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Recent lively debates about the nature of the quadruple bonding in the diatomic species C2 
have been heightened by recent suggestions of molecules in which carbon may be similarly 
bonded to other elements. The desirability of having methods for generating such species at 
ambient temperatures and in solution in order to study their properties may have been realized 
by a recent report of the first chemical synthesis of free C2 itself under mild conditions. The 
method involved unimolecular fragmentation of an alkynyl zwitterion 2 as generated from the 
precursor 1, resulting in production and then trapping of free C2 at ambient temperatures rather 
than the high temperature gas phase methods normally employed for C2 generation. Here, 
alternative mechanisms are proposed for this reaction based on DFT calculations involving 
bimolecular 1,1- or 1,2-iodobenzene displacement reactions from 2 directly by galvinoxyl 
radical, or hydride transfer from 9,10-dihydroanthracene to 2. These mechanisms result in the 
same trapped products as observed experimentally, but unlike that involving unimolecular 
generation of free C2, exhibit calculated free energy barriers commensurate with the reaction 
times observed at room temperatures. The relative energies of the transition states for 1,1 vs 
1,2 substitution provide a rationalisation for the observed isotopic substitution patterns. The 
same mechanism also provides an energetically facile path to polymeric synthesis of carbon 
rich species by extending the carbon chain attached to the iodonium group, eventually resulting 
in formation of amorphous carbon and discrete molecules such as C60. 

Introduction 
 
The diatomic species C2 has a long and literally colourful history, one nicely summarised 
recently.1 Much of the known chemistry and particularly the spectroscopy relates to the gaseous 
species at high temperatures, but the very high reactivity has also meant that ambient 
temperature generation in the condensed phase and the mechanism of subsequent reactions  has 
hitherto been less studied. Interest in this species has been particularly sparked in the last 
decade by renewed discussion of its chemical bonding in the form of a proposal that it sustains 
a quadruple bond between the carbons as in C⩸C,2,3,4 a claim that generated5 much stimulating 
debate and continues to do so unabated.6 Most recently, the attention has extended to species 
with quadruple bond patterns between carbon and other elements such as C⩸Fe7 or related 
main group elements with similar four-fold bond characteristics as in B⩸Rh8 or Si⩸Rh.9 Such 
diverse reports raise the distinct possibility that room temperature/solution studies of species 
containing quadruple bonds to carbon will become possible and perhaps even routine. In this 
context then, the recent proposal10,11 of a room temperature chemical synthesis in the 
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condensed phase on a relatively rapid timescale (~minutes) of C2 itself was particularly 
significant, since this would open an avenue for exploring the reactivity of carbon in this 
unusual bonding state in new media and a new temperature range. The reaction was thought to 
proceed at ambient or low temperatures from the transient zwitterionic intermediate 2, formed 
by treating precursor 1 with a source of fluoride anion. Unimolecular fragmentation  of 2 would 
then produce iodobenzene and free singlet state C2 (Figure 1). It should be noted that other 
reagents that deliver a dicarbon fragment have been reported,12 although there the mechanism 
was not thought to involve any free C2. Likewise dicarbon stabilized by a single phosphine 
ligand has been characterised13 which can undergo, inter alia, an interesting intermolecular C-
H activation upon thermolysis. Experiments trapping 2 in solution with either 9,10-
dihydroanthracene or galvinoxyl radical (Figure 2) enabled isolation of products from which 
participation of free C2 was inferred.10,11 The same conclusion also following from detection 
of polymeric carbon products such as amorphous carbon and even C60. An experiment carried 
out using solid reagents putatively produced “C2 gas”, as inferred by using argon to flush any 
volatile products out of the reagent flask and into a second flask, where they were again 
observed to be trapped using solid galvinoxyl. 

 
Figure 1. Reaction scheme for proposed10,11 chemical synthesis of singlet free C2. 

 
Figure 2. Trapping reactions for inferring the existence of singlet free C2. 

 
Further pertinent experimental observations are the reported results10,11 of isotopic substitution 
in 2. In dichloromethane solutions, it was asserted that 13C⩸C12, as apparently formed from 
labelled 2 and trapped using galvinoxyl, results in a 71:29 product ratio in favour of a 13C label 

I PhMe3Si

BF4

I PhMe3Si F

BF4

I PhMe3Si FBF4

1 2

3, "C2"

NR4

NR4

NR4F

CsF

+ ++

3

O:O

= Gal

HGal

GalGal

HH



 3 

in the a position of the product rather than b (see Figure 4). For the experiment conducted 
without solvent, the isotope distribution was found to be almost equal (52:48). The former 
result was attributed10,11 to a fast radical pairing between C2 and galvinoxyl in solution, prior 
to ejection of iodobenzene from the solvent cage. Changes in the isotope patterns with solvent 
were thought to arise from differing solvent viscosities.  
 
A fundamental aspect of any ambient temperature reaction occurring on a relatively short time 
scale is its energetics. These were addressed as matter arising14,15 from the original synthetic 
report, in which analysis of the computed thermodynamics of this reaction led to the conclusion 
that the production of free C2 and iodobenzene was likely to be highly endoenergic. The 
energetics of the equilibrium (Eqn. 1, R=Me,Ph) were in the range of +(43-53) kcal mol-1using 
three different estimates, anchored by a calibrated CCSD(T)/Def2-
TZVPPD/SCRF=dichloromethane calculation for a simplified model (Eqn. 1, R=Me) for 
which DG298 +47.1 kcal mol-1. Eyring theory tells us that at 298K, unimolecular reactions with 
a half-life of respectively 1 minute and 1 hour correspond to free energy barriers of 20.0 or 
22.5 kcal mol-1, significantly lower than the energy range predicted above. 
 

-C≡C-I+-R ⇄ C⩸C + I-R   Eqn. 1 
 
 

 
Figure 3. Reactions of the zwitterionic species 2 with the chemical traps galvinoxyl and 

9,10-dihydroanthracene and with itself. 
 
In order to demonstrate that the species being trapped really is C2, one has to exclude the 
possibility that its putative precursor, the zwitterionic species 2, is itself being trapped by these 
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same reagents (Figure 3) prior to any release of C2. Since generation of C2 by reactions such 
as these has the potential for much exploitation, it is important to try to establish not only the 
energetics but also the mechanisms by which the observed products might be forming. 
Following on from the previous energetic study14,15 (Figure 2), the present article reports the 
results of a computational exploration of the bimolecular reaction mechanism between 2 and 
the trapping reagents used in the original experimental study (Figure 3), including the self-
reaction of 2 and further similar steps which result in polymerisation giving linear carbon 
chains.  
 

 
Figure 4. Isotopic substitution patterns resulting from competing 1,1- and 1,2-substitution 
reactions of iodobenzene in 2 by galvinoxyl. 

Computational Details 
 
To study the energetics and mechanism of these reactions, the ωB97XD16/Def2-SVPD17 
/SCRF18=dichloromethane solvent density functional procedure was selected19 as 
computationally more feasible than coupled-cluster methods such as CCSD(T) for computing 
large species such as galvinoxyl and for evaluating intrinsic reaction coordinates (IRCs). This 
DFT method was first calibrated against both the CCSD(T)20/Def2-TZVPPD17 model and 
experiment (Table S2).21 This revealed that the relative energy of free C⩸C itself is predicted 
to be too high14,15 by ~28 kcal mol-1 using the ωB97XD/Def2-SVPD/SCRF=DCM method. 
Transition states were verified using IRC pathways.22 A model 1,2-substitution reaction which 
is similar to the reactions shown in Figure 3 and which allows the CCSD(T) level transition 
state to be located using symmetry alone (C2h) was selected for calibration (Eqn. 2). 

 
Me-I+-C≡C- + I-Me → Me-I + -C≡C-I+-Me  Eqn. 2 

 
Results and Discussion 
 
A bimolecular mechanistic model avoiding the formation of free C2 is here proposed. This 
involves concerted 1,1-substitution directly on 2 by nucleophilic attack from e.g. the galvinoxyl 
oxygen atom and with iodobenzene acting as a nucleofuge, to form a b-labelled product if 
isotopic substitution is present in 2 and a-labelled product for 1,2-substitution (Figure 4). The 
transition state structures for these two alternatives are shown in Figure 5. Classical 
nucleophilic substitution at trigonal23 and digonal24 carbon is suggested to proceed via a 1,1-
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mode involving either addition/elimination or a direct SN2 like structure, but 1,2-modes have 
apparently never been previously proposed. A similar 1,1-substitution mechanism which 
avoids liberating the free cation C⩸N+ (a species isoelectronic with C⩸C) may apply25 when 
cyanogen chloride or bromide (Cl-C≡N) reacts with benzene in the presence of e.g., aluminium 
chloride to produce benzonitrile,26 with benzene as nucleophile displacing the chloride 
nucleofuge directly at carbon.  
 
 

 
Figure 5. Calculated (ωB97XD/Def2-SVPD/SCRF=dichloromethane) geometry for reaction 
of 2 with (a) phenoxyl radical via a 1,1- and (b) a 1,2-substitution, (c) with galvinoxyl via 
1,1-substitution and (d) 1,2-substitution. For 3D representations and normal transition mode 
animations of all transition states, see table S1.27  
 
The issue now is whether either of these alternative mechanisms have overall lower activation 
free energies than the previously mooted pathway generating C2 itself, whether unbound or as 
a “solvent-cage trapped” species. The ωB97XD/Def2-SVPD/SCRF=DCM model predicts the 
barriers for this bimolecular reaction (Eqn. 2 and Table S2,28 column 8) to be close to those 
obtained at the CCSD(T) levels and also that the differences between the more accurate Def2-
TZVPPD and the computationally faster Def2-SVPD basis sets are acceptably small (<1 kcal 
mol-1). It was also possible to compare the free energy of the 1,2-substitution transition states 
(Eqn. 2) with that of free C2 + two Me-I molecules (Table S2,28 column 7). If a correction of 
~+28 kcal mol-1 noted above is applied to DG298 using the ωB97XD/Def2-SVPD/SCRF=DCM 

model,29 the 1,2-substitution reaction of Me-I+-C≡C- by Me-I as nucleophile still emerges as 
~10 kcal mol-1 lower in energy than the pathway involving free C2. Replacing Me-I by 
phenoxyl radical as a better substituting nucleophile suggests that this 1,2-reaction is now ~21 
kcal mol-1 lower in free energy than generation of free C2, and that the activation free energy 
itself (~21 kcal mol-1) is compatible with a facile room temperature reaction.  
 
The results for increasingly complete models of the galvinoxyl trap are shown in Tables 1 for 
both the 1,1- and 1,2-substitution mechanisms. The reaction between 2 and phenoxyl radical 
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has a slightly lower barrier (ΔG‡~16.9-18.8 kcal mol-1) in the gas phase than in dichloromethane 
solution (~19.4-19.6), due to solvent stabilization of the ionic 2. The free energies of the 1,1- 
and 1,2-substitutions tend to be similar but not identical, which would account for the small 
variations in isotopic ratios of the final product. Such a model no longer requires stipulating 
fast radical pairing in a solvent cage to account for unequal isotope ratios in solutions. For the 
full galvinoxyl model, 1,2-substitution resulting in a-labelled 13C-product is computed as 
slightly lower in free energy, in accord with observation. These transition states also have 
slightly different dipole moments (1,2 isomer 12.2D, vs 1,1-isomer 11.0D), which suggests that 
such differences may explain the changes in isotope ratios as a function of solvent observed in 
the original experiments (cf Figure 4). The height of the dichloromethane solution free energy 
barrier (25.9 kcal mol-1) is now perhaps 3-4 kcal/mol higher than expected for a facile room 
temperature reaction, but the size of the system has thus far precluded full conformational 
optimisation to identify any conformers with lower energy barriers. The energies of both the 
1,1- and 1,2-substitution transition states are lower than the computed combined free energies 
of the trapping species + free C2 + iodobenzene by ~12.3 and 14.3 kcal mol-1 respectively. 
Bimolecular reaction between free C2 and any trap would augment that free energy difference 
because of an additional free energy barrier induced by loss of entropy (see e.g. the entry in 
Table 1 for the reaction between free C2 and dichloromethane), reinforcing the conclusion that 
the route involving bound rather than free C2 is the more probable mechanism. 
 

Table 1.a Computed activation free energies for substitution reactions of 2.27 
2 + X;  

X= 
ΔΔG‡  

1,1-substitution 
ΔΔG‡  

1,2-substitution 
 

phenoxyl 19.4 (19.6)b {18.8}c 19.6 ( 19.6)b {16.9}c  

2,6-di-t-butylphenoxyl 24.4 23.7  

Galvinoxyl 27.9 25.9  

9,10-dihydroanthracene 31.7 23.8  

PhIC2 19.9 15.4  

PhIC4 16.9 20.3 (17.8)d  

PhIC6 13.3 24.5 (17.2)e  

PhIC8 11.9 24.1  

NH3 32.7 20.9  

F− 35.2 24.3 (25.1)b  

Dichloromethane 38.7 33.3  

Dichloromethane + free singlet C2 10.7f  

Dichloromethane + free triplet C2 15.6g  
aωB97XD/Def2-SVPD/CPCM=dichloromethane model. ΔΔG298‡ energies in kcal mol-1 for a standard 
state of 0.044M (1 atm). The experimental concentrations range from 0.02 - 0.033M. bwB97XD/Def2-
TZVPPD/CPCM=dichloromethane model. cGas phase ωB97XD/Def2-SVPD model. d Branched 
isomer for C5 chain. e Branched isomer for C7 chain. fCCSD/Def2-TZVPPD/SCRF=dichloromethane 
model for free singlet C2. gCCSD/Def2-TZVPPD/SCRF=dichloromethane model for free C2 in the 
lowest energy triplet state. 
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The transition state for reaction of 2 with 9,10-dihydroanthracene shows much greater 
discrimination between 1,1- and 1,2-substitution, with the latter being clearly favoured (Figure 
6 and Table 1). The former has a small degree of biradicaloid character (<S2>= 0.4129) and is 
highly asynchronous, tending towards formation of HC≡C• and 9,10-dihydroanthracen-9-yl 
radical as a “hidden intermediate”,30 but which eventually results in hydrogen abstraction from 
the latter by the former to give the final trapped products. The more stable 1,2-isomer has no 
biradicaloid character at the equally asynchronous transition state and at this point 
approximately corresponds to hydride abstraction to form to a 9,10-dihydroanthracen-9-ylium 
cation and a HC≡C- hidden-intermediate ion-pair instead, which then collapses to final 
observed products. Importantly, a thermally accessible barrier is computed for this reaction 
(ΔG‡~23.8 kcal mol-1), which again is lower than the combined (corrected) energies of the 
species involved in unbound C2 by ~19.4 kcal mol-1 plus any additional entropic barrier for 
bimolecular reaction of C2 (see above). 
 

 
Figure 6. Calculated (ωB97XD/Def2-SVPD/SCRF=dichloromethane) geometry for reaction 
of 2 with (a) 9,10-dihydroanthrancene via a 1,1, and (b) a 1,2-substitution. 
 
The next mechanism to be addressed here relates to the observation10,11 that along with trapping 
of assumed unbound C2 itself, other major products are clearly carbon oligomers, including the 
formation of C60. Can these too arise without the intermediacy of free/unbound C2? The 
reaction of 2 with itself to form a new C-C bond provides an obvious route for such a process 
(Figures 7 and 8). A 1,2-transition state is clearly lower than the 1,1-mode and hence provides 
a facile thermal route to formation of a bound C4 species (ΔG‡	15.4 kcal mol-1). The geometry 
of the former has a novel aspect in having two-fold (C2h) symmetry, with each molecule of 2 
acting as the nucleophile attacking the other and both iodobenzene units apparently acting as 
the nucleofuge. An IRC (Figure 5) reveals that this symmetry is initially maintained following 
the transition state, with apparent elimination of a free C4 unit, but eventually the energy 
landscape breaks symmetry to bifurcate and the unit of C4 is “frustrated” by recombining with 
one PhI only to form PhIC4. Such a bifurcating potential energy surface is reminiscent of the 
dimerization of cyclopentadiene.31 Further low barrier reactions between this product and more 
of 2 extends the carbon chain to six, this time favouring 1,1-substitution. The process can be 
repeated to form longer linear or even branched carbon chains (Table 1, footnotes d and e). 
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Eventually these chains will undertake further complex reactions to result in e.g., polymers 
such as amorphous carbon and C60, the energetics of which will be investigated in future work. 

 
Figure 7. Calculated (ωB97XD/Def2-SVPD/SCRF=dichloromethane) transition state 
geometry for reaction of 2 with (a) itself via a 1,1, and (b) a 1,2-substitution, (c) with the 
product of the previous reaction via 1,1-substitution and (d) ditto, via 1,2-substitution. 
 

 

 
Figure 8. Intrinsic reaction coordinate energy profile for the 1,2-dimerization of 2. 

 
The final transition states investigated are those involving reaction of 2 with a solvent such as 
dichloromethane, in which the original solution experiments10,11 were performed. Predominant 
trapping of 2 by other species such as galvinoxyl would require the barrier for reaction with 
solvent to be significantly higher than with the trap, especially since the concentration of the 
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solvent is much greater (~12M) than that reported for the trapping species (~0.02-0.033M). 
The bimolecular reaction between 2 and dichloromethane involves hydride abstraction to give 
an acetylide anion and a 1,1-dichloromethylium cation (no biradical character was detected). 
The transition state (Figure 9) for 1,2-substitution corresponds to a reaction free energy barrier 
of 33.3 kcal mol-1, which is high enough to preclude facile reaction of 2 with 12M solvent, as 
observed. Contrast this with the free energy barrier calculated for reaction of singlet free C2 
itself with dichloromethane (Figure 10), which is very much lower (DG298‡ 10.7 kcal mol-1or 
15.6 kcal mol-1 for the lowest triplet state of C2, Table 1). If unbound C2 were indeed to be 
generated in dichloromethane solutions at ambient temperatures, a free energy barrier this low 
would certainly mean its rapid trapping by the solvent. 

 
Figure 9. Calculated (ωB97XD/Def2-SVPD/SCRF=dichloromethane) transition state 

geometry for reaction of 2 with dichloromethane. 
 

 
 

Figure 10. Calculated (CCSD/Def2-TZVPPD/SCRF=dichloromethane) transition state 
geometry for reaction of free singlet C2 with dichloromethane. 

 

Conclusions 
 
A reaction that can produce the simple diatomic species C2 under mild conditions would open 
up a new landscape for the synthesis of carbon-rich species, including C60 itself and generate 
potential access routes to species in which carbon sustains the hypothesized quadruple bonding 
pattern. Given the recent report of exactly such a reaction, it appeared desirable to apply 
quantitative computational techniques as a reality check, not only regarding the energetics of 
such a process but also to the mechanisms by which it may proceed. These computed 
mechanisms reveal that ambient temperature routes for reaction of the zwitterion 2 (“bound” 
C2) as the active species are lower in energy than those involving unbound or free C2. 
Compounds such as 2 serve as potentially useful and potentially selective precursors or 
synthons for C2, reacting readily with species such as galvinoxyl or 9,10-dihydroanthracene 
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and less readily with solvents such as dichloromethane, whereas the very high energy free 
dicarbon species 3 is likely to be less selective. 
 
These low energy bimolecular mechanisms bring into question whether free C2 as generated 
by unimolecular fragmentation of 2 actually participates in the solution-phase reactions. It also 
raises the issue of what is happening in the reported10,11 experiment where a flask containing 
solid-state reactants is flushed by argon gas into a second flask containing galvinoxyl. The 
assumption10,11 was that the only species sufficiently volatile to be transferred between flasks 
would be “C2 gas”, which would then be trapped and crucially that 2 itself was too involatile 
to be so transferred. An experiment whereby 2, via the aryl group, be covalently anchored to a 
solid-phase support and placed in the first flask would eliminate any possibility that it is 2 and 
not C2 that is being transferred and trapped in the second flask.  
 
The introduction of reagents such as 1 opens the exciting prospect that rational syntheses of 
carbon rich species are indeed possible and that strategies for increasing the selectivity and 
scope of these reactions may emerge.  
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