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PYRROC: the first functionalized cycloalkyne that 

facilitates isomer-free generation of organic molecules 

by SPAAC 
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a 

 

We present the concept, synthesis, and kinetic 

characterization of PYRROC as the first functionalized 

cycloalkyne which cannot form isomers in the reaction with 

azides. In aqueous buffer, PYRROC displays unprecedented 

rate accelerations in SPAAC of three to four orders of 

magnitude, leading to rate constants exceeding 400 M-1 s-1. 

The Huisgen 1,3-dipolar cycloaddition between azides and 

alkynes1 has gained tremendous attention in recent years. 

Catalysis by Cu(I) not only vastly accelerates the reaction, but 

also introduces a very high degree of regioselectivity for 1,4-

triazoles over 1,5-triazoles.2, 3 These favorable properties have 

made copper-catalyzed azide-alkyne cycloadditions (CuAAC) a 

centrally important reaction for the generation of bioactive 

molecules.4 However, copper ions are toxic to living cells, 

limiting the use of CuAAC in a cellular context. This limitation 

was overcome by strain-promoted azide-alkyne cycloaddition 

reactions (SPAAC),5, 6 which generate triazoles in the absence 

of copper, allowing widespread applications related to the 

labeling of biomolecules. The reactivity of the first 

functionalized cyclooctyne OCT7 can be increased by placing 

fluorine in the propargylic position, or by introducing 

additional ring strain via sp2-hybridized centers or a fused 

cyclopropyl ring, as illustrated by difluorocyclooctyne (DIFO),8 

dibenzocyclooctyne (DIBO),9 and bicyclononyne (BCN),10 

respectively (Fig. 1a). 

 A major shortcoming of SPAAC is that the degree of 

regioselectivity in the transition state of the reaction is usually 

low, resulting in the formation of isomeric products. For most 

functionalized cyclooctynes attached to a chemical entity R1 via 

their respective functional groups, this yields regioisomers in 

similar or equal ratios (Fig. 1b). Sterically hindered DIBO 

derivatives offer the opportunity to tailor regioselectivity by 

adding sterical hindrance on one of the phenyl rings.11 For  
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Fig. 1. SPAAC with known functionalized cycloalkynes usually leads to the 

formation of isomeric products. a) Structures of some functionalized 
cycloalkynes. b) SPAAC with OCT derivatized via its carboxylic acid group 

leads the formation of regioisomers. c) SPAAC with BCN derivatized via its 

hydroxy group leads to the formation of enantiomers or diastereomers, 
depending on the absence or presence of chiral centers in the azide.  

 

ODIBO (Fig. 1a), the formation of only a single isomer was 

reported from the reaction with azides.12 However, given the 

potential for regioisomer formation by DIBO derivatives, high 

regioselectivity cannot be generally be guaranteed for 

functionalized DIBO derivatives in the reaction with any given 

azide. The bicyclononyne BCN10 does not form regioisomers, 

but either enantiomers or diastereoisomers, depending on the 

presence of chirality in the azide (Fig. 1c). 

 While the formation of isomers is currently not regarded as 

a problem for labeling of biomolecules by SPAAC,13 it is a 

prohibitive feature for a new potential application of SPAAC: 

isomer-free, bioorthogonal synthesis of organic molecules in 

the cellular environment. An isomer-free approach would 

facilitate the intracellular generation of large bioactive 

molecules with poor cell-permeability, from two smaller, more 

cell-permeable building blocks. Such large bioactive molecules 
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could potentially serve as protein dimerizers,14 bivalent ligands 

addressing two domains within the same protein, or inhibitors 

of large protein-protein interfaces.15 

 To circumvent isomer formation in SPAAC, we propose the 

concept of symmetrically substituted, functionalized 

cycloalkynes (Fig. 2). Functionalized cycloalkynes that harbor 

a C2-symmetry axis, either in a preferred conformation or in a 

predicted conformational transition state, form uniform reaction 

products with azides R3-N3 regardless of the relative orientation 

between cycloalkyne and azide during the reaction. Key to 

preventing the possibility of generating isomers in SPAAC is 

the attachment of the substituent R1 at a nitrogen atom, which is 

symmetrically placed in an odd-membered ring fused at the 5,6-

position of the cyclooctyne. Any substituents must be placed 

consistent with the outlined concept of C2-symmetry. In this 

communication, we report on the synthesis and kinetic 

characterization of the first functionalized cyclooctyne that 

meets these criteria. We demonstrate that the new cycloalkyne, 

a pyrrolocyclooctyne, is well suited for the isomer-free 

generation of large organic molecules in the aqueous 

environment, providing good yields within a short time frame.  
 

 
Fig. 2. Cycloalkynes (here: pyrrolocyclooctynes) which contain a C2-

symmetry axis, either in a preferred conformation or in a conformational 
transition state, generate chemically uniform SPAAC products.  

 

The synthesis of the pyrrolocyclooctyne started with the 

nitration of 1,4-cyclooctadiene with silver nitrite and TEMPO 

to obtain compound 1, which is subjected to the Barton-Zard 

reaction, leading to the formation of pyrrolocyclooctene 2 

(Scheme 1).16, 17 Ester hydrolysis, decarboxylation, and N-Boc 

protection afforded 3 in very good yield. To reduce the 

reactivity of 3, which is prone to decomposition, it was 

converted into the diester 4. In line with the literature,18 it was 

essential to add the solution of the 2,5-dilithiated pyrrole based 

on 3 to a solution of electrophile to obtain the 2,5-disubstituted 

pyrrole 4.19 Attempts to convert 2 into 4 directly were not 

successful. Bromination of the alkene moiety of 4 and removal 

of the protecting group led to dibromide 5, which was reacted 

with tert-butyl(3-iodopropoxy)dimethylsilane 6 to yield 

TBDMS-protected dibromide 7. The change of the N-protecting 

group was necessary because N-Boc protected pyrroles can 

undergo decomposition in the presence of strong bases used in 

the subsequent, two-step elimination procedure.20  Elimination 

of the first equivalent of hydrogen bromide from 7 was 

achieved by reacting 7 with 10 equivalents of KOtBu, added as 

a 1 M solution in THF at -10 °C. This procedure not only led to 

the elimination of hydrogen bromide, but also to 

transesterification, providing the di-tert-butylester 8 in 66 % 

yield. A large excess of KOtBu was used because test reactions 

with a protecting group of similar size, 2-

(trimethylsilyl)ethoxymethyl (SEM), as an N-protecting group 

had shown that lesser amounts of KOtBu (1 or 5 equivalents) 

also did not allow the isolation of the dimethylester, but instead 

afforded a mixture of the methyl tert-butyl ester and 

monocarboxylic acids. Elimination of the second equivalent of 

hydrogen bromide from 8 was achieved by using KOtBu in the 

presence of catalytic amounts of 18-crown-6, providing 

cycloalkyne 9 in 71 % yield.21 Attempts to obtain the 

dimethylester derivative of 9 by using other bases such as 

DBU, LDA or LiOMe, or by transesterification of 9 with 

LiOMe, were not successful. Removal of the silyl protecting 

group with TBAF yielded pyrrolocyclooctyne 10 dubbed 

PYRROC. 

 

 
 

Scheme 1. Synthesis of PYRROC (10). 

 

In order to investigate the reaction kinetic of PYRROC (10), 

the second order rate constant of its reaction with benzyl azide 

was determined using kinetic NMR experiments. The 1H-NMR 

of the reaction between PYRROC (10) and benzyl azide shows 

only one peak for the benzylic protons of the resulting triazole, 

confirming that PYRROC indeed forms only a single 

compound in SPAAC with benzyl azide (Supporting Fig. S1a, 

b). PYRROC displayed a second-order rate constant k of 

0.060±0.004 M-1 s-1 in CD3CN (Supporting Fig. S1c, d). This 

value is between the rate constant of DIBO9 (k = 0.057 M-1 s-1 

in CD3OD), and DIFO8 (k = 0.076 M-1 s-1 in CD3CN) (Fig. 1a), 

both of which have proven their utility in a large number of 

biological studies. Thus, PYRROC reacts approximately six 

times faster than the 3,4-benzannulated cyclooctyne MOBO (k 

= 0.0095 M-1 s-1 in CD3CN),22 but four times slower than the 

5,6-benzannulated cyclooctyne COMBO (k = 0.24 M-1 s-1 in 

CD3CN).20 The lower reactivity of PYRROC compared to 

COMBO confirms theoretical predictions that fusion of a 5-

membered ring to the 5,6-position of cyclooctyne is less 

beneficial for reactivity than fusion of a 6-membered ring.23 

 We envision the application of symmetrically functionalized 

cycloalkynes such as PYRROC in the bioorthogonal, isomer-
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free generation of organic molecules in the cellular milieu. To 

test the suitability of PYRROC for this type of application in a 

manner as general as possible, we coupled 10 to the 

fluorophore BODIPY-FL24, 25 by activating the primary 

hydroxyl group as a p-nitrophenylcarbonate, and reacting 11 

with the primary amine 12 (Scheme 2). In the course of this 

study, fluorophore-labeled PYRROC 13 was subjected to 

SPAAC with three fluorophore azides with substantially 

different chemical structures: 5-TAMRA azide (14), BODIPY-

TMR azide (15), and 3-azido-7-hydroxycoumarin (16) (Scheme 

2). The reactions were carried out in phosphate-bufferered 

saline (PBS) to mimic the salt concentrations in a cell. The 

kinetics of SPAAC were analyzed via FRET (Fluorescence 

Resonance Energy Transfer). To allow for quantitative analysis 

of the reaction kinetics, each reaction was carried out in parallel 

with a standard curve mimicking the composition of the 

reaction mixture at various degrees of conversion of the 

reactants to the triazole products. This required prior 

preparation and isolation of the triazoles 17-19 on a preparative 

scale to allow for characterization of their fluorescence 

properties.  
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Scheme 2. Synthesis of fluorophophore-labeled triazoles 17-19.  

 

The reaction between PYRROC-BODIPY-FL (13) and 5-

TAMRA azide (14) resulting in triazole 17 was found to 

proceed with a second-order rate constant of 13.9 ± 0.3 M-1 s-1 

(Supporting Fig. S2a-d), which is more than 200-fold faster 

than the rate constant for the reaction between PYRROC (10) 

and benzyl azide in acetonitrile. Using 10 µM of both 

PYRROC-BODIPY-FL (13) and TAMRA azide (14) in PBS, 

74 ± 8% of 13 was converted to the triazole 17 after 6 h 

(Supporting Fig. S2e). At 50 µM of both reactants, 95 ± 1% 

conversion of 13 was achieved after only 2 h. 

The reaction between BODIPY-FL-labeled PYRROC (13) 

and BODIPY-TMR azide (15) in PBS was monitored by the 

decrease in intensity of the BODIPY-FL emission and the 

concomitant increase of intensity of the BODIPY-TMR 

emission by FRET (Fig. 3a, b). Using the reactants at a 

concentration of only 3 µM in PBS, the reaction proceeded with 

a second-order rate constant of 234 ± 2 M-1 s-1 (Fig. 3c and 

Supporting Fig. S3c). 88 % of triazole 18 was formed after 4 h, 

and more than 90% after 24 h (Fig. 3d). This indicates that the 

approach is well suited to generating organic molecule in high 

yields at low micromolar concentrations in the aqueous 

environment. 

 

 
 

Fig. 3. Kinetics of the reaction between BODIPY-FL-labeled PYRROC (13) 
and BODIPY-TMR azide (15) followed by FRET. a) Fluorescence spectra of 

13, 15, and the triazole product 18 (3 µM each) in PBS. Excitation 

wavelength: 485 nm. a. u.: arbitrary units. b) Time course of the reaction 
after addition of 15 to 13 (initial final concentrations of 13 and 15: 3 µM 

each). c) Determination of the second-order rate constant of 13 in reaction 

with 15 in PBS, cell lysis buffer, and cell lysates (initial concentrations of 13 
and 15: 3 µM each). d) Determination of the conversion of 13 and 15 to 18 in 

PBS, cell lysis buffer, and cell lysates (initial concentrations of 13 and 15: 3 

µM). e) Fluorescence spectra of 13, 15, and 18 (3 µM each) in acetonitrile. 
Excitation wavelength: 485 nm. f) Time course of the reaction after addition 

of 15 to 13 (initial concentrations of 13 and 15: 3 µM each). 

 

In order to analyze whether PYRROC is suitable for SPAAC in 

the cellular milieu, we carried out the reaction in K562 lysates. 

At a concentration of 3 µM of BODIPY-FL-PYRROC (13) and 

3 µM BODIPY-TMR azide (15), the second-order rate constant 

in cell lysates was determined as 17 ± 0.3 M-1 s-1, which is 
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slightly more than one order of magnitude slower than the 

reaction in PBS (Fig. 3c and Supporting Fig. S3). The slower 

reaction in cell lysates as compared to PBS could be due to an 

effective reduction of the concentration of 13 by non-specific 

reactivity with thiols, or non-covalent interactions with cell 

components. A more trivial potential reason is the higher 

viscosity of the cell lysis buffer, which, unlike PBS, contains 

10% of glycerol, and thus reduces the rate of reaction. To 

investigate the effect of the cell lysis buffer on the reaction rate, 

the reaction was carried out in cell lysis buffer without cell 

components. The rate constant of 16 ± 0.3 M-1 s-1 indicate that 

the reduced rate in cell lysates is caused by the components of 

the buffer, and not by unspecific reaction with thiols. Despite 

the reduced rates, more than 70% conversion was achieved in 

cell lysates after 24 h (Fig. 3d). These data place PYRROC into 

a promising position to mediate bioorthogonal reactions in the 

cellular milieu. 

 Reaction of BODIPY-FL-PYRROC (13) with 3-azido-7-

hydroxycoumarin (16) (both at 1 µM in PBS) was characterized 

by a second-order rate constant of 903 ± 23 M-1 s-1 (Supporting 

Fig. S4). This represents the highest rate constant of a SPAAC 

reaction reported to date, and is approximately 20-fold higher 

than the previously highest rate constant of 45.1 M-1 s-1.12 To 

analyze the influence of the BODIPY-FL substituent of 

PYRROC on the rate constants, we took advantage of the fact 

that the quantum yield of 16 increases strongly after reacting 

with alkynes to form triazoles. Thus, the rate of reaction 

between unsubstituted PYRROC 10 and 16 can also be 

followed by fluorescence techniques, and can thus be compared 

to the rate of reaction between 13 and 16. Under otherwise 

identical assay conditions, the reaction of 16 with unlabeled 

PYRROC (10) proceeded with a less than twofold lower rate 

constant (k = 492 ± 43 M-1 s-1, Supporting Fig. S5). These data 

indicate that while BODIPY-FL does contribute to the high rate 

constants of 13 in PBS to some extent, the majority of the high 

reaction rates observed in the kinetic experiments is inherent to 

PYRROC. 

 The rate constants observed with PYRROC in SPAAC in 

aqueous solutions are three to four orders of magnitude higher 

than the rate constants measured in the standard reaction of 

PYRROC with benzyl azide in acetonitrile. Similar rate 

accelerations have been observed for Diels-Alder reactions in 

water compared to nonpolar solvents.26, 27 They are typically 

rationalized by a hydrophobic effect, leading to pre-association 

of the organic molecules in order to minimize their exposure to 

water, and reduction of the hydrophobic surface area in the 

course of the reaction.28 The difference in rate constants in the 

reactions of 13 with the aliphatic azides 14 and 15 can be 

rationalized by the increased hydrophobicity of 15. However, 

the higher rate constants obtained with 16 compared to 14 and 

15 cannot be explained with its hydrophobicity; instead, it 

might reflect a higher intrinsic reactivity of 16 caused by the 

conjugation of the azide moiety with the phenolic system, 

which is partially deprotonated at the neutral pH of PBS. 

 Rate enhancements in SPAAC reactions as a result of 

shifting to a more polar solvent or solvent mixture have also 

previously been reported,10, 12, 29 but the effect has not been so 

pronounced. This is presumably because the SPAAC reaction 

rate determinations have been carried out in partly aqueous 

solutions only.  

 In order to validate the aqueous buffer as the underlying 

cause of the high reaction rates, we carried out the reaction 

between 13 and 15 in acetonitrile and followed it by analysis of 

the fluorescence spectra. Using the same concentrations (3 µM) 

of cycloalkyne 13 and azide 15, no significant reaction was 

observed after 6 h (Fig. 3e, f). In contrast, the reaction in PBS 

had shown significant progress after just 90 seconds, and was 

virtually complete after only 4 h (Fig. 3b). This demonstrates 

that the aqueous buffer is a major contributor for the high 

reaction constants in SPAAC. 

In conclusion, we have presented PYRROC as the first 

functionalized cycloalkyne that cannot form isomers in 

SPAAC. The design concept of PYRROC facilitates a new field 

of application for SPAAC: the creation of uniform organic 

molecules, with a molecular weight that is prohibitively high 

for cell permeability, in the cellular environment. PYRROC 

displays unprecedented reaction rates in the reaction with 

azides in aqueous systems, and is suitable for derivatization at 

the hydroxy group. The absence of charged chemical moieties 

in PYRROC is likely to contribute to good cell permeability of 

its conjugates with organic molecules. No limitations with 

respect to the selection of azides have been observed to this 

point. We believe that the concept of symmetrically substituted 

cycloalkynes, as exemplified by PYRROC, will strongly 

influence future research in the fields of bioorthogonal 

chemistry, chemical biology, and medicinal chemistry. 

Applications of PYRROC in cell-based assays will be reported 

in due course. 
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