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Three concomitant C-C dissociation pathways during the mechanical 
activation of a N-heterocyclic carbene precursor  
 
Robert Nixon and Guillaume De Bo* 
 
 Department of Chemistry, University of Manchester, Oxford Road, Manchester M13 9PL, United Kingdom 
*e-mail: guillaume.debo@manchester.ac.uk.  
 
Chemical reactions usually proceed through radical, concerted, or ionic mechanisms, yet transformations 

in which these three mechanisms take place at the same time are rare. In polymer mechanochemistry a 

mechanical force, transduced along polymer chains, is used to activate covalent bonds in 

mechanosensitive molecules (mechanophores). Cleavage of a C–C bond often follows a homolytic 

pathway but some mechanophores have also been designed that react in a concerted or, more rarely, a 

heterolytic manner. Here, using 1H- and 19F-nuclear magnetic resonance spectroscopy in combination 

with deuterium labelling, we show that the dissociation of a mechanophore built around an N-

heterocyclic carbene precursor proceeds with the rupture of a C–C bond through concomitant 

heterolytic, concerted, and homolytic pathways. The distribution of products likely arises from a post-

transition-state bifurcation in the reaction pathway, and their relative proportion is dictated by the 

polarisation of the scissile C–C bond.  

 

Mechanical scission of covalent bonds usually occurs in a homolytic fashion 1,2 although mechanophores 

can be designed to react in a concerted 3 or, more rarely, heterolytic fashion 4-10. Perhaps the most 

interesting aspect of polymer mechanochemistry comes from the fact that molecules under tension follow 

reaction pathways that can significantly deviate from their zero-force mechanism and lead to unexpected 

outcomes2. This deviation can be expressed in the nature of the product formed, such as in the 

electrocyclic ring openings of strained cycles along a symmetry forbidden pathway, 11 12 and/or in the 

nature of the reactive intermediates 13,14,  or even in the change of the rate-determining step itself 15,16 17. 

Here we show that the ultrasound-induced dissociation of a neutral N-heterocyclic carbene precursor 

proceeds with the rupture of a single C-C bond via concomitant heterolytic, concerted, and homolytic 

dissociation pathways.  
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N-heterocyclic carbenes (NHC) form a versatile group of stable carbenes that have found many applications 

in the chemical sciences, most notably as ligands in metal-based catalysts18. The activation of Ag- 19,  Ru- 20, 

and Cu-based 21 mechanocatalysts, as well as a Pd-centered 22 mechanobase, have been recently reported 

and proceed via the dissociation of the metal-NHC bond. Interestingly, NHCs also display excellent catalytic 

performances on their own, and they have been used in a variety of organic transformations 23 and 

polymerizations 24. We envisioned the possibilty of untapping the catalytic potential of a metal-free NHC 

precursor via the mechanical cleavage of a C-C bond. Several methods exist to thermally liberate a carbene 

from an otherwise stable precursor 25. For example, NHCs can form stable adducts with fluorinated 

aromatics, which dissociate thermally via a concerted pathway 26. We hypothesized that this reaction could 

be initiated mechanically from polymer 1 in which the NHC-precursor mechanophore is appended with two 

poly(tetrahydrofuran) (PTHF) arms (Fig. 1), one attached to the imidazolidine unit and the other to the 

tetrafluoroaromatic leaving group (PTHF was chosen for its ratio of chain length to molecular weight, and 

its lack of reactive functional groups). This design ensures the positioning of the mechanophore in the 

central region of the polymer where tension accumulates during sonication 2. Constrained Geometry 

Simulates External Force (CoGEF) calculations 27 (DFT B3LYP/6-31G*) confirmed the suitability of this 

architecture by predicting the rupture of the desired C-C bond at a force (Fmax) of 4.8 nN (Fig. 2).  
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Figure 1 | The ultrasound activation of N-heterocyclic carbene precursor 1H proceeds via three 

concomitant dissociation pathways. 1H- and 19F-NMR, and deuterium labelling experiments reveals that 

most mechanophores undergo a heterolytic cleavage (~70%), followed by concerted (~24%), and homolytic 

(~6%) dissociations. 

Results and discussion 

Synthesis 

Alkyne-functionalized precursor 2H was obtained as a single cis-configured diastereoisomer (Fig. 2a,c), by 

condensing diamine S2 with tetrafluorobenzaldehyde S3, while azide-terminated polymer 3 is the result of 

a cationic ring-opening polymerisation (ROP)28 of THF initiated from methyl triflate (Fig. 2a). Formation of 1, 

by copper-catalyzed azide-alkyne cycloaddition (CuAAC)29, was evidenced by the appearance of two 

distinctive 1,4-triazole signals (Hf, 7.57 ppm; Ha, 7.40 ppm) in the 1H-nuclear magnetic resonance (NMR) 

spectrum (Fig. 3), and a new high-mass peak in gel permeation chromatography (GPC), indicative of a 

doubling in the molecular weight relative to the azide-functionalized polymer (Fig. 2b).  
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Figure 2 | Synthesis and CoGEF simulation of mechanophore-containing polymer 1. a, Polymer 1H was 

obtained by CuAAC of mechanophore 2H and PTHF 3. Conditions: i) MeOTf (1 eq.), THF (1500 eq.), 0 ˚C, 5h, 

then LiBr (30 eq.). ii) NaN3 (30 eq.), THF/DMF, 24h, rt. iii) CuBr, N,N,N’,N’’,N’’-pentamethyldiethyltriamine, 

CH2Cl2, 48h, rt. b, GPC traces of polymer 1H (Mn, GPC = 78 kDa, Đ = 1.12) and 3 (Mn, NMR = 15 kDa, Mn, GPC = 47 

kDa, Đ = 1.12) (THF, 1mL/min). c, Solid-state structure showing the cis configuration of mechanophore 2H. 

Hydrogen atoms omitted for clarity. C, grey; N, blue; O, red; F, green. d, CoGEF simulation on model 1mod 

(n=1) predicts the rupture of the desired C-C bond. Structures a maximal elongation (Emax) and after scission 

shown. Hydrogen atoms omitted for clarity. C, grey; N, blue; O, red; F, green.  

Mechanical activation of 1H 

Activation of 1H was carried out in solution using high-intensity ultrasound (US) while keeping the 

temperature of the solution between 5 and 10 °C. Monitoring the reaction by GPC indicates the 

disappearance of the peak corresponding to the mechanophore-centered polymer and the appearance of a 

peak corresponding to half the initial Mn (Fig. 3b). If the fragmentation occurs along the predicted scissile 
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bond, the residual chains should contain an imidazolidine derivative (4) and a tetrafluorobenzene unit (5H) 

respectively (Fig. 3a). This picture was confirmed by 1H NMR (Fig. 3c) with the decrease in intensity of the 

imidazolidine proton (Hc, 6.29 ppm), and the shift of the mesityl aromatic protons (Hb, 6.86 and 6.72 ppm) 

along with formation of a new 1,4-triazole peak directly corresponding to that of 5H (Hf’, 7.69 ppm). Most 

convincing was the emergence of a distinctive peak (Hx, 6.78 ppm) displaying a triplet-of-triplets splitting 

pattern corresponding to the aromatic proton of 5H. Similar results were observed in the 19F NMR spectra 

(Fig. 3d) where the asymmetric distribution of the peaks of the intact mechanophore (Fd, -137.37 and -

149.43 ppm; Fe, -157.00 and -157.43 ppm), indicative of the locked conformation of the fluorinated 

aromatic in the mechanophore (Fig. 2c), shifts towards the symmetry of the formed tetrafluorobenzene 

peaks (Fd’, -140.20 ppm; Fe’, -156.22 ppm) as the mechanophore is cleaved. Control experiments, where the 

mechanophore is placed at the end of the polymer, confirmed the mechanical nature of the activation (see 

SI Section 9). 

 

Figure 3 | Mechanical activation of polymer 1 leads to the scission of the central C-C bond. a, Sonication 

of polymer 1. Conditions: i) US (20 KHz, 15.6 W cm-2, 1 s ON / 1 s OFF), THF, 5 – 10 °C. R, imidazolidine 

derivative. b, Overlay of GPC traces gathered during sonication of polymer 1H is consistent with a rupture in 
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the central region of the polymer. c, Partial 1H NMR (500 MHz, CDCl3) of polymer 1H before (top) and after 

(middle) sonication along with a reference compound 5H ref. d, Partial 19F NMR (376 MHz, C6D6) of polymer 

1H before (top) and after (middle) sonication along with a reference compound 5H ref support the 

dissociation of the desired C-C bond. Lettering refers to assignment in Fig. 1 and Fig. 3a.

Uncovering the dissociation pathways 

To further investigate the dissociation mechanism, we synthesized an analogue of 1H selectively deuterated 

at the imidazolidine position (1D). Indeed, cleavage of this mechanophore, through the concerted pathway 

required for carbene formation, would lead to movement of the deuterium atom onto the post-sonication 

tetrafluorobenzene structure 5D (Fig. 4a). 19F NMR analysis of 1D after sonication showed two sets of peaks 

corresponding to both 5H and 5D, indicating the cleavage was not following a single mechanism. We 

postulated that the cleavage of 1x could occur via three mechanisms: concerted, in which the free carbene 

is formed through transfer of the imidazolidine proton, homolytic, leading to the formation of two radicals, 

and heterolytic, where an imidazolinium cation and a tetrafluorophenyl anion are formed (Fig. 1).  

 

Various sonication experiments were carried out in the presence of THF, a good hydrogen atom donor, and 

H2O, a proton source, to determine the extent of formation of 5H and 5D and, by there, the prominence of 

each mechanism (Fig. 4). The first such experiment involved the activation of 1H in a solution of THF with 

D2O added (Fig. 4, Entry 1), in which any amount of 5D formed would originate from a heterolytic 

mechanism in which the basic tetrafluorophenyl anion is deuterated. In these conditions, ~68% of the total 

amount of 5 formed incorporated a D atom (5D) suggesting the majority pathway is heterolytic. The extent 

the concerted mechanism was probed in a similar experiment where the imidazolidine ring of deuterated 

polymer 1D is the sole source of deuterium for formation of 5D (Fig. 4, Entry 2). This pathway was shown to 

occur for ~24% of the mechanophore units. Finally, we investigated the potential of a homolytic pathway, 

through sonication of 1H in fully deuterated THF-d8 and H2O ensuring the only source of deuterium is the 

THF solvent (Fig. 4, Entry 3), which is unlikely to react with the heterolytically-formed anion before H2O 

does. This reaction showed a small amount of 5D forming (~6%). A radical trapping experiment confirms the 
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formation of radical species (See SI Section 8.4). Additional experiments, where H and D sources are 

inverted compared to Entry 1-3, show opposite 5H/5D ratios (see SI Section 8.5). 

 

 

Figure 4 | Deuterium labelling experiments reveal three dissociation pathways. a, Polymer 1 cleaves to 

form 5H and 5D in ratios dependent upon the reaction conditions; during heterolytic cleavage an 

imidazolidinium species is also formed which can be deprotonated and reacted further with carbon 

disulfide. Conditions: i) US (20 KHz, 15.6 W cm-2, 1 s ON / 1 s OFF), see Table for solvent systems, 5-10 °C. ii) 

US (20 KHz, 15.6 W cm-2, 1 s ON / 1 s OFF), NH4Cl, THF, H2O, 5-10 °C. iii) NaH, CS2, THF, 1 h, rt. Mes, mesityl 

group. b, Partial 1H NMR (500 MHz, CDCl3) of polymer 1H before (1H) and after (1H sonication) sonication in 

THF and after sonication under conditions (ii) (1H + NH4Cl sonication) followed by reaction under conditions 

(iii) (7), along with reference compounds (6ref and 7ref). c, Partial 19F NMR (376 MHz, C6D6) of sonication 

reactions, corresponding to entries in the table along with reference compounds 5H ref and 5D ref, is used to 
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determine the extent of deuterium incorporation in the tetrafluorobenzene dissociation product. Lettering 

refers to assignment in Fig. 1 and Fig. 3a. 

 

Considering the concomitant existence of three different dissociation pathways, one could expect to 

observe a complex mixture of products deriving from the imidazolidine section of the mechanophore. 

However, the aromatic region of the 1H NMR spectrum presents a relatively simple pattern (Fig. 4b), which 

is characterized by the appearance a broad peak around 8.5 ppm, suggestive of an imidazolinium proton, 

and an equally intense peak at 7.74 ppm likely corresponding to a new triazole species. Though hydrolysis 

of the post-cleavage species could also be possible during sonication, resulting in similarly shifted peaks in 

the 1H NMR, we confirmed this was not the case through comparison with reference amide compounds 

(Supplementary Fig. 12). In fact, comparison with reference 6ref (Fig. 4b) further confirmed that the 

imidazolium salt is the end product for the imidazolidine side of the mechanophore, either formed directly 

upon heterolytic cleavage or after reprotonation of the carbene generated in the concerted pathway. 

Interestingly, we were able to select the counterion of the imidazolium cation upon addition of various 

salts during the sonication. Adding NH4Cl resulted in the imidazolidinium chloride salt 6 whereas addition of 

LiBr lead to the bromide salt (see SI section 8.3). In the absence of added salt, a chloride anion is the most 

likely counterion (probably originating from brine washes during the PTHF synthesis). To further confirm 

the existence of this salt species we decided to test its reactivity by treating the sonicated polymer with 

NaH to generate the carbene 18, which was trapped in situ with CS2 to afford zwitterionic compound 7 (Fig. 

4b and Supplementary Fig. 11). 

 

Controlling the dissociation pathways 

We were intrigued by the possibility of influencing the preferred reaction pathway by altering the 

polarisation of the scissile C-C bond. Since the electron-poor tetrafluorophenyl derivative favours the 

heterolytic pathway, due to its ability to stabilise a negative charge, we hypothesised that reducing the 

polarisation of the scissile C-C bond could favour the formation of the carbene via the concerted pathway. 
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Mechanical activation of thermally inert (see SI section 7) mono- and difluoro adducts, 8b and 8a 

respectively (Fig. 5a), indicate that a decrease in the electron-withdrawing ability of the departing aromatic 

favours the concerted pathway (Fig. 5b). This trend culminates with monofluoro mechanophore 8b, which 

produces 75% of concerted products (Fig. 5c). 

  

Figure 5 | Scissile bond polarisation controls the relative importance of each dissociation pathway. a, 

Structure of mono- and difluoro adducts 8b and 8a. Mes, mesityl group. b, Proportion of the 

mechanophore cleaving in a concerted pathway as a function of the number of fluorine atoms (nF) in the 

aromatic leaving group. c, Relative importance of each dissociation pathway observed during the sonication 

of adducts 1H, 8a, and 8b (n.o.: not observed; see SI for conditions).  

 

Dissociation mechanism 

The question arises of what is the nature of the mechanism leading to these three concomitant dissociation 

pathways. The divergent pathways could result from up to three different but energetically close TS, or 

from a post-TS bifurcation where the potential energy surface (PES) is modified by force to allow divergent 

reaction pathways to emerge (Fig. 6a). In the absence of external force, the generation of the carbene 

species via a concerted mechanism is favoured. However, it has been shown that the rate of thermal 

activation of similar adducts is sensitive to the solvent polarity, suggesting a significant degree of 
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asynchronicity in the transition state.30 This picture is confirmed by the calculated geometry of the TS 

(B3LYP/6-31G*) during the force-free concerted elimination of the tetrafluoroarene in model S25 (see SI 

Section 10.2). The C1-C2 bond presents a large degree of dissociation with partial positive and negative 

charges accumulating at C1 and C2 respectively. Interestingly, a very similar geometry is observed in the 

stretched mechanophore at Emax (Fig. 2d), suggesting that external tension should not negatively impact the 

TS of the concerted pathway. At the same time, heterolytic cleavage is the main dissociation pathway when 

the bond is highly polarised (nF = 4), and it is also predicted in the CoGEF calculations (see Supplementary 

Fig. 19).  Under tension, the reaction coordinate is restricted to the elongation of C1-C2
 and C1-H along the 

force vector and, as such, the heterolytic scission should follow a similar pathway to the concerted 

dissociation except for the fact that C1-C2 scission occurs before the proton transfer. In fact force-modified 

PES calculations reveal a bifurcating surface with two trajectories originating from a single TS (Fig. 6b-d).31,32 

With model R (X=F, nF=4), a shorter version of the Emax structure in Fig. 2d, the reaction follows a single 

pathway along a channel centred on C1-H=1.09Å and culminating at the TS around C1-C2=2.15Å. Beyond this 

point the reaction can either proceed along the same trajectory to reach the heterolytic products, or 

bifurcate to another valley of the PES where the C1-C2 and C1-H bonds extend at a similar rate to generate 

the concerted products (Fig. 6c and SI Section 10.3). At low force (~0.1nN), the heterolytic channel almost 

completely disappears from the PES (Fig. 6b). Similarly, decreasing the polarisation of the scissile bond 

(nF=2) improves the synchronicity of the dissociation and reduces the importance of the heterolytic 

pathway (Fig. 6d). The emergence of a post-TS bifurcation in a force-modified PES has been recently 

observed in other mechanophores,33,34 and could be a common phenomenon in mechanochemical 

transformations. Since the minor homolytic pathway is not observed when the importance of the 

heterolytic pathway decreases (Fig. 5b), it seems plausible that these two pathways are linked and that the 

homolytic pathway results from an electron transfer during the formation of the heterolytic products. 
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Figure 6 | The main dissociation pathways are likely the result of a post-transition-state bifurcation on 

the force-modified potential energy surface. a, Proposed mechanism for the mechanical cleavage of C1-C2 

bond leading to concerted and heterolytic products. Mes, mesityl group. Me, methyl group. b, PES 

(B3LYP/6-31G*) for the dissociation of C1-C2 in R (X=F) at low force (constrained Me-Me distance of 

12.249Å, corresponding to the intermediate at 3.1Å in CoGEF of 1mod in Fig. 2d).  c, PES (B3LYP/6-31G*) for 

the dissociation of C1-C2 in R (X=F) at Fmax (constrained Me-Me distance of 13.839Å, corresponding to the 

Emax intermediate in CoGEF of 1mod in Fig. 2d). d, PES (B3LYP/6-31G*) for the dissociation of C1-C2 in R (X=H) 

at Fmax (constrained Me-Me distance of 13.839Å, corresponding to the Emax intermediate in CoGEF of 8a’ in 

Supplementary Fig. 19). The relative energy of each intermediate was determined by setting the energy of 

the force-free state (R) at 0 kJ/mol. Plain and dashed lines indicate heterolytic and concerted pathways 

respectively. The energy values associated with the heterolytic pathway are probably overestimated due to 

the lack of a solvent model. 
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Conclusions 

In conclusion, we have uncovered the presence of three concomitant dissociation pathways (heterolytic, 

concerted, and homolytic) for the rupture of a C-C bond upon mechanochemical activation of a N-

heterocyclic carbene precursor, and found that the relative proportion of each pathway is dictated by the 

polarisation of the scissile C-C bond. In the tetrafluoro mechanophore, the major pathway (~70%) is a 

heterolytic scission that results in an anionic species, that is readily protonated, and a cationic 

imidazolidinium species that persists as an isolable chloride salt. 19F NMR analysis, combined with strategic 

deuteration of the mechanophore, shows the presence of a concerted pathway (~24%) that results in 

formation of a free carbene species. A third, minor pathway (~6%) leads to the formation of radical species 

by homolytic cleavage. When the polarisation of the scissile C-C bond decreases, the concerted pathway 

becomes dominant. This trend culminates with a monofluoro mechanophore, which produces 75% of the 

concerted products. The product distribution is likely the result of a post-transition-state bifurcation on the 

force-modified potential energy surface. This phenomenon has been recently observed in other 

mechanochemical transformations, 33,34 and might be more common than anticipated. Interestingly, the 

shape of the force-modified PES can be altered to favour a particular dissociation pathway by tuning the 

electronic properties of the mechanophore. These results further demonstrate the vast potential offered 

by polymer mechanochemistry to expand the reactivity space by favouring unusual reaction pathways. The 

possibility to probe and alter these reaction pathways, using labeling experiments and substituent effects 

respectively, should help refine the current models of reactivity for molecules under tension and provide 

new ways to control the outcome of a mechanochemical reaction. 
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Figures captions 

 

Methods 

See Supplementary Information for detailed methods and protocols. 

Mechanical activation.  The specified polymer (70 mg) was dissolved in the specified solvent mixture (15 

mL) and added to a modified Suslick cell. The solution was sonicated using a Sonics VCX 500 ultrasonic 

processor equipped with a 13 mm diameter solid probe or replaceable-tip probe (20 KHz, 15.6 W cm-2, 1 s 

ON / 1 s OFF, 5 – 10 °C). Nitrogen was gently bubbled through the solution as it was sonicated. After 180 

min of sonication time, the mixture concentrated and dried under high vacuum for an extended period of 

time (approximately 24 h), the polymer was washed with acetonitrile (5 mL) before drying again. 

CoGEF calculation. CoGEF calculations were performed on Spartan ’14 following Beyer’s method.27 The 

structure of the mechanophore was built in Spartan ’14 and minimized using molecular mechanics (MMFF). 

The distance between the terminal methyl groups of 1mod was constrained and increased by increments of 

0.1 Å. At each step, the energy was minimized by molecular mechanics (MMFF) then DFT (B3LYP/6-31G*) in 

vacuum. The relative energy of each intermediate was determined by setting the energy of the initial state 

at 0 kJ/mol. Fmax value is determined from the slope of the final 40% of the energy/elongation curve (i.e. 

from 0.6 Emax to Emax). 

PES calculations. PES calculations were performed on Spartan ’14. The structure of the model 

mechanophore R was built in Spartan ’14 and minimized using molecular mechanics (MMFF). The distance 
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between the terminal methyl groups was constrained (D = 12.249Å (low-force) or 13.839Å (Emax)), and C1-C2 

and C1-H bond lengths were increased by increments of 0.1 Å from 1.805Å to 3.405Å, and 0.99Å to 2.09Å 

respectively. At each step, the energy was minimized by molecular mechanics (MMFF) then DFT (B3LYP/6-

31G*) in vacuum. The relative energy of each intermediate was determined by setting the energy of the 

force-free state at 0 kJ/mol. The energy values associated with the heterolytic pathway are probably 

overestimated due to the lack of a solvent model. 
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