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ABSTRACT: 
 
Chemiluminescence is a fascinating phenomenon involving the generation of light through chemical 
reactions. The light emission from adamantyl-phenoxy-1,2-dioxetanes can glow from minutes to 
hours, depending on the specific substituent present on the dioxetane molecule. In order to improve 
the light emission properties produced by these chemiluminescent luminophores, it is necessary to 
induce the chemiexcitation rate to a flash mode wherein the bulk of light is emitted instantly rather 
than slowly over time. We report the realization of this goal through the incorporation of spirostrain 
release into decomposition of 1,2-dioxetane luminophores. DFT computational simulations provided 
support for the hypothesis that the spiro-cyclobutyl accelerates chemiexcitation as compared to the 
unstrained adamantyl substituent. Spiro-linking of cyclobutane and oxetane units led to greater than 
100-fold and 1000-fold emission enhancement, respectively. This accelerated chemiexcitation rate 
increases the detection sensitivity for known chemiluminescent probes to the highest signal-to-noise 
ratio documented to date. A turn-ON probe, containing a spiro-cyclobutyl unit, for detecting the 
enzyme β-galactosidase, exhibited a Limit-of-Detection value that is 125-fold more sensitive than the 
previously described adamantyl analogue. This probe was also able to instantly detect and image b-
gal activity with enhanced sensitivity in E. coli bacterial assays. 
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MAIN TEXT: 
 
Chemiluminescence is a light-producing phenomenon generated by a chemical reaction.1 Molecules 
that produce chemiluminescence can emit light by either a stable glow-type or fast flash-type 
reaction. The glow-type chemiluminescent reaction generates a stable long light emission profile with 
relatively low intensity, but the flash mode of chemiluminescent reaction generates a short light 
emission profile with a highly intense signal. Flash luminescent reactions occur quickly, in a matter of 
seconds or minutes, giving off a very bright signal. Consequently, assays utilizing flash-type chemistry 
offer superior detection sensitivity compared to those employing glow-type chemistry.2 
 
Adamantyl-phenoxy-1,2-dioxetane chemiluminescent luminophores undergo efficient 
chemiexcitation upon generation of their phenolate ion (Figure 1A).3 This chemiexcitation occurs 
through electron transfer from the phenoxide to the dioxetane accompanying O-O cleavage of the 
dioxetane, followed by C-C cleavage and formation of an excited benzoate, which emits visible light. 
While the light emission of phenoxy-1,2-dioxetanes is highly efficient in polar organic solvents, the 
presence of water results in nearly complete quenching of the light emission. Several years ago, we 
discovered that the incorporation of an electron-withdrawing group (EWG) as a substituent at the 
ortho position of a phenoxy-adamantyl-1,2-dioxetane prevents water-mediated quenching of the 
excited intermediate and increases the light-emission intensity of the chemiluminescent luminophore 
by up to 3000-fold (Figure 1B).4 This groundbreaking development enabled the use of our 
chemiluminescent luminophores as single-component probes with no required additives.5-9 
Numerous research groups worldwide,10-16 including ours, took advantage of the ortho-substituted 
phenoxy-adamantyl-1,2-dioxetane luminophore to develop useful chemiluminescent probes for 
applications in cells and in vivo assays.17-33  
 
The light emission from adamantyl-phenoxy-1,2-dioxetanes can glow from minutes to hours, 
depending on the solvent and the specific substituent present on the dioxetane molecule. Previous 
efforts by our group to enhance the chemiexcitation rate of chemiluminescent luminophores focused 
on modifications of the substituent at the ortho position of phenoxy-1,2-dioxetanes.34 Although these 
modifications yielded an increase in the chemiexcitation rate, they caused a substantial reduction in 
the chemiluminescent quantum yields. In order to improve the light emission properties, the rate of 
chemiexcitation should be significantly enhanced to a flash mode, without a decrease of the quantum 
yield. We now report a substantial acceleration of chemiexcitation rate for phenoxy 1,2-dioxetane 
luminophores by introduction of the spirofused-cyclobutane-dioxetane unit (Figure 1C). The 
acceleration results from an angular strain release that is generated by spirostrain. This term is used 
to emphasize that the spiro-fusion of the two strained rings causes a spring-loading effect on the O-O 
stretching, facilitates charge transfer to the developing diradical, and leads to dioxetane 
decomposition into an excited state. 
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Figure 1: A. Ac-va-on and chemiexcita-on pathway of Schaap’s dioxetane. B. Chemiluminescence amplifica-on under 
aqueous condi-ons by ortho-subs-tuent effect. C. This work: Spirostrain-release effect on the chemiexcita-on rate. 

 
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.35 We hypothesized that by exchanging the spiro-adamantyl-dioxetane unit with a 
spiro-cyclobutyl-dioxetane, the additional strain at the spiro fusion of two small rings (spirostrain) 
could lead to faster O-O cleavage and accelerated chemiexcitation. We explored this spirostrain-
release hypothesis and performed quantum mechanical studies with reliable DFT methods (see SI for 
details). 
There have been several previous computational studies of “Charge-Transfer-Induced Luminescence” 
(CTIL) and variations in timing of charge transfer, O-O, and C-C cleavage.36-38 The extensive and 
elegant results by Yue and Liu for the adamantyl compound, studied by us in Figure 2B below, showed 
that the mechanism of dioxetane ring opening involves charge transfer by state crossing during the 
O-O cleavage transition state.39 Our activation barrier is very similar to their result with the CAM-
B3LYP/6-31G(d) method. Subsequent C-C cleavage leads in part to the luminescent excited state of 
the aryl ester. We have previously studied a related chemiluminescent reaction of a heterocycle that 
forms a dioxetane-oxide and decomposes to generate an excited state aryl ester.40 
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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 a transition state with O-O cleavage and partial electron transfer. This becomes more 
significant in the metastable Int1. Very rapid C-C cleavage leads to the formation of the excited state 
of the meta-phenoxide of methyl benzoate. By contrast, the cyclobutyl-phenoxy-1,2-dioxetane shows 
a chemiexcitation rate with a barrier of only 13.6 kcal/mol (Figure 2C). Ring-opening is again 
accompanied by electron transfer. Figure 2 (B and C) shows the energetics, essential geometric 
features along the reaction path, charges and spin densities on important atoms involved in the 
reaction. Transition state theory predictions of rate constants from computed activation-free energies 
are also shown. 

 
Figure 2: A. The chemiexcitation pathway of a general spiro-cycloalkyl phenoxy-1,2-dioxetane. Computed Gibbs free 
energy profile of B. spiro-adamantyl phenoxy-1,2-dioxetane chemiexcitation and C. spiro-cyclobutyl phenoxy-1,2-
dioxetane chemiexcitation. Additional DFT calculations are presented in the supporting information (Figures S1-S6). 
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The striking predictions by DFT of more than 103 rate-acceleration encouraged us to synthesize 
spirocyclobutyl-phenoxy-1,2-dioxetane along with other cycloalkyl derivatives and to evaluate their 
light emission properties. We initially studied the synthesis and thermal stabilities of dioxetanes, 
where t-butyldimethyl-silyl (TBS) is the triggering substrate used as a protecting group for the phenol 
function that can be removed by fluoride ions. 
 
To examine the spirostrain release effect, five enolethers dioxetane precursors with cycloalkyl rings 
of various sizes were synthesized. The last step in the synthesis of phenoxy-1,2-dioxetanes involves 
oxidation by singlet oxygen of an enolether precursor to a dioxetane. The side product of this 
oxidation is an ene-product, which is obtained through the elimination of a proton positioned at the 
allylic position of the enolether (Figure 3A).41 Interestingly, the oxidation of the cyclopentyl, and 
cycloheptyl-enolethers resulted in a full formation of the undesired ene-product while the cyclohexyl 
derivative gave about 1:1 ratio of ene- and dioxetane products (Figure 3B and Figure S7). The oxidation 
of the cyclooctyl-enol ether resulted in the formation of a mixture of decomposition products. On the 
other hand, the oxidation of the cyclobutyl-enolether resulted in full conversion to the dioxetane with 
no formation of the ene-product (Figure 3C). The oxidation of adamantyl-enolether also leads to full 
conversion to its dioxetane product. Understandably, for both cyclobutyl-enolether and adamantyl-
enolether, the formation of the side product is unfavored because the elimination reaction leads to 
the generation of a highly constrained cyclic alkene.  
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Figure 3: A. Oxidation of enolethers by singlet oxygen: the ene-product vs the 1,2-dioxetane product. B. Oxidation of 
different spiro-cycloalkyl phenoxy-1,2-dioxetanes; product distribution was determined by RP-HPLC. C. Oxidation of 
cyclobutyl-enolether occurs exclusively to generate the 1,2-dioxetane product. 
 
The chemiexcitation of the cyclobutyl and cyclohexyl-dioxetanes were then evaluated by the addition 
of the dioxetanes to a solution of tetrabutylammonium-fluoride (TBAF) in DMSO. Remarkably, and in 
agreement with theoretical predictions, the spiro-cyclobutyl-dioxetane exhibited a significantly 
enhanced chemiexcitation rate (more than 100-fold) in comparison to that of the spiro-adamantyl-
dioxetane. The chemiexcitation rate of spiro-cyclohexyl-dioxetane was slightly faster than that of the 
spiro-adamantyl-dioxetane. The acceleration is about 20-fold less than predicted computationally, 
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which could reflect inaccuracies in the DFT methods, or more likely, the solvation models, used in the 
computations. 
 
Following this encouraging experimental observation, we synthesized a series of spiro-cyclobutyl-
dioxetanes and measured their chemiluminescence and stability properties. The molecular structures 
of fifteen different spiro-cycloalkyl-dioxetanes, their relative stability (PBS 7.4, R.T), total light 
emission half-life value (T1/2 in DMSO or Acetone), and relative chemiexcitation rate, are presented in 
Table 1. Adamantyl dioxetane Diox 1 was used as a reference compound for the thirteen spiro-
cyclobutyl-dioxetanes (Diox 3-Diox 15). The chemiexcitation of dioxetanes is much faster in polar 
organic solvents like DMSO. Therefore, the T1/2 values of total light emission for dioxetanes with a 
relatively slow chemiexcitation rate were determined in DMSO as a solvent, and for dioxetanes with 
a fast chemiexcitation rate measurements were conducted in Acetone. 
 
In general, all cyclobutyl-dioxetanes exhibited significantly faster chemiexcitation rates compared to 
that of the parent adamantyl-dioxetane. The chemiexcitation rate of the unsubstituted spiro-
cyclobutyl-dioxetane, Diox 8, was 106-fold faster than that of the adamantyl-dioxetane, Diox 1. Spiro-
dioxetanes with oxetane and azetidine rings exhibited the fastest chemiexcitation with more than 
2662-fold rate enhancement (Diox 12-Diox 15), likely the result of further stabilization of the radical 
anion formed in O-O cleavage and charge transfer (Figure S3). The chemical stabilities of most of the 
spiro-cyclobutyl-dioxetanes were lower than that of the parent adamantyl derivative. This 
phenomenon is likely caused by the steric hindrance decrease in the vicinity of the dioxetane unit. 
Dimethyl and tetramethyl substituted cyclobutyl-dioxetanes (Diox 4 and Diox 5), which have larger 
steric hindrance near the dioxetane, exhibit similar chemical stability as the adamantyl derivative, but 
22-fold and 11-fold higher chemiexcitation rates, respectively. The slower rate of acceleration than 
the unsubstituted cyclobutane case is likely due to the reduced electronegativity of the alkyl 
spirocycle, while greater stability towards decomposition arises from steric hindrance to external 
attack. Dioxetanes with cyclobutyl units substituted with electron-withdrawing functional groups 
(Diox 10 and Diox 11) also exhibited higher chemiexcitation rates but reduced chemical stability. Since 
spiro-cyclobutyl-dioxetane, Diox 8, showed a remarkable chemiexcitation acceleration effect (over a 
100-fold) with moderate but sufficient chemical stability at room temperature (T1/2 of 20 hr), 
therefore, it was selected to further demonstrate the advantage that can be achieved by the 
acceleration of chemiexcitation. 
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Table 1: Molecular structures and chemiluminescent properties of different spiro-cycloalkyl phenoxy-1,2-dioxetanes. The 
stability of Diox 1-Diox 15 [500 µM] was measured in PBS [100 mM], pH 7.4, 10% ACN at room temperature; product 
distribution was determined using RP-HPLC (90-100% ACN in water with 0.1% TFA) (see Figures S8 – S11). Chemiexcitation 
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properties of Diox 1-Diox 15 [10 nM] were measured in DMSO or Acetone, with TBAF [10 mM] (see Figures S12 – S18). 
Half-life value (T1/2) is defined as the time point by which half of the total light emission was observed. Relative 
chemiexcitation rate is defined as the ratio between the T1/2 values of Diox 1-Diox 15. The T1/2 of Diox 1 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 validation for the chemiexcitation acceleration effect obtained by the replacement of the 
adamantyl unit with, cyclobutane and oxetane four-member ring units, is presented in Figure 4. The 
light emission activation of the three TBS-protected-dioxetanes was initiated by addition of the 
dioxetane to a solution of TBAF in Acetone. Figure 4A1 shows images of vials taken at selected time 
intervals for a period of 40 sec. Adamantyl-dioxetane emitted light with a relatively slow 
chemiexcitation rate that lasted beyond 40 sec. Cyclobutyl- and oxetanyl-dioxetanes emitted light 
with a significantly higher chemiexcitation rate that lasted up to 10 sec (T1/2 = 5 sec) and 2 sec (T1/2 = 
0.25 sec) respectively. The relative chemiexcitation rates of the three dioxetanes were calculated by 
measuring their total light emission T1/2 values according to the plots presented in Figure 4A2. 
Cyclobutyl- and oxetanyl-dioxetanes chemiexcitation rates were respectively, 107-fold and 2662-fold 
faster than that of the adamantyl one. Videos of these reactions happening are given in the supporting 
information. 
We next sought to demonstrate the chemiexcitation acceleration effect of adamantyl dioxetane 
luminophore with a very slow chemiexcitation rate and high chemiluminescent quantum yield under 
physiological conditions. Several years ago, we reported such a chemiluminescent dioxetane 
chemiluminophore composed of a coumarin scaffold.42 Coumarin-AD undergoes extremely slow 
chemiexcitation with a light emission profile that lasts over 50 hr. This luminophore exhibited a very 
high chemiluminescent quantum yield with a value of 55% under physiological conditions. The 
analogue derivatives of coumarin-AD were prepared with cyclobutane and oxetane units (coumarin-
CB and coumarin-OX, Figure 4B), and their light emission properties were evaluated in PBS 7.4. The 
chemiexcitation of the coumarin dioxetane luminophores was initiated by the deprotonation of their 
phenol functional group. Expectedly, coumarin-CB and coumarin-OX exhibited significantly faster light 
emission profiles compared to coumarin-AD (Figure 4B1). The chemiluminescent quantum yield of all 
three coumarin dioxetane luminophores was similar (Figure 4B2). Figure 4A3 shows images of vials 
taken for the three luminophores at selected time intervals for a period of 20 min. The light intensity 
produced by coumarin-AD is very low (T1/2 = 750 min) and thus cannot be visualized in the presented 
images. However, since the chemiexcitation rate of coumarin-CB and coumarin-OX is substantially 
higher, their light emission is clearly visualized in the images. Coumarin-CB emitted light that was 
visualized over a time period of more than 20 min and coumarin-OX emitted similar total light 
emission within a time slot of only 10 min. The relative chemiexcitation rates of the three coumarin 
dioxetanes were calculated by their total light emission T1/2 values according to the plots presented in 
Figure 4A4. Coumarin-CB and coumarin-OX chemiexcitation rates were respectively, 18-fold and 83-
fold faster than that of the coumarin-AD. This example classically demonstrates how to transform a 
glow mode of a chemiluminescent luminophore to a flash mode by the replacement of the adamantyl 
unit with a four-member ring one. 
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Figure 4: A. 1) Visual demonstration of the light emitted by Diox 1, Diox 8, and Diox 14 [500 µM] during 40 sec in the 
presence of TBAF [10 mM] in Acetone. 2) Normalized total light emission kinetic profile (time is represented in logarithmic 
scale) of Diox 1, Diox 8, and Diox 14. The relative calculated chemiexcitation rates are taken from Table 1. B. 1) 
Chemiluminescent kinetic profiles of Coumarin-OX, Coumarin-CB, and Coumarin-AD [1 µM] in PBS, pH 7.4, 10% ACN. 2) 
Total light emission measured for Coumarin-OX, Coumarin-CB, and Coumarin-AD. 3) Visual demonstration of the light 
emitted by Coumarin-OX, Coumarin-CB, and Coumarin-AD [1 mM] during 20 minutes in PBS, pH 7.4, 10% ACN. 4) 
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Normalized total light emission kinetic profiles (time is represented in logarithmic scale) of Coumarin-OX, Coumarin-CB, 
and Coumarin-AD [1 µM] in PBS, pH 7.4, 10% ACN. Relative chemiexcitation rate is defined as the ratio between the T1/2 

values of Coumarin-OX, Coumarin-CB, and Coumarin-AD. The T1/2 of Coumarin-AD was used as a reference. 

 
Chemiluminescent luminophores with accelerated chemiexcitation produce a larger number of 
photons per time interval. Therefore, turn-ON probes composed of such luminophores are expected 
to exhibit higher detection sensitivity. To evaluate this hypothesis, we synthesized several turn-ON 
chemiluminescent probes for the detection of b-galactosidase (b-gal) activity. The probes were 
equipped with b-galactose as a triggering substrate and various four-member ring molecular units 
taken from Table 1. The chemical structures of the probes and their chemiexcitation activation 
pathway by b-gal are presented in Figure 5A. Since chemiluminescent probes based on the Schaap 
phenoxy-1,2-dioxetane luminophores exhibit extremely low quantum yield in the presence of water, 
an Emerald-II enhancer additive is required to amplify their light emission intensity. This enhancer is 
composed of a polymeric amphiphile detergent and a fluorescein dye additive that can form micelles, 
which prevent water-induced quenching effects. The probes were incubated with b-gal in PB 7.4 with 
5% Emerald-II enhancer and their light emission signal was recorded under saturation kinetics 
conditions (low enzyme concentration). Under such conditions, the light emission signal reaches a 
long-lasting plateau. Probes utilizing chemiluminophores with superior chemiexcitation rates can 
rapidly reach the plateau stage within a shorter timeframe. The light emission profiles over 60 min of 
two probes with four-member ring units are presented in comparison to that of the adamantyl probe 
(Figure 5B1). Probe b-gal-CB is composed of cyclobutyl-dioxetane and probe b-gal-OBn has a 
benzyloxy substituent on the cyclobutyl ring. The S/N values obtained by all probes for the detection 
of b-gal are presented in Figure 5B2. 
Expectedly, probe b-gal-CB exhibited a light emission signal with a S/N value of 1404, which is 
significantly higher than the signal produced by the adamantyl-dioxetane, probe b-gal-AD (S/N = 96). 
Although the absolute signal obtained by probe b-gal-OBn was higher than that of probe b-gal-CB, its 
S/N value was inferior, with a value of only 253-fold, as a result of a higher background signal (Figure 
S26). The chemiluminescence quantum yields and the S/N values, obtained for all b-gal probes are 
summarized in the table presented in Figure 5B3. Since probe b-gal-CB exhibited the highest S/N 
value, its sensitivity for detection of b-gal activity was compared with that of probe b-gal-AD. 
Remarkably, the LOD (limit-of-detection) value obtained by probe b-gal-CB, was 125-fold more 
sensitive than the LOD value obtained by its adamantyl analogue, probe b-gal-AD (Figure 5C).  
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Figure 5: A. Chemiluminescent activation pathway and molecular structures of eight analogs of spiro-cycloalkyl-1,2-
dioxetanes bearing b-galactosidase responsive trigger. B. 1) Chemiluminescent kinetic profiles obtained by probes b-gal-
OBn, b-gal-CB, and b-gal-AD, and 2) Signal-to-noise ratio of the eight b-gal probes [100 uM] with and without b-
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galactosidase [4.0*10-3 U/mL], PB pH 7.4, 1% ACN, 5% Emerald-II enhancer (see Figures S19 – S28). Signal-to-noise value 
is defined as the ratio between the total emitted light during 5 minutes in the presence and absence of b-galactosidase. 
3) Table of the chemiluminescent quantum yields and Signal-to-noise values of the eight b-gal dioxetane probes. C. 
Determination of the Limit-of-detection for probe b-gal-CB and probe b-gal-AD [100µM]. Measurements were taken with 
various b-galactosidase concentrations [3.2*10–5 - 2.0*10-9 U/mL], 5 minutes after the addition of the enzyme (see Figures 
S29 – S30). 

 
The b-gal probes described above are effective and useful for assays performed in a test tube set-up 
but cannot be applied for in vitro and in vivo measurements. These probes have an extremely low 
quantum yield in an aqueous environment and thus must be used in the presence of Emerald-II 
enhancer, which is highly toxic to live cells. Our ortho-substituted acrylate phenoxy-1,2-dioxetanes 
have a chemiluminescent quantum yield in water, which is up to 3000-fold higher than their parent 
non-substituted dioxetanes. This advantage enables the usage of such chemiluminescent 
luminophores as single-component probes with no required additives. Therefore, we next evaluated 
the chemiexcitation acceleration obtained by the cyclobutyl unit on ortho-acrylate substituted 
phenoxy-1,2-dioxetanes.  
 
A probe for detection of b-gal activity with methyl-acrylate substituent and cyclobutyl unit (probe MA-
b-gal-CB) was synthesized and evaluated in comparison to its adamantyl analogue, probe MA-b-gal-
CB (Figure 6A). The probes were initially incubated with high concentration b-gal [2U/mL] in PBS 7.4 
and their light emission profile was measured. Predictably, probe MA-b-gal-CB generates a light 
emission profile with high intensity that completely decayed after 20 min. On the other hand, the light 
emission profile of probe MA-b-gal-AD was significantly less intense and lasted over more than 120 
min. The S/N value measured for probe MA-b-gal-CB after 5 min, was over 400,000-fold and about 
105-fold higher than the S/N measured for probe MA-b-gal-AD in the same time interval (Figure 6B, 
left). To our knowledge, this is the highest S/N ratio achieved by a chemiluminescent probe. 
 
The light emission signal of the two probes was then measured under saturation kinetics conditions 
(low enzyme concentration). Under such conditions, the generated signal is gradually increased to a 
plateau level (Figure 6B, right). The intensity of the plateau signal produced by probe MA-b-gal-CB 
was substantially higher than that produced by probe MA-b-gal-AD. An increase of 22-fold was 
determined for the S/N values obtained for probe MA-b-gal-CB and probe MA-b-gal-AD. The detection 
sensitivity of probe MA-b-gal-CB for b-gal activity was compared with that of probe MA-b-gal-AD. 
Similarly, as observed for probes without the acrylate substituent, the LOD (limit-of-detection) value 
obtained by probe MA-b-gal-CB, was 125-fold more sensitive than the LOD value obtained by its 
adamantyl analogue, probe MA-b-gal-AD (Figure 6C).  
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Figure 6: A. Molecular structures of methyl-acrylate cyclobutyl and adamantyl-phenoxy-1,2-dioxetane -b-gal probes and 
images of visual demonstration of the light emission obtained by phenoxy methyl-acrylate cyclobutyl-1,2-dioxetane and 
phenoxy methyl-acrylate adamantyl-1,2-dioxetane [100µM] in carbonate buffer. B. Chemiluminescent kinetic profile and 
signal-to-noise ratio (left) of the total emitted light measured after 5 min by probes MA-b-gal-CB and MA-b-gal-AD [10 
µM], with b-gal [2 U/mL], in PBS pH 7.4, 10% ACN at room temperature. Chemiluminescent kinetic profiles (right) of MA-
b-gal-CB and MA-b-gal-AD [10 uM] with and without b-galactosidase [1.0*10-3 U/mL], PBS pH 7.4, 10% ACN at room 
temperature. C. Determination of the Limit-of-Detection values of probes MA-b-gal-CB and MA-b-gal-AD [10µM]. 
Measurements were taken with various β-gal concentrations [1.0*10-3- 6.4*10-8 U/mL], 5 min after the addition of the 
enzyme in PBS 7.4, 1% ACN at 37°C. See Figures S31 – S47 for further results.  
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The high sensitivity exhibited by probe MA-b-gal-CB towards the detection of b-gal activity stimulated 
us to evaluate this probe's ability to detect and image b-gal, in comparison to that of probe MA-b-gal-
AD, in live bacterial assays (Figure 7A). Probes MA-b-gal-CB and MA-b-gal-AD were incubated in the 
presence of Escherichia coli (clinical isolate) in PBS, pH 7.4, and the light emission signal was monitored 
over 10 min. Noticeably, the signal produced by probe MA-b-gal-CB was significantly more intense 
than the signal produced by probe MA-b-gal-AD (Figure 7B, left). The S/N value obtained by probe 
MA-b-gal-CB was 60-fold higher than that of probe MA-b-gal-AD (Figure 7B, right). These data clearly 
demonstrate the superior ability of probe MA-b-gal-CB, over that of probe MA-b-gal-AD, to detect b-
gal-expressing bacteria such as E. coli.  
 
Probes MA-b-gal-CB and MA-b-gal-AD were then evaluated for their imaging ability to provide 
bacterial cell images based on their b-gal detection mode. Various concentrations per well of E. coli 
bacteria were incubated in a 96-well plate with probes MA-b-gal-CB and MA-b-gal-AD. After 60 sec 
incubation time, the plate was imaged using an IVIS Lumina imager (Figure 7C2). Under these 
conditions, probe MA-b-gal-AD was able to image a minimum amount of 8x106 bacterial cells, while 
probe MA-b-gal-CB could image more than 16-fold lesser number of bacterial cells (5x105). Next, we 
used the two probes to determine the LOD values that can be achieved for the detection of E. coli 
bacterial cells. The LOD value obtained by MA-b-gal-CB was 125-fold more sensitive compared to 
probe MA-b-gal-AD (Figure 7C1). Notably, probe MA-β-gal-CB exhibited ultrahigh detection 
sensitivity, capable of detecting as low as 2560 bacterial cells.  
 
The intriguing capability of probe MA-b-gal-CB, to rapidly provide images of bacterial cells, has 
prompted us to evaluate whether a premade solution of the probe can be potentially used to detect 
the presence of bacteria by spraying the solution on a contaminated surface. E. coli colonies were 
inoculated on two separated agar plates to shape the letters CB on one plate and AD on the other 
plate. Solutions of probes MA-b-Gal-CB and MA b-Gal-AD, in PBS 7.4, were sprayed on the first and 
the second plates respectively. After 30 sec, the plates were imaged by the IVIS Lumina imager (Figure 
7C3). The bacterial colonies sprayed with probe MA-b-Gal-CB could be clearly visualized by the imager, 
while the colonies sprayed with probe MA-b-Gal-AD remained faintly visible. Remarkably, the light 
emission signal produced by the E. coli colonies exposed to a solution of probe MA-b-Gal-CB was 380-
fold stronger than the signal obtained from probe MA-b-Gal-AD (Figure S53). This observation 
effectively demonstrates the significance of the accelerated chemiexcitation rate exhibited by probe 
MA-b-Gal-CB, compared to the relatively slower rate of probe MA-b-Gal-AD. 
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Figure 7: A. Chemical structures of probes MA-b-gal AD and MA-b-gal CB for evaluation in the bacterial assay. B. 
Chemiluminescent kinetic profiles (left) and the total light emitted over 5 min (right) by probes MA-b-gal-CB and MA-b-
gal-AD [10 µM], in the presence of E. coli (clinical isolate), [4.0*108 cells/mL] in PBS, pH 7.4, 1% ACN, at 37 °C. C. 1. 
Determination of the Limit-of-Detection values for probes MA-b-Gal-CB and M-b-Gal-AD [10 µM]. Measurements were 
taken with various concentrations of E.coli (clinical isolate) [1.0*103 - 8.0*107 cells/mL], in PBS pH 7.4, 1% ACN at 37 °C, 
after 5 min using SpectraMax iD3. 2. Images of a dilution series of E. coli (clinical isolate) [1.25*105 - 8.00*107 cells/mL] 
taken after 1 minute with IVIS Lumina imager. 3. Chemiluminescent images of E. coli colonies in an agar plate sprayed with 
MA b-Gal-CB or MA b-Gal-AD [100 µM] in PBS pH 7.4, 1% ACN. Images were taken with IVIS Lumina imager. 
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Chemiluminescence assays can reach detection sensitivities equivalent to those achieved with 
radioactive assays because of the extremely low background luminescence of the samples and the 
reagents.43 As previously mentioned, flash-type chemiluminescence assays generate more intense 
light emission signals in comparison to glow-type assays, primarily because they produce a higher 
number of photons within a given time interval. Previous studies aimed at substituting the adamantyl 
group of phenoxy-1,2-dioxetanes with alternative groups primarily emphasized enhancing thermal 
stability, without considering the potential impact on the chemiexcitation rate.44-47 The introduction 
of a spirocyclobutane instead of a spiroadamantane generates a spirostrain effect, causing the 
corresponding dioxetane to transition from a glow-type light emission mode to a flash-type mode. 
This effect is directly translated into substantial enhancement in the detection sensitivity of the 
chemiluminescence assay. Given that bioassays involving dioxetane probes are conducted in aqueous 
environments, the use of probes with improved water solubility offers an obvious advantage. In this 
context, it has been observed that cyclobutyl-phenoxy-1,2-dioxetanes demonstrate enhanced 
solubility in water when compared to their adamantyl counterparts. This difference in solubility can 
be attributed to the higher hydrophobicity associated with the adamantane unit. 
 
Even though spiro-cyclobutyl-dioxetanes exhibited lower thermal stability compared to their 
adamantyl counterparts, their relative chemical stability is adequate for prolonged storage at low 
temperatures and several hours of usage at room temperature. Structure-activity relationships 
indicated that the chemical stability of phenoxy-1,2-dioxetanes is compromised in order to gain 
enhancement of the chemiexcitation rate. In other words, phenoxy-1,2-dioxetanes with faster 
chemiexcitation rates are in general chemically less stable than dioxetanes with slower 
chemiexcitation rates. Hence, the quest for a chemiluminophore with both fast chemiexcitation 
capabilities and exceptional chemical stability continues to pose a noteworthy challenge. 
 
Ever since their discovery, chemists have been cautious about replacing the traditional adamantyl unit 
of phenoxy-1,2-dioxetanes with alternative substituents, primarily because of concerns related to the 
chemical stability of the dioxetane and to a mechanistic pathway leading to the formation of an ene-
product during the oxidation reaction. Our findings revealed that employing a cyclobutyl substituent 
completely prevents the formation of an ene-product, while the obtained dioxetane exhibits 
satisfactory chemical stability.  
 
The substitution of the spiro-adamantyl dioxetane with either spiro-cyclobutyl- or spiro-oxetanyl- 
dioxetanes led to minor alterations in the chemiluminescent quantum yield of the dioxetane 
luminophores. As evident from Figure 4B and Figure 6B, the spiro-cyclobutyl-phenoxy-1,2-dioxetane 
presented about a 2-fold increase in total light emission intensity compared to the spiro-adamantyl 
counterpart. In general, turn-ON probes comprised of phenoxy-1,2-dioxetane chemiluminophore with 
a cyclobutyl unit, instead of an adamantyl unit, exhibited a substantial enhancement in detection 
sensitivity, with an observed increase ranging from 10 to 100-fold. The detection sensitivity 
enhancement effect was demonstrated by both Schaap’s dioxetanes and by dioxetanes with an ortho-
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acrylate substituent under physiological conditions. Therefore, they currently hold the record for the 
most sensitive chemiluminescent probes in terms of signal-to-noise ratio. The remarkable 
acceleration effect observed in the chemiexcitation rate of phenoxy-1,2-dioxetanes, achieved through 
the incorporation of a cyclobutyl substituent, presents a fascinating opportunity to explore new 
avenues in the design of even brighter 1,2-dioxetane chemiluminophores. 
 
In summary, we discovered a distinct spirostrained molecular motif that enables efficient 
enhancement of the chemiexcitation rate of phenoxy-1,2-dioxetane luminophores. The 
chemiexcitation rate of dioxetane luminophores was significantly accelerated through a spiro-strain-
release effect, generated by a spiro-cyclobutane-dioxetane fusion. Computations provided support 
for the hypothesis, and experimental results confirmed the accelerated chemiexcitation rate of the 
spiro-cyclobutyl-dioxetanes compared to its parent adamantyl-dioxetane. Remarkably, spiro-
dioxetanes containing cyclobutyl and oxetanyl moieties exhibited chemiexcitation rates that were 
107-fold and 2662-fold faster, respectively, when compared to spiro-adamantyl-dioxetane. The 
accelerated chemiexcitation rate of the new dioxetane luminophores enables us to substantially 
increase the detection sensitivity of known chemiluminescent probes. A turn-ON probe for the 
detection of the enzyme b-gal, containing spiro-cyclobutyl unit, exhibited a Limit-of-Detection value 
which is 125-fold more sensitive than that obtained by previously described adamantyl analogue. This 
probe was also able to instantly detect and image b-gal activity with enhanced sensitivity in E. coli 
bacterial assays. The findings described in this study contribute to the development of improved 
chemiluminescent probes and highlight the importance of strain-release strategies in enhancing the 
detection sensitivity of chemiluminescence assays. Overall, the discovery of the spiro-cyclobutyl-
phenoxy-1,2-dioxetane luminophore enabled to the preparation of chemiluminescent probes, which 
exhibit the highest signal-to-noise ratio documented so far, with unprecedented detection sensitivity. 
 
 
ASSOCIATED CONTENT  
Supporting Information 
Experimental procedures characterizations of compounds, bioassays information and videos. 
 
AUTHOR INFORMATION  
 
Corresponding Authors 
chdoron@tauex.tau.ac.il 
houk@chem.ucla.edu 
 
ACKNOWLEDGMENT 
D. S. thanks the Israel Science Foundation (ISF) for financial support. K.N.H. thanks the US National 
Science Foundation for financial support (CHE-2153972) and the UCLA Institute for Digital Research 
for access to the Hoffman2 shared cluster. K.N.H., P.M., Q.Z. thank the SDSC Expanse calculation 
resource. P.M. is thankful for the National Natural Science Foundation of China (No. 22103060). 

https://doi.org/10.26434/chemrxiv-2023-07737 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-2023-07737
https://orcid.org/0000-0003-2502-639X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 20 

REFERENCES 
(1) Hananya, N.; Shabat, D. A Glowing Trajectory between Bio- and Chemiluminescence: From 
Luciferin-Based Probes to Triggerable Dioxetanes. Angew. Chem. Int. Ed. 2017, 56, 16454-16463.  
(2) Lampinen, J.; Raitio, M.; Perälä, A.; Kytöniemi, V.; Harinen, R. Comparison of Flash and Glow ATP 
Assays with Thermo Scientific Varioskan Flash Luminometry. Application Note: AP-MIB-VARIO12-
0108 https://assets.thermofisher.com/TFS-Assets/LCD/Application-Notes/D10338~.pdf. 
(3) 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, 1155-1158.  
(4) 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, 349-358.  
(5) Gnaim, S.; Green, O.; Shabat, D. The emergence of aqueous chemiluminescence: new promising 
class of phenoxy 1,2-dioxetane luminophores. Chem. Commun. 2018, 54, 2073-2085. 
(6) Hananya, N.; Shabat, D. Recent Advances and Challenges in Luminescent Imaging: Bright Outlook 
for Chemiluminescence of Dioxetanes in Water. ACS Cent. Sci. 2019, 5, 949-959.  
(7) 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, 6800-6815.  
(8) Haris, U.; Lippert, A. R. Exploring the Structural Space of Chemiluminescent 1,2-Dioxetanes. ACS 
Sens. 2023,8, 3−11. 
(9) 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. 
(10) Cao, J.; An, W. W.; Reeves, A. G.; Lippert, A. R. A chemiluminescent probe for cellular 
peroxynitrite using a self-immolative oxidative decarbonylation reaction. Chem. Sci. 2018, 9, 2552-
2558.  
(11) An, W. 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, 1361-1365.  
(12) Huang, J. S.; Jiang, Y. Y.; Li, J. C.; Huang, J. G.; Pu, K. Y. Molecular Chemiluminescent Probes with 
a Very Long Near-Infrared Emission Wavelength for in Vivo Imaging. Angew. Chem. Int. Ed. 2021, 60, 
3999-4003.  
(13) 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, 
e202115704.  
(14) 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, 6881–6888.  
(15) Wei, X.; Huang, J. S.; Zhang, C.; Xu, C.; Pu, K. Y.; Zhang, Y. Highly Bright Near-Infrared 
Chemiluminescent Probes for Cancer Imaging and Laparotomy. Angew. Chem. Int. Ed. 2023, 62, 
e202213791. 
(16) Huang, J. S.; Cheng, P. H.; Xu, C.; Liew, S. S.; He, S. S.; Zhang, Y.; Pu, K. Y. Chemiluminescent Probes 
with Long-Lasting High Brightness for In Vivo Imaging of Neutrophils. Angew. Chem. Int. Ed. 2022, 61, 
e202203235  
(17) Green, O.; Gnaim, S.; Blau, R.; Eldar-Boock, A.; Satchi-Fainaro, R.; Shabat, D. Near-Infrared 
Dioxetane Luminophores with Direct Chemiluminescence Emission Mode. J. Am. Chem. Soc. 2017, 
139, 13243-13248. 

https://doi.org/10.26434/chemrxiv-2023-07737 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-2023-07737
https://orcid.org/0000-0003-2502-639X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 21 

(18) Hananya, N.; Green, O.; Blau, R.; Satchi-Fainaro, R.; Shabat, D. A Highly Efficient 
Chemiluminescence Probe for the Detection of Singlet Oxygen in Living Cells. Angew. Chem. Int. Ed. 
2017, 56, 11793-11796. 
(19) Roth-Konforti, M. E.; Bauer, C. R.; Shabat, D. Unprecedented Sensitivity in a Probe for Monitoring 
CathepsinB: Chemiluminescence Microscopy Cell-Imaging of a Natively Expressed Enzyme. Angew. 
Chem. Int. Ed. 2017, 56, 15633-15638. 
(20) 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, 10361-10367.  
(21) Son, S.; Won, M.; Green, O.; Hananya, N.; Sharma, A.; Jeon, Y.; Kwak, J. H.; Sessler, J. L.; Shabat, 
D.; Kim, J. S. Chemiluminescent Probe for the InVitro and InVivo Imaging of Cancers Over-Expressing 
NQO1. Angew. Chem. Int. Ed. 2019, 58, 1739-1743. 
(22) Das, S.; Ihssen, J.; Wick, L.; Spitz, U.; Shabat, D. Chemiluminescent Carbapenem-Based Molecular 
Probe for Detection of Carbapenemase Activity in Live Bacteria. Chem. Eur. J. 2020, 26, 3647-3652. 
(23) 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, 2488-2493.  
(24) 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, 3158-
3164. 
(25) Ye, S.; Hananya, N.; Green, O.; Chen, H. S.; Zhao, A. Q.; Shen, J. G.; Shabat, D.; Yang, D. A Highly 
Selective and Sensitive Chemiluminescent Probe for Real-Time Monitoring of Hydrogen Peroxide in 
Cells and Animals. Angew. Chem. Int. Ed. 2020, 59, 14326-14330.  
(26) Babin, B. M.; Fernandez-Cuervo, G.; Sheng, J.; Green, O.; Ordonez, A. A.; Turner, M. L.; Keller, L. 
J.; Jain, S. K.; Shabat, D.; Bogyo, M. Chemiluminescent Protease Probe for Rapid, Sensitive, and 
Inexpensive Detection of Live Mycobacterium tuberculosis. ACS Cent. Sci. 2021, 7, 803-814.  
(27) Gholap, S. P.; Yao, C. Y.; Green, O.; Babjak, M.; Jakubec, P.; Malatinsky, T.; Ihssen, J.; Wick, L.; 
Spitz, U.; Shabat, D. Chemiluminescence Detection of Hydrogen Sulfide Release by beta-Lactamase-
Catalyzed beta-Lactam Biodegradation: Unprecedented Pathway for Monitoring beta-Lactam 
Antibiotic Bacterial Resistance. Bioconjug. Chem. 2021, 32, 991-1000.  
(28) Gutkin, S.; Gandhesiri, S.; Brik, A.; Shabat, D. Synthesis and Evaluation of Ubiquitin-Dioxetane 
Conjugate as a Chemiluminescent Probe for Monitoring Deubiquitinase Activity. Bioconjug. Chem. 
2021, 32, 2141-2147.  
(29) Scott, J. I.; Gutkin, S.; Green, O.; Thompson, E. J.; Kitamura, T.; Shabat, D.; Vendrell, M. A 
Functional Chemiluminescent Probe for in Vivo Imaging of Natural Killer Cell Activity Against Tumours. 
Angew. Chem. Int. Ed. 2021, 60, 5699-5703. 
(30) Gnaim, S.; Gholap, S. P.; Ge, L.; Das, S.; Gutkin, S.; Green, O.; Shelef, O.; Hananya, N.; Baran, P. S.; 
Shabat, D. Modular Access to Diverse Chemiluminescent Dioxetane-Luminophores through 
Convergent Synthesis. Angew. Chem. Int. Ed. 2022, 61, e202202187.  
(31) Peukert, C.; Gholap, S. P.; Green, O.; Pinkert, L.; van den Heuvel, J.; van Ham, M.; Shabat, D.; 
Bronstrup, M. Enzyme-Activated, Chemiluminescent Siderophore-Dioxetane Probes Enable the 
Selective and Highly Sensitive Detection of Bacterial Pathogens. Angew. Chem. Int. Ed. 2022, 61, 
e202201423.  
(32) 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, 12348-12357.  

https://doi.org/10.26434/chemrxiv-2023-07737 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-2023-07737
https://orcid.org/0000-0003-2502-639X
https://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

(33) 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, 6953-6962.  
(34) 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, 1380-
1385. 
(35) Tanaka, C.; Tanaka, J. Ab initio molecular orbital studies on the chemiluminescence of 1,2-
dioxetanes. J. Phys. Chem. A 2000, 104, 2078-2090.  
(36) Cabello, M. C.; Bartoloni, F. H.; Bastos, E. L.; Baader, W. J. The Molecular Basis of Organic 
Chemiluminescence. Biosensors 2023, 13, 452. 
(37) Vacher, M.; Galvan, I. F.; Ding, B. W.; Schramm, S.; Berraud-Pache, R.; Naumov, P.; Ferre, N.; Liu, 
Y. J.; Navizet, I.; Roca-Sanjuan, D.; et al. Chemi- and Bioluminescence of Cyclic Peroxides. Chem. Rev. 
2018, 118, 6927-6974.  
(38) Farahani, P.; Oliveira, M. A.; Galvan, I. F.; Baader, W. J. A combined theoretical and experimental 
study on the mechanism of spiro-adamantyl-1,2-dioxetanone decomposition. RSC Adv. 2017, 7, 
17462-17472.  
(39) Yue, L.; Liu, Y. J. Mechanism of AMPPD Chemiluminescence in a Different Voice. J. Chem. Theory 
Comput. 2013, 9, 2300-2312.  
(40) Yeh, A. H. W.; Norn, C.; Kipnis, Y.; Tischer, D.; Pellock, S. J.; Evans, D.; Ma, P.; Lee, G. R.; Zhang, J. 
Z.; Anishchenko, I.; et al. De novo design of luciferases using deep learning. Nature 2023, 614, 774-
780. 
(41) 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, 397-400.  
(42) 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, 14679-14687. 
(43) Russell, N. J.; Foster, S.; Clark, P.; Robertson, I. D.; Lewis, D.; Irwin, P. J. Comparison of 
radioimmunoassay and chemiluminescent assay methods to estimate canine blood cortisol 
concentrations. Aust. Vet. J. 2007, 85, 487-494.  
(44) Ciscato, L. F. M. L.; Weiss, D.; Beckert, R.; Baader, W. J. Fenchyl substituted 1,2-dioxetanes as an 
alternative to adamantyl derivatives for bioanalytical applications. J. Photochem. Photobiol. A 2011, 
218, 41-47.  
(45) Matsumoto, M.; Suganuma, H.; Katao, Y.; Mutoh, H. Thermal-Stability and Chemiluminescence 
of 3-Alkoxy-3-Aryl-4,4-Diisopropyl-1,2-Dioxetanes. J. Chem. Soc., Chem. Commun. 1995, 431-432.  
(46) Watanabe, N.; Suganuma, H.; Kobayashi, H.; Mutoh, H.; Katao, Y.; Matsumoto, M. Synthesis of 
3-alkoxy-3-aryl-4,4-diisopropyl-1,2-dioxetanes and their base-induced chemiluminescence. 
Tetrahedron 1999, 55, 4287-4298.  
(47) Matsumoto, M.; Watanabe, N.; Kasuga, N. C.; Hamada, F.; Tadokoro, K. Synthesis of 5-alkyl-1-
aryl-4,4-dimethyl-2,6,7-trioxabicyclo[3.3.0]heptanes as a chemiluminescent substrate with 
remarkable thermal stability. Tetrahedron Lett. 1997, 38, 2863-2866.  

https://doi.org/10.26434/chemrxiv-2023-07737 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-2023-07737
https://orcid.org/0000-0003-2502-639X
https://creativecommons.org/licenses/by-nc-nd/4.0/

