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o-Benzyne fragmentation and isomerization pathways. A CASPT2 study.

Giovanni Ghigo,* Andrea Maranzana, Glauco Tonachini

Dipartimento di Chimica, Universita di Torino, via P. Giuria 7-10125 Torino

Abstract: The mechanisms of the fragmentation and isomerization pathways of o-benzyne have been
studied at the multi-configurational second-order perturbative level CAS(12,12)-PT2. The direct
fragmentation of o-benzyne to C,H, + C4H, follows two mechanisms: a concerted one (already subject to
several studies) and a stepwise, studied here with the appropriate method for the first time. While the
concerted mechanism is characterized by a single closed shell transition structure, the stepwise pathway is
more complex and sees structures with strong diradical character. A third diradicaloid fragmentation
pathway of o-benzyne yields, as final product, CgH,.

Alternatively to fragmentations, o-benzyne can undergo to rearrangements to its meta and para isomers
and to the open-chain cis and trans isomers of hexa-3-en-1,6-diyne (HED). These are found to easily
fragment to C,H, + C4H, or CgH,.

The kinetic modelling, performed at several temperatures (800 - 3000 K), found that the thermal
decomposition of o-benzyne is predicted to yield C,H,, C4H, and CgH, as main products. Small amounts of
HEDs can accumulates only below 1200 K because they rapidly decompose. Between 1000 and 1400 K,
C,H, + C4H, form exclusively from decomposition of trans-HED. Above 1400 K, C,H, + C4H, also form from
the direct fragmentation of o-benzyne. The formation of C,H, + C;H, prevails up to 1600 K then, above this
temperature, the formation of C¢H, prevails. However, above 2400 K, the direct fragmentation of
o-benzyne makes the formation of C,H, + C4H, to prevail, again. The formation of hydrogen atoms is also
justified.

KEYWORDS: Benzyne, diacetylene, acetylene, hexatriyne, hydrogen, CASPT2

Introduction

The formation of 1,2-didehydrobenzene, also known as o-benzyne (0-C¢H,),* was first proposed in
1927 by Bachmann and Clarke.? Due to its nature of extremely reactive species, 0-C¢H, was isolated in

matrix and spectroscopically characterized by Chapmann only in 1973.2 Later, other vibrational spectra

4,5,6
d

have been registere and calculated.”® The structural parameters for 0-CsH, have been obtained by

9,10,11,12

microwave experiments only in the early 2000s. The latest computational work appeared last year™

testifying the interest for this molecule.

o-Benzyne, for which several synthetic thermal routes have been described,** shows a remarkably diverse

16,17

chemistry®® and finds applications in organic synthesis. 0-CgH, is also an important intermediate formed

in the pyrolysis of benzene whose thermal decomposition takes place in fuel combustion and industrial

reforming for olefin production. It has been proved, in fact, that the main decomposition channel for C¢Hg

|18,19

passes through a C-H fissions first yielding the phenyl radica then o0-CgH, through a second C-H

20,21,22 23,24

fission or through a hydrogen transfer in a self-reaction between phenyl radicals. Recent studies

proposed a petential role of o-benzyne for the formation of PAHs in the combustion of aromatic

22,25,26,27

fuels. In particular, there are indications that 0-C¢H, could be a key factor in the formation of multi-

28,29,30

ring intermediates in phenyl radical pyrolysis. It has also been suggested that 0-C¢H, could be present
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in the inter-planetary nebulae®* and have a role in the formation of PAHs in the interstellar chemistry.*
The pyrolysis of benzene and aromatics can, of course, proceed beyond o-benzyne, which can gives rise to
further fragmentations and isomerizations. The simplest fragments that the thermal decomposition of this
molecules can originate are acetylene C,H, and but-1,3-diyne (diacetylene) C,H,. For this reaction, a
concerted mechanism was first proposed.®® This concerted mechanism was reported in other works?3*3*%
and only in 2011% an alternative stepwise pathway was proposed.?® In 1999 Moskaleva et al.** included in
their model for the thermal decomposition the isomerization to meta- and para-benzyne and the ring
opening to hexa-3-en-1,6-diyne. Later on, alternative mechanisms for the rearrangements were put

d.?¥*%% | their investigation on the production of hydrogen atoms in the thermal dissociation of

/36

presente
0-C¢Hs Xu et a included in their model, along with the fragmentation to C,H, + C4H,, also the H-
elimination (but not the isomerizations). At the present, all models used to describe the thermal
fragmentation of o-benzyne to C,H, + C4H, include the concerted mechanism but not the stepwise
mechanism and the theoretical methods chosen cannot take properly in account the diradical nature of
some species (whatever intermediate or transition structure). Moreover, no one includes all pathways, i.e.
the fragmentations to C,H, + C4;H, and to C¢Hs + H, the isomerizations to meta- and para-benzyne, or the
ring opening to hex-3-en-1,6-diyne. In this work we presents the results of the kinetic study at different
pyrolysis temperatures (800 — 3000 K) based on thermochemical data obtained through the study of the
potential energy surface (PES) calculated at the multi-configurational second-order perturbative level
(CASPT2). This method will allow us to properly and homogeneously describe all structures originated in
the pathways cited above, included those with diradical electronic structure. The kinetic model is based on
the Boltzmann distribution of energy and it is valid whatever method o-benzyne is generated. All data

useful for alternative treatments (e.g. RRKM) are reported in the Supporting Information.

Results and Discussion

In this work (see Method section for details) all structures are first optimized at the CASSCF which
allow us the calculation of the vibrational frequencies then structures are re-optimized at the CASPT2 level
to get reliable energy values. These are then combined with the CASSCF ZPE to get the final energy values.

Their difference with respect to o-benzyne are reported in Tables and commented in the text.

Concerted vs. stepwise fragmentation pathways of o-benzyne. In their study, Zhang et al.*®
assumed that the fragmentation of o-benzyne and some derivatives takes place through a concerted
mechanism. However, they also suggested that the reaction could alse take place with a stepwise
mechanism but they did not investigate any further. Therefore, in the present work we explore the whole
potential energy surface (PES), both at the CASSCF and CASPT2 level, to find out all stationary points, either
intermediates or first-order (TS) or second-order (SOSP) saddle points, whose structures are reported in
Scheme 1 and energies in Table 1. We first identified the concerted transition structure TSc at 89.8 kcal
mol™* that immediately yields C,H, + C,H, (55.7 kcal mol™). The calculated energy barrier values is close to

34,35,37

that one reported by previous studies performed with single-reference methods. This is not

surprising because this transition structure only shows a small diradical character. The weight of the closed
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shell aufbau configuration (i.e. (Co)* ) at the CASSCF level is 78%. This corresponds to occupation numbers
close to the typical closed shell values (2 or 0): the most diverging values are 1.89 and 0.11. These values
can be compared, e.g., to 1.92 and 0.09 in diacetylene (the occupation numbers for all structures are
reported in the Supporting Information). The structure (Figure 1, left) also is similar to that found in the
cited papers.

The stepwise pathway is more complex being characterized by a CC bond breaking followed by a sequence
of s-cis/s-trans and cis/trans interconversions which terminate with the final CC bond breaking that yields
the fragments C,H, + C4H,. The first step is the ring opening through TS, (Figure 1, right) located at 85.9
kcal mol™ (3.9 kcal mol™ below TSc). TS; shows a diradical nature being the weight of the aufbau
configuration 52%. This corresponds to occupation numbers far away from the typical closed shell values
(2 or 0): the relevant values are 1.27 and 0.73. The correct description of the diradical nature of TS; is

137 obtained an energy difference of this TS with respect to TSc of only 0.7 kcal mol™

fundamental: Ayaz et a
(i.e. too low compared to our 3.9).

The intermediate generated by TS, is the s-cis diradical I, located at 85.5 kcal mol™. From this intermediate
two conformational isomerization pathways open: the cis/trans TS, (85.8 kcal mol™) involving a
displacement of the vinyl hydrogen gem to the radical centre and leading to diradical I, (83.3 kcal mol™) and
the s-cis/s-trans TSy (87.1 kcal mol™) consisting in the rotation of the vinyl radical moiety and leading to the
s-trans diradical Il; (82.9 kcal mol™). Diradical I. isomerizes through the s-cis/s-trans TS; (83.0 kcal mol™) to
the diradical Il; (79.3 kcal mol™) which can also be formed through the cis/trans TSy (83.5 kcal mol™) from
the diradical ll,. Intermediate Il. is the most stable diradical intermediate and finally leads to the fragments
C,H, + C4H, through the second CC bond breaking in TS, (83.7 kcal mol'l). In this transition structure the
diradicaloid nature starts to fade out because it leads to closed shell products; the weight of the aufbau
configuration is 73% and the occupation numbers of the relevant molecular orbitals are 1.74 and 0.26. A
stationary point corresponding to the CC bond breaking of radical I, was find on the CASSCF potential
energy but it resulted to be a second order saddle point (SOSP in Scheme 1). The analog CC bond breaking
transition structures from intermediates I, and Il, do not exist. All attempts to optimize their structures
lead to TS; or SOSP. Therefore, starting from diradical I, both pathways requires s-cis/s-trans and cis-trans
isomerizations and involve structures (I, I, I, ll, TS,, TSy, TSs, and TSz) that are diradicals (the occupation
numbers of the relevant molecular orbitals are close to 1). The pathway I - I - Il (first towards right then

down in Scheme 1) is slightly energetically preferred (Table 1).
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Scheme 1. Concerted vs. stepwise fragmentation pathways of o-benzyne.

The stepwise diradical pathway is slightly energetically preferred with respect to the concerted one
(through TS¢). This is also evident if we include in our energy data the effect of temperature and entropy;
both transition structures TSc and TS, are favored by entropy: at 600 K, for instance, the AS values are 13.0
and 13.8 cal mol™ K7, respectively (the value reported®® for TS¢ at 500 K is 16.3 cal mol™ K™). Figure 2
shows the free energy profiles at some selected temperatures for the two competing fragmentation
processes. It is evident that the stepwise reaction always shows a lower energy profile but the difference is
never very high (5-6 kcal mol?). Two other observations can be made: the fragments becomes
thermodynamically favored above 1200K and the first transition structure (TS,) is the rate determining step
in the stepwise pathway. Both pathways, through the two transition structures TS¢c and TS; will be included

in the kinetic analysis.

1.337 1.243
(1.342) (1.253)
1.335 1.241

1.249
(1.261)
1.246
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(2.195)
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Figure 1. Transition structures for the concerted (TS, left) and stepwise (TS;, right)
fragmentation pathways of o-benzyne. Distances in A. Plain values are CAS(12,12)-PT2/
cc-pVTZ; values in parenthesis are MP2/6-31G(d) from ref. 34; values in italics are
CCSD(T)-AE/cc-pCVQZ from ref. 35.
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Figure 2. Free energy profiles (in kcal mol™) for the concerted (left) and the stepwise (right)
fragmentation pathways of o-benzyne.

Table 1. Relative internal energy (E+ZPE, kcal mol™) for fragmentations of o-benzyne.

Structures AE? AE® AE*
o-benzyne 0.0 0.0 0.0
TS, 89.7 89.7 89.8
TS, 84.3 85.2 85.9

Iy 83.5 84.6 85.5

TS, 84.8 85.4 85.8

le 81.4 82.5 83.3

TS; 81.4 82.3 83.0
TSs 85.3 86.4 87.1

1 80.9 82.1 829
TS, 82.0 82.9 83.5

I, 77.5 78.6 79.3

TS, 82.7 83.3 83.7
C,H, + C4H, 55.0 55.4 55.7

* Optimized CAS(12,12)-PT2/cc-pVTZ + ZPEcusscr; ° single point CAS(12,12)-PT2/cc-pVQZ + ZPEcasscr.
€ CAS(12,12)‘PT2/CBS + ZPECASSCF-
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Isomerization of o-benzyne. As an alternative to the irreversible fragmentation to C,H, + CH,
through TS; and TS¢ (reported again in Scheme 2 and Table 2), o-benzyne can follow other fragmentations

and isomerization pathways. We find the irreversible fragmentation suggested by Xu et al.®

and consisting
in hydrogen loss (TSs, 106.8 kcal mol™?) that yields the high energy triradical intermediate 1,2,3-
tridehydrobenzene Il (106.8 kcal mol™). The alternative hydrogen loss yielding to 1,2,4-tridehydrobenzene
was not considered because energetically even-mere unfavorable: the 1,2,4 isomer is estimated®” to be 8
kcal mol™ above the 1,2,3 isomer and therefore is not included in this scheme.

The most important isomerization of o-benzyne converts it (TSg, 69.4 kcal mol™) in its meta isomer (12.3
kcal mol™). These energy values are in good agreement with those (69.4 and 12.5) calculated by Sander et
al.*® Indeed, this process goes through the formation of cyclopentadienylidene (located at 29.9 kcal mol™®)
whose stability is extremely low: the CASPT2/QZ activation energy for its back-rearrangement to o-benzyne
is only 1.4 kcal mol™ (see the Supporting Information for more details and figure 7 in ref. 41). Therefore,
this specie is ignored and TSg is taken as unique critical point in our scheme and in the forthcoming kinetic
treatment. Anyway, cyclopentadienylidene is supposed to be important in the scrambling of the position of
the "triple bond" in o-benzyne.*”

Once formed, m-benzyne can rearrange (TS;, 64.3 kcal mol™) to cis-hexa-3-en-1,6-diyne (cis-HED, 19.3 kcal
mol™). The Sander et al energy values* are 59.7 and 14.7 kcal mol™, respectively. cis-HED can evolve
though three pathways: the cyclization (TSg, 46.6 kcal mol™) to p-benzyne (28.3 kcal mol™); the cis-trans
isomerization (TSs, 68.4 kcal mol™) to trans-hexa-3-en-1,6-diyne (trans-HED, 19.1 kcal mol™); the
irreversible hydrogen loss (TSy,, 119.3 kcal mol™?) to the radical IV (119.4 kcal mol™). The energy values
obtained by Sander et al *° for the first pathway are 44.3 and 26.6 kcal mol™. This pathway is the well-
known Bergman cyclization described by Jones and Bergman in 1972* and subject of several
computational works.*® The calculated energy barrier (27.3 kcal mol™) and reaction energy (9.0 kcal mol™)
for this reaction (both making reference to cis-HED) are in good agreement with the experimental values of

28-32 and 8-14 kcal mol™, respectively.*****

The other two pathways (through TSy and TS;,) have not been
considered previously in any other work. For trans-HED two irreversible reactions are possible: the
hydrogen loss (TSy1, 119.1 kcal mol™) to the radical IV and the fragmentation (TSyy, 99.3 kcal mol™) to C,H, +
CsH,. Radical IV, irreversibly generated from the two HED isomers is expected® to easily lose a second
hydrogen atom yielding C¢H,. The alternative but energetically unfavorable mechanisms for the ortho- to
m-benzyne and meta- to p-benzyne isomerizations consisting in hydrogen [1,2]-migrations previously

identified***° were not explored in this work.
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Scheme 2. Isomerization and fragmentation pathways of o-benzyne.
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Table 2. Relative internal energy (E+ZPE, kcal mol™) for fragmentations and isomerizations of

o-benzyne.

Structures AF? AE® AE°
o-benzyne 0.0 0.0 0.0
TS, 89.7 89.7 89.8

TS, 84.3 85.2 85.9

TS; 106.6 106.7 106.8

1]] 104.6 105.2 105.8

TSe 69.8 69.6 69.4
m-benzyne 11.8 121 12.3
TS, 63.2 63.8 64.3
cis-HED 18.9 19.2 19.3
TSs 46.0 46.3 46.6
p-benzyne 27.1 27.8 28.3
TS, 67.2 67.9 68.4
trans-HED 18.5 18.9 19.1
TS10 97.9 98.7 99.3
TS1; 117.2 118.3 119.1
TS1, 117.5 118.5 119.3

IV +H 117.4 118.6 119.4
CH, + C/H, 55.0 55.4 55.7

2 Optimized CAS(12,12)-PT2/cc-pVTZ + ZPEcasscr; ° single point CAS(12,12)-PT2/cc-pVQZ + ZPEcsscr;
€ CAS(12,12)'PT2/CBS + ZPECASSCF

Thermal decomposition of o-benzyne

The calculated energies and partition functions for the fragmentation and isomerization pathways
described above have been treated with the Transition State Theory to get the kinetic rate constants
illustrated in Figure 3 (a table with all rate constants in reported in the Supporting Information).

Above ca. 900 K, we can see that k..o (calculated as (kg k;)/k.s ), which corresponds to the rate constant
for the isomerization of o-benzyne to cis-HED passing through m-benzyne, becomes important (greater
than 1 s™). The [cis-HED]/[o-benzyne] equilibrium constant, illustrated by Kgs.ep (calculated as (ke k;)/ (kg k.
7) ) become thermodynamically favored (> 1) above 1200K. The isomerization of cis-HED to trans-HED is
also very fast (ks). The ko/k. ratio (not shown), is the [trans-HED]/[cis-HED] equilibrium constant which is

always close to 1 (ko, not shown, is always slightly smaller than ko) and in favor of the trans isomer.
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Therefore, above 900-1000 K o-benzyne will first isomerize to both HEDs isomers. Between 1200-1300 K all
rate constants go beyond 1s™. Several rate constants are grouped together:-these-are the rate constants
for the formation of C,H, + C;H, through the fragmentation reactions of o-benzyne (k¢ for the concerted
and k; for the stepwise) and from trans-HED (expressed by Kiags = (Ke K7 ko k1o) /(K6 k7 k) ); the hydrogen
loss from o-benzyne yielding the triradical lll (ks); the rate constant for the formation of IV from trans-HED
(expressed by Ky tans = (k¢ k7 ko k11) /(k k7 kg) ). The rate constant for the formation of IV from cis-HED
(expressed by Ky s = (ks k7 k12) / (k¢ k.7) ) follows a different trend.

Other equilibrium constants, calculated as ratios between rate constants, are also indicative: Kp.b,
(calculated as kg/k), which corresponds to the [m-benzyne]/[o-benzyne] equilibrium and Kg (calculated as
ks/k.s) , which corresponds to the [p-benzyne]/[cis-HED] equilibrium. K., becomes greater than lonly at
high temperature (above 2400 K) while Kg is always significantly lower. Therefore the accumulation of the

meta and para isomers of benzyne is expected to be very improbable.

k/s1
B L e |
ke
A= s
== K cis-HED
e kIV cis :
-k, |
1E+10 ) |= - kIVtrans
o kfrags :
- Km-bz :
1E+08 - ” Kcis-HED i
=K, |
1E+06 -
1E+04 -
1E+02 -
1E+00
1E-02 1
1E-04 ‘ ] [ |

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
T/K

Figure 3. Rate constants (s™) for isomerization and fragmentation pathways of o-benzyne.
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Scheme 3. Formation of CzH, through isomerization and fragmentation of radicals Ill and IVs.

Intermediates Il and IV undergo other transformations (Scheme 3). The triradical Hl first
isomerizes® to the open chain radical IV’ which then loses a second hydrogen atom yielding C¢H,. This

product is obtained also from the radical IV though an analogue H-loss.

Table 3. Rate constants (s™) for the formation of CsH, through the isomerization and fragmentation
of radicals Ill and IV (see Scheme 3). k = A exp( -E,/RT); E, in kcal mol™.

Structures A Ea
k, 4.8 x 10" 98.2
ke, 2.3x10% 53.7

The rate constants calculated in the present work (see Scheme 2 and Figure 3) and the rate constant
taken from ref. 36 (Table 3) for the reactions shown in Scheme 3 have been used to model the o-benzyne
rearrangement and fragmentation at several temperatures. Further fragmentation reactions starting from
C,H,, C4,H, and CgH, and reactions involving the hydrogen atoms generated as in Scheme 2 are not included
in the present model since their study is beyond the scope of this work. Most representative profiles of
yield(%) vs. time are reported (Figure 4) and commented for six different temperatures.

At 1000 K and within 2 sec the concentration of o-benzyne decreases to 70% in equilibrium with the two
isomers of HED.

At 1200 K the concentration of o-benzyne decreases to 25% in ca. 25 msec forming the two isomers of HED.
At longer elapsed time, trans-HED (in fast equilibrium with cis-HED) slowly decomposes to C,H, + C4H, while
o-benzyne continues to convert to HEDs until disappearance. At this temperature, very small amounts of
both HEDs can also decompose to radical IV which immediately decomposes to C¢H, through H-loss.

At 1400 K the concentration of o-benzyne decreases to less than 10% in ca. 0.25 msec forming the two
isomers of HED (ca 82% the sum of yields). Then trans-HED slowly decomposes to C,H, + C;H, while
o-benzyne continues to convert to HEDs. At this temperature, both HEDs also decompose to radical IV

which immediately decomposes to CgH,.

Page 10 of 18
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Figure 4. Calculated profiles of yield(%) vs. time(sec) for the thermal decomposition of o-benzyne at 1000,
1200, 1400, 1700, 2000 and 2600 K. 1, o-benzyne; 2, C,H, + C4H,; 3, cis-HED; 4, trans-HED; 5, lll; 6,
IV+IV’; 7, m-benzyne; 8, p-benzyne; 9, C¢H,; 10, hydrogen atoms.
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At 1700 K o-benzyne disappears within 2 psec forming the two isomers of HED (70% the sum). In the same
time, a 22% of C,H, + C;H, seems to form directly from o-benzyne while other forms from fragmentation of
trans-HED. The decomposition (through IV) of both isomers of HED yields C¢H, whose formation, if a longer
time is allowed to elapse, prevails on the formation of C,H, + C4H,.

At 2000 K o-benzyne disappears within 50 nsec fragmenting to C;H, + C4H, (40% ca) and forming the two
isomers of HED (50% the sum). Then C,H, + C4H, continue to form from trans-HED and the decomposition
of both isomers of HEDs yields CsH, which prevails at long time. For a short time (a few usec), small
amounts of lll and IV accumulate.

At 2600 K o-benzyne disappear within 0.5 nsec fragmenting mainly to C,H, + C4H, (60% ca) and, to a lesser
extent, to Il (18%) and HEDs (18% the sum). Then lll isomerizes to IV’ (summed into IV in the profiles) that
later forms CgH..

At some temperatures, we can also see that very small amounts of m-benzyne accumulates only for a short
time because it isomerizes to the more stable cis-HED, while p-benzyne barely appears. This was already
expected from the inspection of the equilibrium constants (see above) and it is coherent with the
observation that in experiments of flash vacuum pyrolysis m- and p-benzyne are unstable and both

rearrange to HED.*®%

This phenomenon can be explained with the fact that they are less stable than their
ortho isomer and they suffer from an unfavorable entropy term with respect to the two hexa-3-en-1,6-
diyne. m-Benzyne is slightly more stable than the two HED isomers (ca. 7 kcal mol™), however, the latter
take advantage of a favorable entropy factor (TAS) which is estimated (at 2400 K when the two HED
isomers reach the maximum yield) to be 13-15 kcal mol™.

The formation and the decomposition of Ill, IV and IV’ also yield hydrogen atoms which clearly appear

above 1400 K.

It is evident from the profiles just seen that the final products of the thermal decomposition of
o-benzyne, cis and trans HED, C,H, + C;H,, and CgH,, form in different amounts depending on temperature
and time. Figure 5 shows the relative yields of these product in the range 800-3000 K at 50 psec (typical

interval used in experiment'®?%3¢

) and at 5 sec, a time long enough to find all processes finished (yield
profiles at 50nsec, 5 and 500 psec and 50 msec of elapsed time are reported in the Supporting
Information).

After 50 psec o-benzyne is stable up to 1200 K, above this temperature it starts to decompose. At 1700 K
there is no o-benzyne left. Between 1200 and 1800 K, the two isomers of HED are the main products. They
reach the maximum vyields (ca 40% each) at 1500 K. Above 1800 K their decomposition is complete before
than 50 psec. Figure 6 shows the time at which trans-HED (the more stable) reaches the maximum yield at
different temperatures. Not surprisingly, the higher the temperature, the shorter the time trans-HED
appears. Above 1400 K, C,H, + C4H, appear while C¢H, appears at 1600 K. The two yield profiles crosses
twice: these is an effect of the different sources and mechanisms that we have already discussed above.
Anyway, above 1800 K and after 50 psec C,H,, C;H, and CzH, are the only species left.

After 5 sec and above 1200 K, o-benzyne is fully decomposed. Smalls amount of cis and trans-HED (ca 20%
each) can be found between 900 and 1200K. Between 1000 and 1600 K, the yield of C,H, + C4H, shows a
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maximum (97 % at 1200 K) then the yield decay oscillating between 40 and 60 % above 1400 K. The yield of
CeH, starts to grow from 1200 K and reaches a maximum at 1800 K (ca 60%) then is stabilizes around 40 %
above 1800 K.

% Yields at 50 microsec
100 —
[ . T LT Lo o 1 = . S R —
== cis-HED
oo (3 RO, S ==trans-HED |
= C4H2+C2H2

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

T/K
% Yields at 5 sec
100
[0 I R, N I m=0-BZz 0 e
== cis-HED
80 —-eem oo N ==trans-HED | .
== C4H2+C2H2
O I, (RO (TP P ==cbH2 |
B0 e e T e
] O B e T [ e R S i et
O e e | i e e e, P
B e e
) e o R e o e e e e e e A e B i e e e oo
O R A T T e e
0 | h S | 1 I 1 1 1 T
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T/K

Figure 5. Calculated yield(%) vs. temperature for the thermal decomposition of o-benzyne.
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Figure 6. Elapsed time to reach trans-HED maximum in the decomposition of o-benzyne.

Conclusions

The thermal decomposition of o-benzyne is predicted to yield C,H,, C4H, and CgH, as main products.
In detail: o-benzyne first isomerizes to cis-hexa-3-en-1,6-diyne (HED) that rapidly equilibrates with its
slightly more stable trans isomer. However, only small amounts of HEDs accumulate because they rapidly
decompose to C,H,, C4H, and CgH, (the latter only above 1200 K). Between 1000 and 1400 K, C,H, + C4H,
form exclusively from decomposition of trans-HED. Above 1400 K, C,H, + C4H, also form from direct
fragmentation of o-benzyne. The fragmentation through radical IV of cis and trans-HED yields CsH,. The
competition between the two fragmentation pathways of the two isomer of HED (to C,H, + C;H, from the
cis isomer only and to C¢H, from both isomers) sees the one leading to C,H, + C4;H, to prevail between 1000
and 1600 K and the one leading to C¢H, to prevail above 1600 K. However, above 2400 K, the direct
fragmentation of o-benzyne causes the formation of to C,H, + C4H, to prevail, again. At high temperature
(above 2400 K) the fragmentation of o-benzyne to lll (which finally gives CgH,) shows some minor role.
Although in our model several collateral reactions have not been included we can observe some point of
agreement with the experiments: i. C,H, and C4H, are the main products; ii. cis- and trans-hexa-3-en-1,6-
diyne are formed but do not accumulate (except in a small range of lower temperatures) and this explain
why they have not been observed in some experiments;* iii. starting from 1400 K our model predicts the

formation of hydrogen atoms as experimentally observed.'#?%3¢
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Computational method

All geometries have been optimized and characterized by vibrational analysis at the CAS(12,12)-
SCF****2 Jevel with the cc-pVTZ basis set.>® The active space, making reference to o-benzyne, includes the
full T system (6 electrons in 6 orbitals) plus the electrons and the orbitals of the in-plane “n” bond (2,2) plus
two couples of electrons and orbitals (4,4) related to the CC o bonds involved in the fragmentations or in
the rearrangements. In H-losses TSs the (2,2) subset of one of the CC o bond not involved in the reaction is
substituted with the (2,2) subset of the CH o bond involved in the fragmentations. The second-order
perturbation treatment, which include all orbitals, reduces the energy difference due to the difference in
the composition of the active spaces (that are always 12 electrons in 12 orbitals) to 1 kcal mol™. Active
orbitals transform in m orbitals in C,H, and C,H,. Pictures of all active molecular orbitals and relative
occupation number for all structures are reported in the Supporting Information.. CASSCF calculations are
also used to generate the ZPE which are scaled by 0.93 (see the Supporting Information for more details).

Geometries have been reoptimized at the CAS(12,12)-PT2 level***>%®

with the same basis set. This
computational approach recovers both the dynamic and non-dynamic correlation energies and it is the only
method suitable for a correct and homogenous treatment of the electronic structure of all species. The
CASPT2 calculations have been performed by taking advantage of the Cholesky decomposition of the two-
57,58,59

electron integrals.

set.® Then the CASPT2/CBS (Ecgs, complete basis set) energies have been obtained from the CASPT2/cc-

Energies have been recalculated by single-point calculation with the cc-pVQZ basis

pVTZ (Es) and CASPT2/cc-pVQZ (E4) energy values through the extrapolation formula put forward by Halkier
et al.:® Ecgs = (E; 3° — E4 4°)/(3> — 4%). Finally, the CASPT2/CBS energies have been combined with the ZPVE
calculated at the CASSCF/cc-pVTZ level to get the Eze reported in Tables and throughout in the text.
Quantum chemical calculations have been performed by the program MOLCAS 7.4%* The reaction rate
constants have been used in the kinetic modelling program DynaFit.®> Figure 1 and molecular orbital

pictures in the Supporting Informations have been obtained with the graphical program Molden.®
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