, N.; Press, O.; Das, A.; Scomparin, A.; Satchi-Fainaro, R.; Sagi, I.; Shabat, D. Persistent 
Chemiluminescent Glow of Phenoxy-dioxetane Luminophore Enables Unique CRET-Based Detection of 
Proteases. Chem. Eur. J. 2019, 25 (64), 14679-14687.  
(40) Gutkin, S.; Tannous, R.; Jaber, Q.; Fridman, M.; Shabat, D. Chemiluminescent duplex analysis using 
phenoxy-1,2-dioxetane luminophores with color modulation. Chem. Sci. 2023, 14 (25), 6953-6962. 
(41) Gutkin, S.; Green, O.; Raviv, G.; Shabat, D.; Portnoy, O. Powerful Chemiluminescence Probe for 
Rapid Detection of Prostate Specific Antigen Proteolytic Activity: Forensic Identification of Human 
Semen. Bioconjug. Chem. 2020, 31 (11), 2488-2493.  
(42) David, M.; Jaber, Q.; Fridman, M.; Shabat, D. Dual Chemiexcitation by a Unique Dioxetane Scaffold 
Gated by an OR Logic Set of Triggers. Chem. Eur. J. 2023, 29 (25), e202300422.  
(43) Liu, L.; Mason, R. P. Imaging beta-galactosidase activity in human tumor xenografts and transgenic 
mice using a chemiluminescent substrate. Plos One 2010, 5 (8), e12024.  
(44) Matsumoto, M.; Kobayashi, H.; Matsubara, J.; Watanabe, N.; Yamashita, S.; Oguma, D.; Kitano, Y.; 
Ikawa, H. Effect of allylic oxygen on the reaction pathways of singlet oxygenation: Selective formation of 
1,2-dioxetanes from 1-alkoxymethyl-2-aryl-1-tert-butyl-2-methoxyethylenes. Tetrahedron Lett. 1996, 37 
(3), 397-400.  
(45) Eaton, P. E., T. W. C. Cubane. J. Am. Chem. Soc. 1964, 86 (15), 3157-3158. 
(46) Spitz, U. P. The 9-Homocubyl Cation. J. Am. Chem. Soc. 1993, 115 (22), 10174-10182. 
 

https://doi.org/10.26434/chemrxiv-2024-07rl1 ORCID: https://orcid.org/0000-0003-2502-639X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-07rl1
https://orcid.org/0000-0003-2502-639X
https://creativecommons.org/licenses/by-nc-nd/4.0/

