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Decomposition of Anthranil. Single Pulse Shock-Tube Experiments, Potential Energy
Surfaces and Multiwell Transition-State Calculations. The Role of Intersystem Crossing
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The thermal decomposition of anthranil diluted in argon was studied behind reflected shock ma\Zsi

i.d. pressurized driver single-pulse shock tube over the temperature rang&@2ZbK and overall densities

of ~3 x 107® mol/cr?. Two major products: aniline and cyclopentadiene carbonitrile (accompanied by carbon
monoxide) and four minor products resulting from the decomposition were found in the postshock samples.
They were, in order of decreasing abundance, pyridine=ZHCN, HCN and CE=EC—CN, and comprised

only a few percents of the overall product distribution. Quantum chemical calculations were carried out to
determine the sequence of the unimolecular reactions that lead to the formation of cyclopentadiene carbonitrile
and of phenylnitrene/phenylimine that are the precursors of aniline. They form aniline by reactions with
traces of water impurities. To produce cyclopentadiene carbonitrile, two main processes must take place:
CO elimination and ring contraction from a six- to a five-membered ring. It was shown that this can occur
via two parallel pathways where CO elimination takes place prior to or following ring contraction. Singlet
potential energy surfaces for all the elementary reactions that lead to the formation of cyclopentadiene
carbonitrile and phenylnitrene/phenylimine were obtained. Their rate constants were calculated on the basis
of the results of the quantum chemical calculations using transition-state theory. A kinetic scheme containing
these reactions was constructed and multiwell calculations were performed to evaluate the mole percent of
the products as a function of temperature. A very serious disagreement between the experimental results and
the results of calculations showed that the singlet PESs could not account for the observed experimental
rates. No other singlet PESs that lead to the formation of these products could be found. In view of this
observation, attempts to find pathways that lead to the formation of cyclopentadiene carbonitrile and
phenylnitrene/phenylimine on triplet surfaces were made. Such surfaces were found, and<sitrbét
intersystem crossing probabilities and crossing rate constants were calculated as well as the rate constants of
all the elementary steps on the triplet surfaces. A reaction scheme was constructed and multiwell calculations
were performed, including also the pathways on the singlet surfaces, to evaluate the mole percent of the
products as a function of temperature. The agreement between the experimental results and these calculations
was quite satisfactory.

I. Introduction six-membered ring, on the other hand. The heats of formation
of the three isomers are thus 10.8 (benzoxaZokg,3 (1,2-
benzisoxazol@) and 41.2 kcal/mol (2,1-benzisoxazdlejt
298.15 K, respectively. On the basis of the relative stability of
these three isomers, it is expected that the thermal decomposition
N of 2,1-benzisoxazole, which is the subject of this investigation,
@[ \> @[\\N Cf\o will proceed at the lowest temperatures in comparison to the

o o =N other two. It is expected also that the initiation reaction in both
1,2- and 2,1-benzisoxazole will be the rupture of the wealCN
bond, as has been shown in the decomposition of isoxazole
and 5-methylisoxazofeand the isomerization of 3,5-dimethyl-
isoxazole>

Anthranil (2,1-bezisoxazole) is one of three isomers of a
molecule where a five-membered ring containing both nitrogen
and oxygen are fused to benzene.

benzoxazole 1,2-benzisoxazole 2,1-benzisoxazole
(anthranil)

Benzoxazole, having no weak-ND bond, is the most stable

isomer. 2,1-benzisoxazole is the most unstable having a weak hereas a large number of catalytic reactions of anthranil
N—O bond, on one hand, and no resonance stabilization in theand it derivatives have been reported in the literafuse are
not aware of many studies that deal with the homogeneous

T Part of the “Chava Lifshitz Memorial Issue”. reactio_ns of anthrani!. Tsang et 7§1Ihave_ reported on t_he
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subsequent decomposition. They have suggested possible mech-

anisms for the formation of anthranil froonitrotoluene and

for the production of cyclopentadiene carbonitrile and phenylni-

trene due to its decomposition. They did not give, however,

any details on the rates of the various steps that lead to the
final products, they have only reported on the rate of the overall
decomposition of anthranil. We are not aware also of any

guantum chemical calculations that verify the interpretation of

the experimental results.

The formation of phenylnitrene and cyclopentadiene carbo-
nitrile from five-membered rings fused to benzene has also been
reported in the literature, for example, in the pyrolysis bif 1
benzotriazol€ 10 Here nitrogen is eliminated rather than CO
and in addition to cyclopentadiene carbonitrile the formation
of aniline and of azobenzene has also been reported.

In this investigation experimental results and detailed quantum
chemical calculations on the decomposition of anthranil are
reported. It will be shown that singlet potential energy surfaces
could not account for the formation rate of the main products
of the decomposition, whereas mole percents calculated on
triplet potential energy surfaces agreed quite well with the
experimental observations.

Il. Experimental Section

1. Shock Tube, Materials and Analysis. The thermal
decomposition of anthranil was studied behind reflected shock
waves h a 2 in. i.d. single pulse shock tube. The driven section
was 4 m long, and the driver had a variable length up to a
maximum of 2.7 m and could be varied in small steps to tune
for the best cooling conditions. A 36 L dump tank was connected
to the driven section near the diaphragm holder to quench

transmitted shocks. The tube, the gas handling system, the

reaction mixture bulbs and the transfer tubes were all maintained
at 130°C with an accuracy of:2 °C. The shock tube and the
mode of its operation were described in the gast.

Reflected shock temperatures were determined from the extent

of decomposition of secondary chloropropane: §8HCI—
CsHg + HCI. This is a first-order unimolecular reaction that

under the temperature and pressure conditions of this investiga-

tion has a rate constant &fs; = 3.24 x 10 exp(—50.52 x
10%RT) s, whereR is expressed in units of cal/(K mdB.
The relation

T= —(E/R)/[In{ - Ait In(1 — x)}]

was used, whereis the reaction dwell time, approximately 2
ms, A and E are the Arrhenius parameters of the standard
reaction andy is the extent of decomposition defined as=
[C3He]/([C3sHe): + [(CH3),CHCI];). Density ratios were calcu-
lated from the measured incident shock velocities using the three
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Figure 1. Gas chromatogram showing the products of anthranil

decomposition. Top left: (CHLCHCI and GHe from the ratio of which

the temperature behind the reflected shock is calculated. Top right:
MSD spectrum of anthranil and the main decomposition products.
Bottom: NPD spectrum of the fragmentation products. (Aniline could

not be detected on the Porapak N column.)

102
- Anthranil
w  1ovE
c s
[1}] L
D -
el o
2
o =
o 10 3
[=] %
E [
107 £
102 L IS R (oS S A ) e Rl B Lo
850 900 950 1000 1050
T (K)

Figure 2. General distribution of the reaction products in the
decomposition of anthranil.

fragmentation products, and a G®S with a 2 mtemperature
programmed Tenax column was used to determine the concen-
trations of aniline, cyclopentadienecarbonitrile and anthranil.
Carbon monoxide was evaluated from nitrog@xygen mass

conservation equations and the ideal gas equation of statebalance considerations assuming that there was a minimal loss

Cooling rates were approximately> 10° K/s.

After pumping down a 12 L glass bulb t8107° Torr, an
amount of liquid corresponding to 0.5% anthranil was injected
into the evacuated bulb that was then filled to 1 atm with argon
containing 0.08% of the internal standard, (H&HCI. The
bulb served as storage for the reaction mixture.

of material if at all. A typical chromatogram showing traces
obtained on the three detectors is given in Figure 1.

2. Experimental Results.To determine the distribution of
reaction products, some 80 tests were run, covering the
temperature range 828.050 K. Figure 2 shows the general
product distribution over the entire temperature range including

Three gas chromatographic analyses for each postshockcarbon monoxide. As can be seen, aniline, cyclopentadiene

mixture provided the product distribution and the temperature.
A flame ionization detector (FID) wita 2 mPorapak N column
was used to determine the ratiosf&G]/([CsHe] + [(CH3)2-
CHCI]) for the temperature calculation. A nitrogen phosphorus
detector (NPD) wi a 2 mtemperature programmed Porapak
N column was used to determine the low molecular weight

carbonitrile and carbon monoxide (that is formed together with
these two products) are of the highest concentrations and the
four fragmentation products: pyridine, acrylonitrile, hydrogen
cyanide and cyanoacetylene, have considerably lower concentra-
tions. Figure 3 shows the experimental mole percent for each
one of the products; carbon monoxide is not included. It should
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Figure 3. Detailed distribution of the reaction products in the decomposition of anthranil, carbon monoxide not included.

be stressed again that aniline is not a direct product of anthranil (or CsHs*—NH"*) that are formed in the process and that find a

decomposition. It is obtained from the intermediatgbl$£-N: way to add two hydrogen atoms probably from traces of water
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ponential factors of the reactions under consideration. All the
°, calculated frequencies, the zero point energies and the thermal
energies are of harmonic oscillators. The calculations of the
intrinsic reaction coordinate (IRC), to check whether the
transition states under consideration connect the expected
reactants and products, were done at the uB3LYP level of theory
with the same basis set as was used for the stationary point
optimization. We verified also that each transition state has one
imaginary frequency
Each optimized uB3LYP structure was recalculated at a
single-point using quadratic Cl including single and double
substitutions with a triple contribution to the energy, uQCISD-
(T).X7 All of the reported relative energies include zero-point
Total decomposition oo energy (ZPE) correction.
- . 2. Location of the Crossing Points between the Singlet and
0.95 1.05 1.15 1.25 the Triplet PES and Estimation of the Crossing Probability.
1000/T (K We used the gradient-based method to find the minimum energy
Figure 4. Arrhenius plot for the total decomposition of anthrakia crossing point (MECP) between the singlet and triplet surfaces
=2.24x 10 exp(—53.5x 10°%RT) s%, whereRis expressed in units  (i.e., the lowest points with the same geometry, where the two
of cal/(K mol). states have the same energy). The algorithm involves an energy
minimization on one surface under the constraint that the two
that are absorbed on the walls of the injection system of the surfaces will have the same enef§y® This algorithm was used
GC, or in the column or elsewhere. to calculate the energies and the gradients on both surfaces.
Figure 4 shows the rate constant for the overall decomposi- We used for this procedure the same combination of method/
tions of anthranil, calculated as a first-order rate constant from basis set, namely, uB3LYP/cc-pVDZ.
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the relation: kioral = —In{[anthranil/[anthranil}/t. The value To calculate the spinorbit coupling (SOC) at the minimum
obtained isora = 2.24 x 104 exp (-53.5x 10YRT) s™%, where energy crossing points, the one- and two-electron full Pauli
R is expressed in units of cal/(K mol). Breit operator method was us&iThe wave functions for the

As has been mentioned before, phenylnitrene (which is being SOC were optimized with the complete active space self-
analyzed experimentally as aniline) and cyclopentadiene car-consistent field theory (CASSCF) in the region of the MECP
bonitrile, together with carbon monoxide, are the major products that was found by using the B3LYP method. The active space
of the thermal decomposition of anthranil; their mole percents of the wave functions consisted of 12 electrons distributed in
together are close to 100%. Their formation can be expressedl0 orbitals, CASSCF(12,10), including thesystem of the two
by the following general schematic pathways: rings (six- and five-membered), p-orbitals of the nitrogen and
oxygen atoms and one N—O bond that is being broken. For
species without the CO group, an active space of 10 electrons
and 8 orbitals was used, CASSCF(10,8). These multiconfigu-
ration wave function calculations used the same basis set as

L
C|:H CN
e < uB3LYP calculations.
2,1-Benzisoxazole (Anthranil) ©\ + CO +_2H, ©\
N NH,

Cyclopentadiene carbonitrile

The multiple passage crossing probability at the MECP can
be estimated with the semiclassical Land&ener (LZ) ap-
proximation?-:22 This probability depends on the spiorbit
coupling (SOC) and on the local topology of the PES (through

This is a complex set of unimolecular reactions and the the energy difference gradient):
purpose of this investigation is to determine the detailed
mechanism of their formation by quantum chemical calculations P, =[1 — exp(21y))/[1 — 0.5 exp(27y)]
and to compare the results of the calculations with the
experimental, single pulse shock tube results.

Phenylnitrene Aniline

wherey = 272 (SOCWhvAF. v is the effective velocity of
[Il. Quantum Chemical Calculations passing through the crossing point, aki is the difference in
1. Calculation of the Critical Points on the Adiabatic the slopes of the two crossing potential curves in the direction
Potential Energy Surfaces (PES)Geometry optimization of  orthogonal to the intersection seam at the MECP. The effective
the reactant, products, intermediates and transition states on botlvelocity was approximated by the average velocity in a one-
the singlet and the triplet potential energy surfaces were carrieddimensional Maxwel-Boltzmann distributior?2
out at the Becke three-parameter hybrid metfodth Lee—
Yang—Parr correlation functional approximation with unre- v= (kBT/27r,u)1/2
stricted open shell wave functions (UB3LY®)The Dunning
correlation consistent polarized valence doublécc-pVDZ) . .
basis séf was used. For determining transition-state structures, Whereu is the reduced mass of the movement along the reaction
we used the combined synchronous transit-guided quasi-Newtorcoordinate.
(STQN) method® It should be mentioned that this procedure is a qualitative
All the calculations were performed without symmetry estimate of the crossing probability of spin-forbidden reac-
restrictions. Vibrational analyses were done at the same leveltions?4~26
of theory to characterize the optimized structures as local minima The DFT and QCISD(T) computations were carried out using
or transition states. Calculated vibrational frequencies and the Gaussian-03 program pack&gnd the CASSCF and SOC
entropies (at the uB3LYP level) were used to evaluate preex- calculations were carried out using the GAMESS-USA pro-
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TABLE 1: Zero Point Energies, Imaginary Frequencies? TABLE 2: Arrhenius Parameters of the Elementary Steps
Entropies, Spin Contaminations and Relative EnergiesAE® on the Singlet and Triplet PES Including the S— T and T
of the Species on the Singlet Surfaces — S Intersystem Crossing Rate Constants
uB3LYP uQCSID(T) Ad Eb
species ZPE @ 0 13 AE® Pathways on the Singlet PES (Figures 5 and 6)
1 anthranil(S)y—~ INT1(S) 6.11x 104 37.86
anthranil 65 F;ath‘;"%és") 0.0 2 INTL(S)— INT2(S@) N 1.06x 104 36.00
' ’ . : (1,3-cyclopentadiene-5-carbonitrite CO)
TS1(S) 62.2 82.68 1.0349 (i-172) 35.6 3 INTL(S)~ INT2(Sf) (CHKI) 9.90x 1012 14.51
INT1(S) 630 84.34 10358 27.7 4 INT2(Sp) (CHKI) — phenylimine(Sy- CO  3.14x 101 55.14
TS2(Sq) 608 86.09 00  (i-452) 62.0 5 phenylimine(S)~ 6-iminofulvene 4.68< 108 24.10
INT2(S ) 63.2 87.42 0.0 ) -9.1 6 6-iminofulvene— 1,3-cyclopentadiene- 1.29x 10" 57.61
TS3(Sq) 60.8 85.83 0.0 (i-1182) 18.0 5-carbonitrile
INT3(So) 62.9 88.26 0.0 —10.0 7 phenylimine(S)y— phenylinitrene(S) 3.1% 10 36.79
TS4(Sq) 62.1 84.03 0.0 (i-419) 9.0 8 phenylnitrene(S)> 1,3-cyclopentadiene- 9.73x 10 39.89
INT4(S @) 62.9 87.45 0.0 -5.9 5-carbonitrile
TS5(Se) 585 88.16 0.0 (i-978) 15.4 9 1,3-cyclopentadiene-5-carbonitrite 1.22x 10" 26.62
CPDN + CO 60.4 123.83 0.0 —14.4 1,3-cyclopentadiene-1-carbonitrile

Pathways on the Triplet PES Including the-ST

Pathway (3) Part | and T— S Crossings (Figures 9 and 10)

anthranil 65.8 77.79 0.0 ’ 4
TS1(S) 622 82.68 1.0349 (-172) 35.6 e m?{?ﬁ;ﬁsﬂ,\};’\(‘%m oo8x ﬂz 8
INTLES) 630 84.34 10358 21.7 12 INT2(T)— INT3(T) 1.19x 108 21.13
TS2(Sp) 60.1 82.18 07597 (i-1319) 414 13 INT3(T)— phenylimine(T}+CO 3.46x 105 20.46
INT2(SS) (CHKI) ~ 64.3 85.26 0.0 _ —3.6 14 phenylimine(T)~ phenyInitrene(T) 1.8% 1013 32.91
TS3(SP) 60.4 93.42 1.0322 (i-87) 49.1 15 phenylnitrene(T)~ phenylnitrene(S) 1.26 101t 22.93
phenylimine(Sy- CO 59.9 121.41 1.0286 42.4 16 phenylnitrene(Ty~ INT4(T) 4.50x 10 47.90
Pathway (S5) Part I 17° INT4(T) — INT5(S) _ © 120x10° 598
phenylimine(S) 56.7 74.18 1.0286 0.0 18 INT5(S)— 1,3-cyclopentadiene-5-carbonitrile 9.4610'* 3.34
TS_4(_S:5) 54.7 7471 0.1190 (i-1189) 22.8 aPreexponential factor in units of s  Activation energy in kcal/
6-iminofulvene 56.9 76.37 0.0 —38.2 mol. ¢ Crossing steps.
TS5(SB) 53.1 78.47 0.0  (i-1039) 17.6
CPDN 57.2 76.60 0.0 —56.8 TABLE 3: Zero Point Energies, Imaginary Frequencies?
TS6(SH) 53.6 74.50 1.0329 (i-2190) 35.7 Entropies,? and Relative EnergiesAEC of the Species on the
phenylnitrene(S) 57.1 79.96 1.0350 -19.1 Triplet Potential Energy Surface and of the Crossing Points
TS7(SB) 54.8 75.34 0.0  (i-548) 19.0 YB3LYP
TS8(Sp) 54.9 75.15 0.0 (i-1216) —30.9 _ uQCSID(T)
CPDN 57.2 76.35 0.0 —62.7 species ZPE 9 va AE°
TS9(SH) 53.4 80.62 1.0336 (i-307) 27.7 Pathway (T) Part
INT3(S/) 53.6 85.33 1.0266 19.9 anthranil(S) 65.8  77.79 0.0
TS8(Sh) 53.3 79.45 0.6027 (i-259) 23.1 anthranil(T) 62.9 81.93 50.3
2 |maginary frequencies in ch. ® Entropies at 298 K in cal/(K mol). ~ TS1(T) 620  82.06 (-1049) 62.3
¢ Relative energies in kcal/lmahE = AE + A(ZPE). 9 1,3-Cyclopen- MECP1 63.6  82.33(S) 354
tadiene-5-carbonitrile? Energies are relative to the energy of phe- 85.07(T)
nylimine(S) that is taken as zerol,3-Cyclopentadiene-1-carbonitrile. ~ INT1(T) 63.0 86.17 ) 21.6
TS2(T) 62.3  84.56 (i-160) 27.2
gram?8version December 2003. All the calculations were done INT2(T) 63.1  86.25 ' 19.6
on a DEC Alpha XP1000 1/667 professional workstation. TS3(T) 60.2  84.33 (i-1809) 39.8
INT3(T) 63.3 84.34 22.1
- TS4(T) 60.6  95.02 (i-101) 40.4
IV. Rate Constant Calculations phenylimine(Ty+ CO 60.0 123.40 39.3
High-pressure limit first-order rate constants were evaluated Pathway (T) Part A
from the results of the quantum chemical calculations using the phenylimine(T) 56.9  76.14 0.0
relation29:30 TS5(T) 54.0 75.45 (i-2110) 32.0
phenylnitrene(T) 57.2 75.90 —24.5
k, = o(ksT/h) exp(AS'/R) exp(—AH"/RT) MECP2 55.5 712:}1%?) —24
whereh is Planck’s constankg is the Boltzmann factory is TS6 (T) 536 8129 (i-275) 20.7
the degeneracy of the reaction coordinatel’ andAS’ are the MECP3 53.2 8?11{3912?) 24.8
temperature-dependent enthalpy and entropy of activation, |\, 0 538 86 90( ) 19.1
respectively. Since we deal with unimolecular reactiohis? TS7(T) 532 8060 (i-599) 38.9

= AE", where AE” is the energy difference between the . ) ; ies in cri b Entropies at 208 K in call(K mol)
iy #: 0 maginary frequencies In Ci ntroples a In cal maol).
tAr?EnSItlon Sr:ate Z‘Eg th‘? reg‘ftf"‘mg bls teqkyal E(;Ai.}_‘;ta' + ¢ Relative energies in kcal/moAE = AEqw + A(ZPE).¢ Energies
thermal WNEIE€ A ora) IS ODIAINEA Dy taking the diNerence ¢ rejative to the energy of anthranil(S) that is taken as 2&oergies
between the total energies of the transition state and the reactanjye relative to the energy of phenylimine(T) that is taken as zero.
and AEwermalis the difference between the thermal energies of
these two species.

The rate constant for spin-crossing processes was calculatedvherePyz is the crossing probability anSr andAE; are the
from the relation difference between the entropy and the energy at the crossing

point and the nearest local minimum (reactant or intermediate),
k., = Pzo(kgT/h) exp(AS,/R) exp(~AE./RT) respectively.
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Figure 5. Reaction pathway of anthranil decomposition where ring contraction takes place following CO elimination. Relative energies (in kcal/
mol) are calculated at the uQCISD(T)//uB3LYP/cc-pVDZ level of theo®) denotes partially distributed free electron density.

It should be mentioned that errors in the crossing probability

a. CO Elimination Following Ring Contractiorn. Parts |

(P.z) will have a rather small effect on the crossing rate as and Il of Figure 5 show the potential energy surface (PESJS,

compared to errors in the location of MECP as the barAéi)

where ring contraction occurs prior to CO elimination. For ring

for the crossing point appears in the exponent whereas thecontraction to take place, C(8XC(9) has to be broken. The

crossing probability appears in the preexponential factor.

V. Discussion
1. Pathways on Singlet Potential Energy Surfaces-or

corresponding transition state TS2{pis at an energy level of

62 kcal/mol. Following several steps that involve the migration
of the HCO group from C(9) to C(7) together with H-atom shift
from C(7) to C(9) and CO elimination cyclopentadiene carbo-

cyclopentadiene carbonitrile to be formed from anthranil, two nitrile is formed. It should be mentioned that the CO elimination
processes must take place. These are ring contraction of theProceeds with a higher barrier when the HCO group is attached

six-membered ring to a five-membered ring and elimination of 0 C(9) as the C(9)CHO bond energy is higher than that of
CO. These two processes can take place where CO is eliminatedhe C(7)-CHO bond. This can be seen by the large ECHO

following (o) or prior to (8), ring contraction. The first step
that is common to both processes is rupture of the wealON
bond with a low barrier of~36 kcal/mol at uQCISD(T)//
uB3LYP/cc-pVDZ level of theory. The bond energy is particu-

larly low since the six-membered ring in anthranil has

bond distance (1.57 A) as compared to the lower E@HO
one (1.53 A). This is the reason for the many steps that can be
seen on the surface PES{pin Figure 5, Il.
b. CO Elimination Prior to Ring Contractiorgj. Parts | and
no Il of Figure 6 show the potential energy surface (PESS,

resonance stabilization. Moreover, some resonance is formedwhere CO elimination occurs prior to ring contraction. The
in the transition state (TS1(S)), Figure 5, I. Following a rotation reaction coordinate in the transition state TS2& 1,4-H atom

of the HCO group and some additional resonance stabilization, migration from C(3) to N(1) with the formation af-cyclo-

an intermediate INT1(S) that is again common to the two hexadienylidene keteneimine (CHKI). The thermochemistry
processes (Figure 5, I) is formed, at an energy level of 27.7 shows that at equilibrium the ratio-cyclohexadienylidene

kcal/mol above that of anthranil.

keteneimine to anthranil is-325 at 900 K. Also, in view of
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Figure 6. Reaction pathway of anthranil decomposition where CO elimination takes place prior ring contraction. Relative energies (in kcal/mol)

are calculated at the uQCISD(T)//uB3LYP/cc-pVDZ level of theo®) (lenotes partially distributed free electron density.

the low barrier, equilibrium is attained at the very early stages kcal/mol lower than the one for the formation of phenylnitrene
of the reaction. This means that on PEB[She process is (Figure 6, 11), the latter is practically the only product of the
practically determined by the reactions of CHKI. With a barrier isomerization with only a very small leakage to phenylnitrene.

of 52.7 kcal/mol andAS* of some 8 cal/(Kmol) CO is As has been shown previously, aniline is a major product in
eliminated with the formation of-phenylimine (biradical). the postshock samples of anthranil decomposition. It can be
By examining the two potential energy surface$ &nd (3), obtained by a reaction of phenylimine or phenylnitrene with

we can see that the intermediate INT1(S) that is formed in the traces of water that are absorbed on the injection system of the
first step on both surfaces can proceed via two parallel reactions.gas chromatograph, on the column or elsewhere. Aniline cannot
However, the barrier on surface)(to reach the first transition  be produced by a reaction of 6-iminofulvene with traces of
state TS2($) namely, 34.3 kcal/mol (Figure 5, 1) is much absorbed water. On the other hand, phenylimine isomerizes very
higher than the one on surfag®) (which is only 13.7 kcal/mol rapidly to 6-iminofulvene. The question that arises is whether
(Figure 6, 1). This means that INT1(S) will be almost completely the small quantities of either phenylimine or phenylnitrene are
channeled to the intermediate INT2§pyia transition state TS2-  high enough to account for the observed high concentration of
(SP). It can therefore be concluded that the potential energy aniline. Also, the question is to what extent 6-iminofulvene can
surface ) does not contribute to the decomposition of anthranil, overcome the high barriers on both sides and produce enough
and thus CO elimination occurs only prior to ring contraction. 1,3-cyclopentadiene-5-carbonitrile. To answer these two ques-
o-Phenylimine that is formed following CO elimination tions, we have carried out multiwell calculations to determine
(Figure 6, 1), further isomerizes to two isomerization products an overall rate constant and production rates of the main
(Figure 6, 11). One involves an H-atom migration to form phen- decomposition products, and to compare the calculations to the
ylnitrene, and in the second one the six-membered ring is con-single pulse shock-tube results.
tracted to a five-membered ring forming 6-iminofulvene. Since, 2. Multiwell Calculations and Kinetic Modeling on the
however, the barrier for the formation 6-iminofulvene~43 Singlet Potential Energy Surfacelt should be mentioned that
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102 g Anih . ® of aniline, are orders of magnitude below the mole percent of
- niline o o the experimentally observed aniline and thus cannot account
- o N’ * _EXp y Ol ) .
101 £ NH, ‘: . for its high concentration. Figure 8 shows a comparison between
F K ®* N the calculated and the experimental mole percent of the sum of
100 j' experimental results two isomers, 1,3-cyclopentadiene-5-carbonitrile and 1,3-cyclo-
:f: : .o pentadiene-1-carbonitrile. Although 1,3-cyclopentadiene-5-car-
O 10 E v° bonitrile is formed on the potential energy surface, it very
e : : ) rapidly, with a barrier of~26 kcal/mol, interisomerizes to 1,3-
C singlet PES calculations . o .
o 102 . cycIopentadlene-l-carl_)onltnIe, as the latter is more stab_le by
g 3 Phenylnitrene some 6 kcal/mol (TS8 in Table 1). Thus, 1,3-cyclopentadiene-
109 L 1-carbonitrile is the isomer that is found in the postshock
F mixtures and is used for comparison between the experimental
104 ¥ i Q and calculated values. As can be seen in Figure 8, the calculated
E/'{enylimine values are orders of magnitude below the experimental ones,
10.5' e N particularly at the low-temperature end.
800 850 900 950 1000 1050 The computer modeling shows that, because of high barriers
T (K) from both sides of 6-iminofulvene, the latter has the highest

. . concentration among the various intermediates and products.
Figure 7. Plots of the calculated mole percent of phenylnitrene and N thel Id not identi ful imine in th
phenylimine, the precursors of aniline, on the singlet PES. The evertheless, we could not identify any fulveneimine in the

experimental data points are shown for comparison. The very low mole POStshock samples.
percent of phenylnitrene and phenylimine cannot account for the large  In view of these two discrepancies between the experimental

mole percent of the aniline. results and quantum chemical calculations, namely, the unex-
plained very low mole percent of cyanocyclopentadiene car-
[ 1,3-cyclopentadiene- bonitrile and of the precursors of aniline, we tried to search for
L 1-carbonitrile L] ] . . . .
additional pathways on singlet surfaces that will be compatible
10" | N - with the experimental results. As these could not be found, we
3 - o’k decided to examine the possibility that the reaction proceeds
= [ _ "y, on a triplet surface.
8 oxpermental & 3. Pathways on a Triplet Potential Energy SurfaceFigure
§_ 100 b l.'- . 9, | is the first part of a triplet po_tential energy surfa_ce_with a
o £ . . pathway that leads to the formation of a triptephenylimine.
g '! " In contrast to the singlet surfaces where there are two reaction
U pathways, namely, CO elimination prior to and following ring
'_ "u sinalet PES contraction, we could find only one reaction pathway on a triplet
107 |m ca,gu,a“ons surface, and on this surface CO elimination occurs prior to ring
T contraction. The triplet surface has an additional intermediate
P L o INT1(T), but all the others species are similar to those on the
800 850 900 950 1000 1050 singlet surface that have open shell.

T (K) The initial singlet— triplet crossing point was found to be
at a level of 35.4 kcal/mol above the ground-state energy of
the singlet anthranil (Figure 9, I) and it is below the energy
level of the transition state TS1(S) on the singlet potential energy
surface. The crossing point (MECP1), the spambit coupling
in order to evaluate an equivalent rate constant for a given reac-(SOC).AF, i and the singlet triplet crossing probabilityR, 7)
tion that is composed of several elementary steps, a kinetic Were calculated as described in section I11.2. The value gf
scheme has to be constructed, including both the forward andWas 0.03 aff = 900 K, where SOG= 47 cn, AF = 3.7
the back reactions, and computer simulation has to be carriedeV/A andu = 11.5 amu.
out. For this purpose the rate constants of the elementary steps The main difference between the pathways on the triplet and
on the surface were calculated at several temperatures as previon the singlet surfaces can very well be seen by comparing
ously described, covering the temperature range at which theFigure 9, II, with Figure 6, I1. In Figure 9, II, there is only one
single pulse shock-tube experiments were carried out. These werdsomerization product of the triplet phenylimine which is
then plotted as Ik vs. 1/T to obtain Arrhenius type rate con-  phenylnitrene and it can lead to the formation of aniline. In
stants. The unimolecular rate constants that were calculated orfFigure 6, II, singlet phenylnitrene, on the other hand is formed,
the potential energy surfaces, namkelywere used in the reac- but with a high barrier (35.7 kcal/mol), so that the latter cannot
tion scheme without RRKM corrections since the temperatures compete with the low barrier for the formation of 6-iminofulvene
were rather low and the species under consideration are large(22.8 kcal/mol) and thus cannot account for the experimentally
These rate constants together with the calculated thermodynami®bserved aniline.
properties of the species involved (reactant, intermediates and It has been shown that triplet phenylnitrene dimerizes to
products) were introduced into the kinetic scheme (Table 2), azobenzene, whereas singlet phenylnitrene produces cyclopen-
and the fraction of each intermediate and product was evaluatedtadiene carbonitril€! This means that the pathway that leads
Figures 7 and 8 show a comparison between the experimentalfo the formation of triplet 1,3-cyclopentadiene-5-carbonitrile
single pulse shock-tube results and the results of the quantumfrom triplet phenylnitrene as shown in Figure 9, Il is to some
chemical calculations. As can be seen in Figure 7, the calculatedextent unreal. Moreover, the barrier of its formation, 63.4 kcal/
mole percent of phenylnitrene and phenylimine, the precursors mol, is very high. We therefore looked for crossing point from

Figure 8. Plots of the calculated mole percent of 1,3-cyclopentadiene-
1-carbonitrile on the singlet PES. The experimental data are shown
for comparison. The agreement is very poor.



8256 J. Phys. Chem. A, Vol. 110, No. 27, 2006 Lifshitz et al.

|40
— e 0.
3 O i phenylimine (T)
E ] N -0
= +CO
w *N+)
<

lo ]

anthranil
H
-20 ©fqo :
=N red: triplet
black: singlet ~ PES(T), part1
TS5(T)
0 L]

20

°
0.8
-_E.. 2 0.0 1,3-cyclopentadiene
_§ S-carbonitrile (T)
=) W
W N
o-iminobenzene(T) H
20 c
ph;nylnitrene(T} PES (T), part Il ‘H
NG
=40

Figure 9. Reaction pathway of anthranil decomposition on the triplet potential energy surface. Relative energies (in kcal/mol) are calculated at
uQCISD(T)//luB3LYP/cc-pVDZ level of theory &) denotes partially distributed free electron density.

red: triplet
black: singlet

AE (kcal/imol)
b=

phenylnitrene(S)

phenylnitrene(T)

~= 1 3-cyclopentadiene-5-carbonitrile —*

Figure 10. Reaction pathway for the formation of singlet 1,3-cyclopentadiene-5-carbonitrile from triplet phenylnitrene. The twe-trihefet
MECP are shown at the two sides of triplet phenylnitrene. MECP2 is the main contributor to the formation of 1,3-cyclopentadiene-5-carbonitrile.
Relative energies (in kcal/mol) are calculated at uQCISD(T)//uB3LYP/cc-pVDZ level of the@jydgnotes partially distributed free electron

density.



Decomposition of Anthranil

102¢———o— o .
E Phenylnitrene o oo *
[ (triplet+singlet PES
[ (trip g .).. .‘... L4
10" E > i
F el ©
-— N L] ¢
= L experimental results
S 10° 3 [1]
= : o
- >
e 01 L ®° Aniline
: L,
= L
E 102 g Hz
a Phenylnitrene
102 ¢ (singlet PES)
10_4‘_||||I||r|||||||||||||||
800 850 900 950 1000 1050
T (K)

Figure 11. Plots of the calculated mole percent of phenylnitrene, the
precursor of aniline, on the triplet PES. The experimental data points
and the calculated points on the singlet surface are shown for
comparison. The very high mole percent of phenylnitrene can easily
account for the large mole percent of the aniline.
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Figure 12. Plots of the calculated mole percent of 1,3-cyclopentadiene-
1-carbonitrile on the triplet surface. The experimental data points (blue

1000 1050

squares) are in reasonably good agreement with the calculated points

(red filled circles). The calculation included all the elementary steps
on both the singlet and the triplet surfaces. The results of 1,3-
cyclopentadiene-1-carbonitrile formation on the singlet PES only are
shown for comparison.

the triplet to the singlet phenylnitrene. We did find two crossing
points at energies of 22.1 and 49.3 kcal/mol with respect to the
level of phenylnitrene triplet. The two crossing points MECP2
and MECP3 are shown in Figure 10, drawn at the two sides of
phenylnitrene(T). The values ¢,z were 0.007 for MECP2
and 0.003 for MECP3 af = 900 K, where SOG= 7 and 4

cm™1, respectively. The crossing rate constants are shown in

Table 2, part Il.

Note that triplet phenylnitrene is the ground state of this
molecule and is thus more stable than the singigf. According
to our calculations the difference is 8.5 kcal/mol.

4. Multiwell Calculations and Kinetic Modeling on the
Triplet Potential Energy Surface. Table 2, part Il, shows the

J. Phys. Chem. A, Vol. 110, No. 27, 2008257

kinetic scheme for the reactions of all the species on the triplet
potential energy surface including the singtettriplet and the
triplet — singlet crossing rate constants. The modeling was
performed as has been described in the section V.2 on the
multiwell calculations of the singlet surfaces, where both the
forward and the back reactions were taken in the account. It
includes also all the species of the reactions on the singlet
surfaces as they take place in parallel to the triplet surface
reactions. The results of the calculations in terms of mole percent
are shown in Figures 11 and Figure 12 for aniline and
cyclopentadiene carbonitrile in comparison to experimental
results. As can be seen (Figure 11), the mole percent of the
triplet phenylnitrene is very high and can easily account for
the large mol percent of aniline that was found experimentally.
The mol percents of phenylnitrene and phenylimine that were
calculated on the singlet surface are also shown for comparison.
Figure 12 shows the results for 1,3-cyclopentadiene-1-carbo-
nitrile. As can be seen, the agreement is quite satisfactory.

VI. Conclusions

(a) Two singlet potential energy surfaces that were found and
analyzed could not account for the experimentally observed
concentrations of cyclopentadiene carbonitrile and aniline that
are the main decomposition products of anthranil. No other
singlet potential energy surfaces that lead to the formation of
the above two decomposition products could be found.

(b) In view of conclusion discussed in (a) the possibility that
the reaction proceeds on a triplet potential energy surface was
explored. A triplet surface where CO is eliminated prior to ring
contraction and that leads to the formation of cyclopentadiene
carbonitrile and phenylnitrene was found. Singtetriplet and
triplet — singlet crossing points were found, and crossing
probabilities were calculated. Multiwell calculations on the
triplet surface (including also the pathways on the singlet
surface) reproduced very well the mole percent of cyclopenta-
diene carbonitrile and could account for the high mole percent
of aniline.

(c) Although the two singlet potential energy surfaces look
quite reasonable, they were ruled out as channels for production
of the main decomposition products of anthranil only on the
basis of being incompatible with the experimental results. An
important conclusion, therefore, is that if the results of a
calculated potential energy surface cannot be anchored to some
existing experimental results, then the surfaces should be viewed
with some skepticism.
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