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Mechanical scission of covalent bonds usually occurs in a 
homolytic fashion1,2 although mechanophores can be 
designed to react in a concerted3 or, more rarely, hetero-

lytic fashion4–10. Perhaps the most interesting aspect of polymer 
mechanochemistry comes from the fact that molecules under ten-
sion follow reaction pathways that can substantially deviate from 
their zero-force mechanism with 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 pathway11,12 and/or in the nature of the reac-
tive intermediates13,14, or even in the change of the rate-determining 
step itself15–17. Here we show that the ultrasound-induced dissocia-
tion of a neutral N-heterocyclic carbene (NHC) precursor proceeds 
with the rupture of a single C–C bond via concomitant heterolytic, 
concerted and homolytic dissociation pathways.

NHCs 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 mechanocatalysts based 
on Ag (ref. 19), Ru (ref. 20) and Cu (ref. 21), as well as a Pd-centred22 
mechanobase, have been reported recently and proceed via the dis-
sociation 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 transformations23 and polymerizations24. 
We envisaged that the catalytic potential of a metal-free NHC pre-
cursor could be explored via the mechanical cleavage of a C–C 
bond. Several methods exist to thermally liberate a carbene from 
an otherwise stable precursor25. For example, NHCs can form stable 
adducts with fluorinated aromatics, which dissociate thermally via 
a concerted pathway26. 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 reac-
tive functional groups). This design ensures the positioning of the 
mechanophore in the central region of the polymer where tension 
accumulates during sonication2. Constrained Geometry Simulates 

External Force (CoGEF) calculations27 (density functional theory 
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).

Results and discussion
Synthesis. Alkyne-functionalized precursor 2H was obtained as 
a single cis-configured diastereoisomer (Fig. 2a,c) by condens-
ing diamine S2 with tetrafluorobenzaldehyde S3, whereas the 
azide-terminated polymer 3 is the result of a cationic ring-opening 
polymerization28 of THF initiated from methyl triflate (Fig. 2a). The 
formation of 1 by copper-catalysed azide–alkyne cycloaddition29 
was evidenced by the appearance of two distinctive 1,4-triazole 
signals (Hf, 7.57 ppm, and Ha, 7.40 ppm) in the 1H-NMR spectrum 
(Fig. 3), and a new high-mass peak in gel permeation chromatogra-
phy (GPC), indicative of a doubling in the molecular weight relative 
to that of the azide-functionalized polymer (Fig. 2b).

Mechanical activation of 1H. Activation of 1H was carried out in 
solution using high-intensity ultrasound while keeping the temper-
ature of the solution between 5 and 10 °C. Monitoring the reaction 
by GPC indicated the disappearance of the peak that corresponds to 
the mechanophore-centred polymer and the appearance of a peak 
that corresponds to half the initial Mn (Fig. 3b). If the fragmentation 
occurs along the predicted scissile bond, the residual chains should 
contain an imidazolidine derivative (4) and a tetrafluorobenzene unit 
(5H) (Fig. 3a). This picture was confirmed by 1H NMR spectroscopy 
(Fig. 3c) with a decrease in the intensity of the imidazolidine proton 
(Hc, 6.29 ppm) and a shift of the mesityl aromatic protons (Hb, 6.86 
and 6.72 ppm) along with the formation of a new 1,4-triazole peak, 
which directly corresponds to that of 5H (Hf′, 7.69 ppm). Most con-
vincing was the emergence of a distinctive peak (Hx, 6.78 ppm) that 
displayed a triplet-of-triplets splitting pattern, which corresponded 
to the aromatic proton of 5H. Similar results were observed in the  
19F NMR spectra (Fig. 3d), in which the asymmetric distribu-
tion of the peaks of the intact mechanophore (Fd, −137.37 and  
−149.43 ppm; Fe, −157.00 and −157.43 ppm), indicative of the 
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locked conformation of the fluorinated aromatic in the mecha-
nophore (Fig. 2c), shifted towards the symmetry of the formed  
tetrafluorobenzene peaks (Fd′, −140.20 ppm; Fe′, −156.22 ppm) as 

the mechanophore was cleaved. Control experiments in which the 
mechanophore was placed at the end of the polymer confirmed the 
mechanical nature of the activation (Supplementary Section 9).
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Fig. 2 | synthesis and CoGeF simulation of mechanophore-containing polymer 1. a, Polymer 1h was obtained by the copper-catalysed azide–alkyne 
cycloaddition of mechanophore 2H and PTHF 3. Conditions: (i) MeOTf (1 equiv.), THF (1,500 equiv.), 0 °C, 5 h and then LiBr (30 equiv.); (ii) NaN3 
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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, 1 ml min–1). c, Solid-state structure showing 
the cis configuration of mechanophore 2H. d, CoGEF simulation on model 1mod (n = 1) predicts the rupture of the desired C–C bond. Structures with Emax 
(top) and after scission (bottom) are shown. Hydrogen atoms omitted for clarity. C, grey; N, blue; O, red; F, green.
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Uncovering the dissociation pathways. To further investigate the 
dissociation mechanism, we synthesized an analogue of 1H selec-
tively 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 postsonication tetrafluorobenzene structure 5D (Fig. 4a). 
19F NMR analysis of 1D after sonication showed two sets of peaks 
that corresponded to both 5B and 5D, which indicates the cleavage 
did not follow a single mechanism. We postulated that the cleavage 
of 1x could occur via three mechanisms: concerted, in which the free 
carbene is formed through the transfer of the imidazolidine proton, 
homolytic, which leads to the formation of two radicals, and het-
erolytic, in which 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, thereby, 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), which suggests the majority 
pathway is heterolytic. The extent of the concerted mechanism was 
probed in a similar experiment in which the imidazolidine ring of 
deuterated polymer 1D was the sole source of deuterium for the for-
mation of 5D (Fig. 4, entry 2). This pathway was shown to occur for 
~24% of the mechanophore units. Finally, we investigated the poten-
tial of a homolytic pathway through sonication of 1H in fully deuter-
ated THF-d8 and H2O to ensure that the only source of deuterium was 

the THF solvent (Fig. 4, entry 3), which is unlikely to react with the 
heterolytically formed anion before H2O does. This reaction showed 
that a small amount of 5D formed (~5%). A radical trapping experi-
ment confirmed the formation of radical species (Supplementary 
Section 8.4). Additional experiments, in which H and D sources were 
inverted compared with those in Fig. 4a, entries 1–3, showed the 
opposite 5H/5D ratios (Supplementary Section 8.5).

Considering the concomitant existence of three different disso-
ciation pathways, one could expect to observe a complex mixture 
of products to derive from the imidazolidine section of the mecha-
nophore. However, the aromatic region of the 1H NMR spectrum 
presents a relatively simple pattern (Fig. 4b), which is characterized 
by the appearance of a broad peak around 8.5 ppm, suggestive of 
an imidazolinium proton, and an equally intense peak at 7.74 ppm, 
which probably corresponds to a new triazole species. Although 
hydrolysis of the postcleavage species could also be possible dur-
ing sonication and result in similarly shifted peaks in the 1H NMR, 
we confirmed this was not the case through comparison with refer-
ence amide compounds (Supplementary Fig. 12). In fact, compari-
son with reference compound 6 (6ref) (Fig. 4b) further confirmed 
that the imidazolinium salt is the end product for the imidazolidine 
side of the mechanophore, either formed directly on heterolytic 
cleavage or after reprotonation of the carbene generated in the con-
certed pathway. Interestingly, we were able to select the counterion 
of the imidazolinium cation on the addition of various salts dur-
ing the sonication. Adding NH4Cl resulted in the imidazolinium 
chloride salt 6, whereas the addition of LiBr led to the bromide salt 
(Supplementary Section 8.3). In the absence of added salt, a chlo-
ride anion is the most likely counterion (which probably originates 
from brine washes during the PTHF synthesis). To further confirm 
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the existence of this salt species, we decided to test its reactivity by 
treating the sonicated polymer with NaH to generate the carbene18, 
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 the preferred reaction pathway could be influ-
enced by altering the polarization of the scissile C–C bond. As the 
electron-poor tetrafluorophenyl derivative favours the heterolytic 
pathway, due to its ability to stabilize a negative charge, we hypoth-
esized that to reduce the polarization of the scissile C–C bond 
could favour the formation of the carbene via the concerted path-
way. Mechanical activation of the thermally inert (Supplementary 
Section 7) mono and difluoro adducts 8b and 8a, respectively 
(Fig. 5a), indicated 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, for which 75% of the product was concerted (Fig. 5c).

Dissociation mechanism. The question arises as to the nature of the 
mechanism that leads to these three concomitant dissociation path-
ways. The divergent pathways could result from up to three differ-
ent but energetically close transition states (TS), or from a post-TS 
bifurcation in which 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 
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that the rate of thermal activation of similar adducts is sensitive to 
the solvent polarity, which suggests a substantial degree of asyn-
chronicity in the TS30. This picture was confirmed by the calculated 
geometry of the TS (B3LYP/6-31G*) during the force-free concerted 
elimination of the tetrafluoroarene in model S25 (Supplementary 
Section 10.2). The C1–C2 bond presents a large degree of dissocia-
tion with partial positive and negative charges that accumulate at 
C1 and C2, respectively. Interestingly, a very similar geometry is 
observed in the stretched mechanophore at a maximal elongation 
(Emax) (Fig. 2d), which suggests 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 polarized (number of fluorine atoms (nF) = 4)), and it 
is also predicted in the CoGEF calculations (Supplementary Fig. 19).  
Under tension, the reaction coordinate is restricted to the elonga-
tion of C1–C2 and C1–H along the force vector and, as such, the 
heterolytic scission should follow a similar pathway to the con-
certed dissociation except for the fact that the C1–C2 scission occurs 
before the proton transfer. In fact, force-modified PES calculations 
revealed a bifurcating surface with two trajectories that originated 
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 = 1.09 Å and cul-
minating at the TS around C1–C2 = 2.15 Å. 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 Supplementary Section 10.3). At a 
low force (~0.1 nN), the heterolytic channel almost completely dis-
appears from the PES (Fig. 6b). Similarly, decreasing the polariza-
tion 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 was recently observed in other mechanophores33,34, and could 
be a common phenomenon in mechanochemical transformations.  
As the minor homolytic pathway is not observed when the impor-
tance of the heterolytic pathway decreases (Fig. 5b), it seems plau-
sible that these two pathways are linked and that the homolytic 
pathway results from an electron transfer during the formation of 
the heterolytic products.

Conclusions
In conclusion, we uncovered the presence of three concomitant 
dissociation pathways (heterolytic, concerted and homolytic) for 
the rupture of a C–C bond on the mechanochemical activation of 
a NHC precursor, and found that the relative proportion of each 
pathway is dictated by the polarization of the scissile C–C bond. 
In the tetrafluoro mechanophore, the major pathway (~70%) is a 

Phetero

TS

TS

Pconc Pconc Pconc

TS

1.805
1.905

200

200

300

150

100
100

50

R
elative energy (kJ m

ol –1)

200

300

100

2.005
2.105
2.205
2.305
2.405
2.505

C
1 –C

2  (Å
)

C1–H (Å)

2.605
2.705
2.805
2.905
3.005
3.105
3.205
3.305
3.405

1.805
1.905
2.005
2.105
2.205
2.305
2.405
2.505

C
1 –C

2  (Å
)

2.605
2.705
2.805
2.905
3.005
3.105
3.205
3.305
3.405

1.805
1.905
2.005
2.105
2.205
2.305
2.405
2.505

C
1 –C

2  (Å
)

2.605
2.705
2.805
2.905
3.005
3.105
3.205
3.305
3.405

0.99 1.19 1.39 1.59 1.79 1.99

C1–H (Å)

0.99 1.19 1.39 1.59 1.79 1.99

C1–H (Å)

0.99 1.19 1.39 1.59 1.79 1.99

N

N

Mes

F

F

OMe
Mes

X

X
H

1 2
N

N

Mes

F

F

OMe
H

Mes X

X
Mes

Pconc

P

MeO

R

a

b c d

MeO

TS

Post-transition-state 
bifurcation

C1–C2 = 1.53 Å, C1–H = 1.09 Å

N

N

Mes

F

F

OMe

Mes X

X

H
MeO

R
elative energy (kJ m

ol –1)

R
elative energy (kJ m

ol –1)

N

N

Mes

F

F

OMe

X

X

H
hetero

MeO

Fig. 6 | The main dissociation pathways are probably the result of a post-Ts bifurcation on the force-modified Pes. a, Proposed mechanism for the 
mechanical cleavage of the C1–C2 bond that leads to concerted (Pconc) and heterolytic (Phetero) products. b, PES (B3LYP/6-31G*) for the dissociation of 
C1–C2 in R (X = F) at a low force of 0.1 nN (constrained Me–Me distance of 12.249 Å, which corresponds to the intermediate at 3.1 Å 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 13.839 Å, which corresponds 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 13.839 Å, 
which corresponds 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–1. Plain and dashed lines indicate the heterolytic and concerted pathways, respectively. The energy values 
associated with the heterolytic pathway are probably overestimated due to the lack of a solvent model.

NaTuRe ChemisTRy | www.nature.com/naturechemistry

http://www.nature.com/naturechemistry


Articles NaTure CHeMIsTry

heterolytic scission that results in an anionic species, which is read-
ily protonated, and a cationic imidazolinium 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 the formation of a free carbene spe-
cies. A third, minor pathway (~6%) leads to the formation of radical 
species by homolytic cleavage. When the polarization of the scissile 
C–C bond decreases, the concerted pathway becomes dominant. 
This trend culminates with a monofluoro mechanophore, with a 
75% concerted product. The product distribution is probably the 
result of a post-TS bifurcation on the force-modified PES. This 
phenomenon was recently observed in other mechanochemical 
transformations33,34, 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 demon-
strate 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 
labelling experiments and substituent effects, respectively, should 
help refine the current models of reactivity for molecules under ten-
sion and provide new ways to control the outcome of a mechano-
chemical reaction.
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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 was concentrated and 
dried under high vacuum for an extended period of time (approximately 24 h),  
the polymer was washed with acetonitrile (5 ml) and then dried again.

CoGEF calculation. CoGEF calculations were performed on Spartan ′14 following 
Beyer’s method27. The structure of the mechanophore was built in Spartan ′14 
and minimized using molecular mechanics force field (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 MMFF and then 
density functional theory (B3LYP/6-31 G*) in vacuum. The relative energy of each 
intermediate was determined by setting the energy of the initial state at 0 kJ mol. 
The Fmax value was determined from the slope of the final 40% of the energy/
elongation curve (that is, 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 
MMFF. The distance between the terminal methyl groups was constrained 
(D = 12.249 Å (low-force) or 13.839 Å (Emax)), and C1–C2 and C1–H bond lengths 
were increased by increments of 0.1 Å from 1.805 Å to 3.405 Å and from 0.99 Å to 
2.09 Å, respectively. At each step, the energy was minimized by MMFF and then 
density functional theory (B3LYP/6-31 G*) in vacuum. The relative energy of 
each intermediate was determined by setting the energy of the force-free state at 

0 kJ mol–1. The energy values associated with the heterolytic pathway are probably 
overestimated due to the lack of a solvent model.
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