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Abstract 

The  photoconversion of heptamethine to pentamethine cyanines and of pentamethine to 

trimethine cyanines was recently reported. Here, we report mechanistic studies and initial 

experimental evidence for a previously unexplored  4-carbon truncation reaction that converts the 

simplest heptamethine cyanine to the corresponding trimethine cyanine. We propose a DFT-

supported model describing a singlet oxygen (1O2) mediated formation of an allene hydroperoxide 

intermediate and subsequent 4-carbon loss through a retro-Diels-Alder process. Fluorescence and 

mass spectrometry measurements provide evidence for this direct conversion process. This 4-

carbon truncation reaction adds to growing body of cyanine reactivity and may provide an optical 

tool leading to a substantial blue-shift (∆em) of ~200 nm. 

 

 

 

Introduction 

Photoconversion reactions entail the conversion of one emissive species to another of 

different absorbance/emission wavelengths. In case of rhodamines and phenothiazines, such as 



 

toluidine blue O, a photooxidative dealkylation reaction leading to substantial blue shift has been 

characterized in detail.1−3 Another important class of probes are the cyanines, which have been 

used extensively as antibody and other biomolecule labels. Various studies had found that these 

molecules undergo photobluing processes, which was originally characterized as an artifact in 

various microscopy setting.4−13  

Recent studies characterized the chemical basis of this photobluing process as the result of 

a photochemical 2-carbon loss, or phototruncation, reactions (Figure 1A). These reactions appear 

to involve the local photosensitized generation of singlet oxygen (1O2), which results in a reaction 

sequence that leads to the loss of 2 carbons from the polymethine chromophore.14,15 These 

reactions were reported to occur between the various heptamethine cyanines, including the 

simplest, 1, and the corresponding pentamethine variant, 2. Additionally, 2, and other 

pentamethine cyanines that lack chromophore substitution were found to convert to the trimethine 

cyanine 3 by our groups and others.14−16 Our prior study14 proposed a 1O2-based truncation reaction 

of the simplest heptamethine cyanine 1 to the corresponding pentamethine cyanine 2 through a 

multistep sequence.  In this process, formation of peroxy intermediate arising from the attack 

of 1O2 on the C1' with subsequent hydration and elimination of a 2-carbon fragment (Figure 1B). 

The peroxy intermediate was hydrated at 1,2-position with formation of a hydroperoxyethanol 

intermediate with facile rotation about the C1'–C2' bond enabling an intramolecular formation of 

a hydroperoxycyclobutanol intermediate D. This chemistry has been applied for single molecule 

localization microscopy (SMLM) and cell-tracking strategies.  

In the current work, we provide theoretical and experimental characterization for 4-carbon 

truncation for the direct conversion of heptamethine cyanine 1 to trimethine cyanine 3. In 

particular, our study provides mechanistic details on the theoretical chemistry of polyene 4, a 



 

small-molecule model of 1. We examine (1) whether the attack of 1O2 leads to peroxy and allene 

intermediates, (2) determine the role of conformation freedom, (3) explore the path to 4-carbon 

truncation, (4) investigate the process as concerted or stepwise; (5) and assess the experimental 

conversion of 1 to 3 upon 740 nm irradiation. The results obtained here point to a concerted 4-

carbon loss process in 1 through 1,4-conjugate hydration and retro Diels-Alder truncation pathway 

(Figure 1C). 
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Figure 1. (A) Cyanine phototruncation. Irradiation of heptamethine 1 in PBS with 740 nm LED 

to reach pentamethine 2, and irradiation of 2 with 630 nm LED to reach trimethine 3. (B) Previous 

mechanistic proposal of cyanine phototruncation for conversion of 1 to 2 (as proposed in Ref. 14). 

(C) Proposed mechanism of cyanine truncation with the conversion of 1 to 3 by 1O2. The 

mechanism features the formation of an allene hydroperoxide E and a retro-Diels-Alder reaction 

to reach 3. 

 

Result and Discussion 

Below we first describe the computational characterization of formation of a peroxy 

intermediate, allene hydroperoxide, and hydrolytic 4-carbon truncation process. A mechanistic 

analysis is then described, which is followed by supporting experimental results, and then our 

thoughts on broader implications of the study. 

Theoretical Chemistry. Formation of Peroxy and Allene Hydroperoxide Intermediates. 

The calculated geometry of 4, a small-molecule model of 1, is shown in Figure 2. Figure 2 shows 

the first proposed step to be an asynchronous attack of 1O2 (an electrophilic species) on 4 at C1' 

leading to peroxy intermediate 5. The results of natural bond orbital (NBO) calculations support 

this selectivity in 4 where the negative charges of -0.38 at C1' and -0.33 at C3' are more pronounced 

than that of -0.16 at C2' and of -0.12 at C4' (Table S1, Supporting Information). Addition of 1O2 

to the C2' and C4' sites in 4 do not lead to minima, but only to 1O2’s dissociation. An asynchronous 

attack of 1O2 on the C1' (5a) and C3' (5b) sites of 4 at C1' is 5.9 kcal/mol more stable than the 

peroxy intermediate at C3' (see Table S1, Supporting Information). For peroxy intermediate 5a, 

the C1'–O1 bond length is 1.381 Å, and for peroxy intermediate 5b the C3'–O1 bond length is 

1.404 Å. The reaction of 1O2 on C1' of 4 is likely due to enhanced nucleophilicity, resulting in 



 

peroxy intermediate 5a where NBO calculations show an attractive interaction of the outer oxygen 

atom (O2) with the C3'–H, where the C3'–H···O2 bond distance is 2.42 Å. This interaction is 

quantitated to be -1.4 kcal/mol. Next, we show a H-abstraction by O2 arises in an intramolecular 

reaction with a transition state barrier of 6.7 kcal/mol in an exothermic process to reach allene 

hydroperoxide 6. Notably, peroxy intermediates arise in other 1O2 oxidation reactions, such as 

R2S+OO− persulfoxide, and have been implicated in lowering of rotational energy barriers.17−19 

Similarly, allene hydroperoxides and hydroxides have been previously reported in 1O2 oxidation 

of diene and trienes, and are structurally reminiscent of allene hydroxides.20−27 The protonation 

and hydration reactions suggest a zwitterionic form of the peroxy intermediate rather than a 

diradical formation. We note that Li and Smith28 have reported that long-term storage of 

indocyanine green under low-intensity light leads to oxidative dimer formation likely via radical 

intermediates formed by electron transfer to form superoxide, dimerization, and subsequent 

hydrogen-atom abstraction reaction. For 6, NBO results show a H-bond of the O2–H with the 

allene C3'=C4'  bond quantitated to be -1.8 kcal/mol. Protonation and hydroxylation of allene 

hydroperoxide 6 are proposed as key next steps. 

 

 



 

 
 

Figure 2. (a) Calculated addition of 1O2 to the C1' of 4 to reach peroxy intermediate 5. (b) 

Computed potential energy surface for the conversion of 5 to 6 using M062-X/6-31+G(d,p). 

Relative enthalpies (ΔH) are given in kcal/mol.  

 

 

 

 

 

 Protonation and Hydration. Next, we explored the protonation of allene hydroperoxide 6 

at C2', C3', and C4' (Figure 3). From 6, two routes lead to a cis-configuration: the first is bottom-

face protonation of C3' giving 8 in the s-cis conformation, and the second is via protonation at C4' 



 

with proton migration to C3' giving 9 in the s-trans conformation. The transition state barrier 

between s-trans 9 and s-cis 8 is 8.6 kcal/mol and endothermic by 7.2 kcal/mol is mainly attributed 

to increased congestion in the s-cis form. The top-face protonation at C3' could reach trans 7, but 

is blocked by a  H-bond between O2–H and allene C3'=C4', despite being the most stable in the 

series, 7-9. Protonation at C2' could conceivably lead to 10, but is energetically prohibited. Next, 

we focused on the hydroxylation step. Hydroxylation at C4' of 8 in the s-cis conformation results 

to the formation of C1'-peroxy, C4'-hydroxy intermediates cis-syn 11 and cis-anti 12 with the 

former more stable by 5.5 kcal/mol (Figure 4). Alternatively, hydroxylation at C4' of 9 in the s-

trans conformation also results in formation of cis-syn 11 and cis-anti 12. Upon forming the 1,4-

hydroperoxybutanols 11 and 12, a cis configuration exists about the C2'=C3' double bond setting 

up an intramolecular attack in formation of a 6-membered ring and subsequent 4-carbon 

fragmentation in a retro-Diels-Alder reaction, as we have been alluding to.  

 

  



 

 

 

 

Figure 3. DFT-computed energies for the protonation of 6. Relative enthalpies (ΔH) are given in 

kcal/mol. 

 

 

Figure 4. DFT-computed energies for the addition of hydroxide ion to 8. Relative enthalpies (ΔH) 

are given in kcal/mol. 



 

 

 

Formation of a 6-membered ring and subsequent retro-Diels-Alder reaction (Figure 5). 

On forming the 1,4-hydroperoxybutanols 11 and 12, this paves the way for a facile rotation along 

the C1'–C2' and C3'–C4' single bonds, respectively. The results show that conformer 13 brings C1 

and C5' into close proximity for an intramolecular formation of 6-membered ring intermediate 14 

with an activation energy of 3.3 kcal/mol and exothermic by 10.4 kcal/mol. A retro-Diels-Alder 

reaction ensues with conversion of 14 to concerted loss of a 4-carbon fragment 

hydroperoxybutenol (HOOCH=CHCH=CHOH) 15 and truncated 16 through transition state 

TS14/15-16 (50.7 kcal/mol) in a process exothermic by 1.3 kcal/mol. Mapping out the potential 

energy surface with desmethyl 13 (gem-dimethyls removed) produced some differences with a 

transition state energy of 43.6 kcal/mol reflect the effect of congestion due to the bulky methyl 

substituents, in which the reaction is exothermic by 1.7 kcal/mol. In Figure 5, values for the relative 

Gibbs free energies (in green) shows minor differences when compared to the relative enthalpies. 

For example, the Gibbs free energy for the formation of the six-membered ring intermediate 14 

via TS13/14 is exergonic by 9.4 kcal/mol, and the conversion of 14 to 15 and truncated 16 via 

TS14/15-16 is exergonic by 3.3 kcal/mol. We surmise that the energies are dependent on 

conformational aspects for the 6-membered ring formation and subsequent 4-carbon fragmentation 

calculated. We suggest that the relatively high computed transition state barriers (43.6-50.7 

kcal/mol) is compensated by the loss of the 4-carbon fragment 15 in a entropy-driven process and 

favorable in terms of free energy, in which barrier reductions could follow with inclusion of 

implicit and explicit solvent effects. However, we note that computed activation energies for 

experimentally observed retro-Diels-Alder reactions have been reported, and also tend to be high,29 



 

in which solvent polarity and electron donating and sometimes electron withdrawing substituents 

can lower it.30 Interestingly, activation energies reported for retro-Diels-Alder reactions span a 

range of ~30 to 145 kcal/mol. A stepwise retro-Diels-Alder process was not found in our system, 

although it has been reported in other systems, such as partially saturated 2-pyrones.31,32 Next, 

experimental studies were carried out to examine whether a 4-carbon phototruncation process 

occurs in heptamethine cyanine and also whether buffer conditions can increase this process. 

 

 

Figure 5. DFT-computed energies for the interconversion of conformer 13. Relative energies in 

red are for the conversion of 13 to 15; relative energies in blue are for structures absent of gem-

dimethyl groups. Relative enthalpies (ΔH) are in red and blue and relative free energies (ΔG) are 

in green (kcal/mol).  

 

 



 

Experimental Chemistry. In prior studies examining the conversion of 1 to 2, we initially 

noted the formation of further blue shifted products. Here we set out to characterize these products 

in greater detail. Specifically, we found that monitoring the 740 nm LED irradiation using 

fluorescence based measurement with a 25 µM solution of 1  in pH 9 PBS lead to the formation of 

both the previously observed 2, but also a new peak with identical emission properties to 3, albeit 

to a lesser degree (Figure 6A-C). We then sought to assess if the formation 3 occurred by the 

conversion of 1 initially to 2 and then onward to 3. To test this, a 2.5 µM solution of 2 in pH 9 

PBS was irradiated under identical conditions (Figure 6D-F). No meaningful formation of 3 was 

observed. In our prior work, we found that a number of additives improved the conversion of 1 to 

2.14 After testing, we found that the addition of arginine (100 mM in pH 9 PBS) enhanced that 

conversion of the reaction, by about ~2 fold (Figure 6G and H). Finally, the identity of 3 and the 

observation that arginine enhance the conversion was also confirmed by HRMS studies (Figure 

6I). The initial experimental studies presented here provide key evidence suggesting that 1 

converts directly to 3 via a retro-Diels-Alder reaction. Future efforts to define the role of 

conversion of this are likely merited. 

 

 

  



 

 

 

Figure 6. Photoconversion of 1 in pH 9.0 PBS with 740 nm irradiation. (a) Fluorescence signal 

(510 nm excitation) over 10 minutes. (b) Fluorescence signal (620 nm excitation) over 10 minutes.  

(c) Integrated fluorescence signal for 2 and 3 from (a) and (b) over the course of 10 minutes. 

Control reaction of 2 in pH 9.0 PBS with 740 nm irradiation. (d) Fluorescence signal (510 nm 

excitation) over 10 minutes. (e) Fluorescence signal (620 nm excitation) over 10 minutes. (f) 

Integrated fluorescence for 2 and 3 from (d) and (e) over the course of 10 minutes. Photoconversion 

from 1 in pH 9 PBS w/ 100 mM Arginine with 740 nm irradiation. (g) Fluorescence signal (510 

nm excitation) over 10 minutes. (h) Fluorescence signal (620 nm excitation) over 10 minutes.  (i) 



 

Extracted ion chromatogram (EIC) for 3 (m/z = 357.23) in control (PBS, unirradiated), PBS (740 

nm irradiation), and PBS with 100 mM arginine (740 nm irradiation) conditions. 

 

 

Conclusion 

These studies indicate that heptamethine cyanines undergo a photochemical 4-carbon loss 

reaction in certain settings. These efforts add to the rich photochemistry of cyanines, reactions with 

implications in a range of microscopy and imaging settings.12,33 Our computational and 

experimental results suggest a multistep pathway leading to 4-carbon excision. Specifically, the 

following conclusions were drawn from the DFT results (1) a peroxy intermediate is formed in the 

initial reaction of cyanine with 1O2, which undergoes abstraction of C3'–H to reach an allene 

hydroperoxide, (2) allene hydroperoxide protonation and 1,4-hydroxylation hydrolysis lead to a 

C1'–peroxy-C4'-hydroxy intermediate, (3) conformational freedom and cis-geometry along the 

C2'–C3' bond allow for the formation of the 6-membered ring intermediate to be in close proximity 

for an intramolecular attack. (4) A 4-carbon truncation of hydroperoxybutenol 

(HOOCH=CHCH=CHOH) ensues, by a proposed concerted retro-Diels-Alder process. Our 

experimental data to date provides key evidence that this chemistry occurs in direct fashion and 

that the reaction can be enhanced by the addition of an arginine additive. Further studies to 

characterize the role of the additive and to possibly exploit this chemistry are underway. 

 

Methods 

Computational Methods. DFT calculations were conducted with Gaussian16,34 in which 

optimizations were carried out with M062X35 and the basis set 6-31+G(d,p)36−38 in the gas phase, 



 

which reportedly perform well.39,40 Energies were calculated based from the zero-point energy 

(ZPE) calculations at 298 K and ∆G energies were computed in Figure 5.41 Solvent effects were 

not calculated. Frequency calculations and intrinsic reaction coordinate (IRC) calculations were 

conducted to substantiate transition structures and their connectivity to reagents and products. 

Molecular orbital interactions were studied with determined natural bonding orbital (NBO) 

calculations using NBO 7.0.42 Spin contamination was examined for M06-2X/6-31+G(d,p) 

optimized structure J using T1 diagnostics using DLPNO-CCSD(T)/aug-cc-pVTZ and found to 

be 0.015.43−46 These results indicate an acceptable level of spin contamination that is not a 

significant issue for the reaction system, where T1 values that are greater than 0.02 for closed-shell 

systems or greater than 0.03 for open-shell systems point to unacceptable non-dynamical 

correlation or multiconfigurational character effects. 

 

 

Experimental Methods. All commercially obtained reagents were used as received. 

Cyanines 1 and 2 were acquired from Sigma-Aldrich and purified by reversed phase 

chromatography. The crude mixture was dissolved in 5% MeCN:H2O and purified over reverse 

phase chromatography (5-50% MeCN:H2O) to provide the desired product. Data analysis and 

curve fitting were performed using MS Excel 2011 and GraphPad Prism 7. Light intensity 

measurements were performed with a Thorlabs PM200 optical power and energy meter fitted with 

an S120VC standard Si photodiode power sensor (200-1100 nm, 50 nW to 50 mW). 

Irradiation samples were prepared using a DMSO parent stock (2.2 mM for heptamethine 

cyanine and 2.5 mM for pentamethine cyanine) that was then serially diluted to a final 

N
H

N
HO

O–

J



 

concentration of 20 M in the respective buffer (PBS pH 9 or PBS pH 9 with 100 mM L-arginine). 

These samples were placed into 3.5 mL quartz cuvettes and left for 30-60 minutes in the dark to 

equilibrate. The cuvettes were then placed into a 3D-printed irradiation apparatus with a Mightex 

740 nm standard range LED with cooling fan that was powered by a Mightex LED driver with 

manual and analog input control (SLA series) as well as an Edmund Optics 720 nm long-pass 

filter. With the LED driver set to maximum power (1000 mA) a light intensity of approximately 1 

W cm−2 was achieved throughout the 10-minute irradiation at 22 C. The initial, intermediate, and 

final fluorescence measurements were made using a Horiba PTI QuantaMaster 8075-11-C 

spectrophotometer. Controlled via FelixGX software, two measurement presets were used: one 

intended to capture the presence of 3 with irradiation at 510 nm, 5 nm excitation slit widths and 

10 nm emission slit widths (for both entrance and exit slits), emission measurement from 530 nm 

to 700 nm, and a step size of 1 nm with an integration time of 0.1 s; likewise, a second preset was 

used to capture the presence of 1 and 2 with irradiation at 620 nm, 5 nm excitation and emission 

slit widths (for both entrance and exit slits), emission measurement from 630 to 850 nm, and a step 

size of 1 nm with an integration time of 0.1 s. 

Samples used for mass spectrometry were prepared in a similar manner, only with a higher 

concentration (100 M) and a longer irradiation time (25 min). After the completion of the 

irradiation, the samples were mixed with 4-6 mL of DCM to extract the fluorophore mixture. The 

DCM solution was then dried through a sodium sulfate column. The eluted solutions were then 

dried via nitrogen gas and resuspended in 100 L acetonitrile and placed into HPLC vials. Mass 

spectrometry data was acquired on an Agilent 6520 Accurate-Mass Q-TOF LC/MS System, 

(Agilent Technologies, Inc., Santa Clara, CA) equipped with a dual electro-spray source, operated 

in the positive-ion mode. Separation was performed on Zorbax 300SB-C18 Poroshell column (2.1 



 

mm x 150 mm; particle size 5 m). The analytes were eluted at a flow rate of 1 ml/min with a 5 to 

100% organic gradient over 4 minutes and holding organic for 1 minute, where 0.1% aqueous 

formic acid was exchanged for 0.1% formic acid in acetonitrile. The instrument was used in either 

full-scan TOF mode. MS source parameters were set with a capillary voltage of 4 kV, the 

fragmentor voltage of 150 V and skimmer 65 V. The gas temperature was 350 °C, drying gas flow 

12 L/min and nebulizer pressure 55 psig. Data were acquired at high resolution (1,700 m/z), 4 

GHz. To maintain mass accuracy during the run time, an internal mass calibration sample was 

infused continuously during the LC/MS runs. Data acquisition and analysis were performed using 

MassHunter Workstation Data Softwares, LCMS Data Acquisition (version B.06.01) and 

Qualitative Analysis (version B.07.00). 
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