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Accurate and Efficient Method for Predicting Thermochemistry of Furans and
ortho-Arynes: Expansion of the Bond-Centered Group Additivity Method"
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The bond-centered group additivity method (BCGA) method for the estimation of the thermochemical properties
of polycyclic aromatic molecules is expanded to aromatic molecules containing furan ring(sythod

arynes. The method is based on enthalpies of formatid)( entropies £49), and heat capacitie<Cf)

obtained from B3LYP/6-31G(d) calculations. The enthalpies of formation were obtained using a set of
homodesmic reactions that include only aromatic molecules as the reference. Two new atom-centered groups
are defined for the description of furan ring(s) amho-arynes, leading to the addition of 17 new bond-
centered groups to the BCGA method. TAEF Sy andC; contributions of these bond-centered groups is
derived.

Introduction A few estimation methods for PAHs containing a furan ring
. ) have been previously propost®:*2 These works were all based
To advance the understanding of combustion systems, a Wayon ring corrections for the entire furan ring. The works from

is needed to rapidly estimate thermochemical properties of all pgrofeeva et al and Zhu and Bozzel focus on the derivation
molecules involved. In the 1970s, Bensoni Gol_den, and othersyf 5 group additivity method for the estimation of the thermo-
developed group-based methods for estimating the thermo-chemical properties of chlorinated dioxins and furans. The
chemistry of polycyclic aromatics and oxygenated aromatics. proposed ring corrections were derived from the experimental
However, at that time only very limited data were available for thermochemical properties of furan only or of furan and
use when regressing the group values, so only a small numbergipenzofuran. There are no guarantees of how the ring correction
of rather generic groups could be used. Now, quantum chemistryestimate will perform for larger PAHs or for furan rings in other
can be used to extend the data set, so much more specific groupgnvironments.
can be defined, and their group values determined. In this paper, Ortho-arynes are formed through didehydrogenation of the
we expand the Bond-Centered Group Additivity (BCGA) parent arene at the ortho position. They can be viewed as a
method to include aromatic molecules containing furan rings delocalized structure in which the seconebrbital from the
andortho-arynes. triple bond is perpendicular to the first. The electrons in this
According to the simple Hekel (4N + 2) rule, furan should secondr-orbital are not free to move around the aromatic ring.
be considered an aromatic ring. This rule states that (planar)Molecular orbital (MO) results have shown that both resonance
cyclic systems with (M + 2) z-electrons are more stable than  structuresl and 2 contribute to benzyrié
their open chain analogues. Other measures of aromaticity also
confirm that furan is aromatic. For example, its NICS (nucleus-
independent chemical shift) index is12.3, compared to | =

benzene’s—9.7 value? The NICSs are based on absolute

magnetic shieldings computed at ring centers, negative values 1 2
denote .ar?matmlty, while positive NICSs denote anti-  Arynes are believed to be important intermediates in the
aromaticity- formation of five-membered rings from benzenoid PAHs. One

The kinetics of formation and consumption of PAHs contain- proposed mechanism suggests that after 1,2-didehydrogenation
ing furan rings (especially dibenzofuran) during combustion has of the parent arene, the resulting aryne will be in equilibration
attracted considerable attentibhecause the polychlorinated with its carbene isomer. The latter would then be trapped
form of these species are very carcinogenic. Polychlorinated intramolecularly to form a five-membered rid$The proposed
dibenzodioxins and dibenzofurans (PCDD/F) are a major mechanism for thermolysis of benzighenanthren'€ is shown
problem in waste incineration (e.g., ref 5). On another note, in Figure 1 as an example.
heterocyclic PAHs have attracted attention due to the possibility
of tailoring the curvature and rigidity of buckybowls by the Experimental Values

introduction of heteroatoms at strategic positiéns. Experimental heats of formation of molecules containing
furan rings are only available for furan, benlp{iran (3), and
T Part of the special issue “David M. Golden Festschrift”. dibenzofuran4) (see Table 1). Experimental values for entropy
_*To whom correspondence should be addressed. E-mail: whgreen@ and heat capacities for this class of PAHs are only available
mit.edu. for furan. The values cited by Stull et ®lare listed in Table
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ville, AL. using different methods, and the values have ranged from 98
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Figure 1. Arynes have been proposed to be intermediates in the formation of five-membered rings, as shown here in the thermolysis of benzo-
[c]phenanthrené

TABLE 1. Comparison between AH?, ., Values and tives of phenanthren®. A list of these scarce experimental
AH¢ Calculated from the Proposed Homodesmic Reaction AH¢ values is found in Table 2.

Scheme for PAHs Containing Furan Structures To the best of our knowledge, no experimental values for

AHfexp AHfatom AHPhomo the entropy and the heat capacitiesoatho-aryne compounds
(kcal mofY)  (kcal mol%)2 (kcal mol?)2 have been published.
furan CH/O -83+£02 —-65+04 c
benzopjfuran (3) CgHsO 3.3+ 0. 5.14+0.9 4143 m ional Meth
dibenzofuran4) CioHgO 11.3+ 1.18 13.2+1.3 13.1+ 4 Computational Methods
13.2+0.1 3.1. Quantum Chemical Calculations.All optimized ge-

aAs a reference, the\Hgaom values calculated from atomization ~Ometries and vibrational frequencies were calculated at the
reactions are also given. B3LYP/6-31G(d) energies were used for the BSLYP/6-31G(d) level using the Gaussian 98 suite of pro-
calculation of AHfhomo and AHfaom as described in section 3.1.  grams?® A frequency scaling factor of 0.9613 was employed
®Reference 17:Furan is used as a reference molecule for the for the vibrational partition function, the zero-point energy,
homodesmic reaction scheme. The adoptétfhomofor furan is 8.3+ entropy, and heat capacities. Calculations were done for 29
2. 9Reference 18, as cited in ref 19Reference 20, as cited in ref 19. ' L. .
t Reference 21. PAHs containing a furan structure (see Table S1 in the
Supporting Information), 10 arynes (Table S3), and 2 PAHs
SCHEME 1 containing both furan rings and triple bonds (Table S2).
o o [ El-Azhary and SutéP compared the performance of various
@j methods (HF, MP2, LDA, BVWN, BLYP, and B3LYP) and
basis sets (cc-pVDZ, cc-pVTZ, and 6-31G(d,p)) in the calcula-
3 4 5 tion of the geometry and vibrational frequencies of furan. In
Table 3, the experimental geometry of this molecule is compared
with the geometry obtained at different levels of computation.
P O El-Azhary and Suter found that, among the methods that they
OO| OO O‘ tested, the geometry from the B3LYP method provides the best
agreement with experimental geometry. The effect of the basis
6 7 8 set on the calculated bond angles and frequencies was very
small. Indeed, the geometry calculated with the B3LYP/6-
to 113 kcal mot.22 More recent values have clustered around 31G(d) method is in good agreement with the geometry obtained
105 kcal mof?! (see Table 2). TheAH; of 1,2- and 2,3- experimentally.
didehydronaphthalene$ &nd6) have been estimated through Cioslowski et aP! tested many quantum chemical methods
the study of bromine elimination reactions with bromonaph- for aryne compounds. They found that the B3LYP/6-311G(d,p)
thaleneg? Broadus and Kass determined théife, of 1,2- method provided a geometry of benzyne comparable to higher
didehydroacenaphthylen&)(by studying the reactivity of the level, benchmark calculations such as MP2/6-311G(d,p), QCISD/
1,2-didehydroacenaphthylene radical aribiThe AH{ex, Of 6-311G(d,p), and CCSD(T)/6-311G(d,p). A comparison between
9,10-didehydrophenanthrer® fas been estimated through the the benzyne geometry from these benchmark calculations and
study of the thermal decomposition of 9,10-disubstituted deriva- the geometry from B3LYP/6-311G(d,p) and B3LYP/6-31G(d)

TABLE 2: Comparison between the AH? Calculated from the Proposed Homodesmic Reaction Scheme fartho-Arynes and
AH? ., Values

AH?,exp AHf(jatom AHft?homo

(kcal mol™) (kcal moi1)2 (kcal moi1)2
benzyne GH4 105+ 3° 113.94+0.7 c

105

106.6+ 3.0°
1,2-didehydronaphthalenB)( CioHs 122+ 6f 1319+ 1.1 121.6+3
2,3-didehydronaphthalené)( CioHs 1224+ 6f 1344+ 1.1 124.1+ 3
1,2-didehydroacenaphthylensd ( CioHs 160+ 49 182.5+ 1.3 173.1+ 7.5
9,10-didehydrophenanthrer® ( Ci4Hs 143+ 9" 141.7+ 1.6 132.0+ 4.5

aAs a reference, thé\H{a.om values calculated from atomization reactions are also given. B3LYP/6-31G(d) energies were used for the
calculation ofAH?homo and AHaom as described in section 31Determined through the bracketing technique for the ion/molecule reaction of an
alkoxide with bromobenzerté. ¢ Benzyne is used as a reference molecule for the homodesmic reaction scheme. The/&dpptedor benzyne
is 106.64 3. 9 From acidity bracketing’ ¢ Determined from threshold energies for collision-induced dissociation (CID) measureéfébistermined
through the bracketing technique for the ion/molecule reaction of an alkoxide with bromonaphfiatdReference 24" Reference 25.
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TABLE 3: Comparison between the Experimental TABLE 5: Comparison between Experimental and B3LYP/
Geometry of Furan and the Geometry Calculated at 6-31G(d) Si4g and C for Furan, in cal K ~1I mol—t
Different Levels
Furan
BsS o 13 Icd
c— 1\ exp calc
i o S 63.86 64.0
P C2 300 15.75 16.1
Hy \ C3400 21.20 21.6
H; C3500 25.73 26.1
C3 600 29.31 29.6
6-31G(d,p) 6-31G(dy C;,soo 34.41 34.6
exptk MP2 B3LYP B3LYP C5 1000 37.89 38.0
Bond Lengths (A) Cp.as00 43.0
0,—C, 1.362 1.364 1.364 1.364 a As cited by ref 16.
CxrCs 1.361 1.365 1.361 1.361
Cs-Cy 1431 1.426 1.444 1.436 reactions in which reference molecules with known (experi-
g2::2 18;3 i-g;g i-ggg i-g;? mental) heats of formation are used to achieve a cancellation
SR : ’ ) ’ of quantum chemical errors. In the next section, a homodesmic
Bond A”29|95 reaction scheme that provides consistahrif values (for both
C—01=Cs 106.5 107. 106.4 106.8 furans andortho-arynes) that agree well with the available
0:—C—C5 110.7 110.8 110.5 110.5 . Id ; d. Thi . h I f
Cy-C3-Cy4 106.0 105.6 106.0 106.1 eXperlmenta. ata Is propose T IS reaction §C Qme allows t1or
0,—C—H, 115.9 116.2 115.8 115.6 the cancellation of the systematic errors that arise in the quantum
Co—Cs—Hgs 126.1 126.8 126.5 126.6 chemical calculations due to the incomplete description of

electron correlation energies.

2 As cited by ref 30° Reference 3(¢ Calculated in this work. .
The entropy and heat capacities values of Furan calculated

TABLE 4: Comparison between the Geometry of Benzyne at the B3LYP/6-31G(d) level show good agreement with
Calculated at Different Levels experimental values, as shown in Table 5.
He, _Cig 3.2. Homodesmiq Reactions.Since this work aims at
Cs ~Ca consistently expanding the Bond-Centered Group Additivity
C| C| (BCGA) method to describe polycyclic aromatic molecules
Hs/ 5\c4/ 3\H3 containing furan rings andrtho-arynes, the homodesmic
| reaction scheme developed for five- and six-membered ring
H, PAHSs described in ref 2 is used as a basis for the calculation of
accurateAH; values. This homodesmic reaction scheme uses
6-311G(d.p) 6-31G(dy only aroma{ic molecules as reference (benzene, naphthalene,
exptl QCISD  MP2  B3LYP B3LYP acenaphthalene, phenanthrene, ang),Cand provides an
Bond Lengths (A) unequivocal method for calculating theH; of any PAH. It
Ci—C; 1.24+0.02 1256  1.268  1.256 1.251 was shown to providé\H; with good agreement to available
Co—Cs 1395 1.393  1.391 1.385 experimental data of PAHs with five- and six-membered rings.
%:84 1'2(1)3 i'ﬂg iﬁg i'j(l)g Furan was added as a reference molecule to the homodesmic
4 5 . . B . . . e
Ca—Hs 1.085 1.085  1.089 1.085 reaction scheme to account for the furan ring, as exemplified
Cs—H, 1.088 1.088  1.092 1.088 in the calculation ofAHfhomo Of dibenzofuran shown in eq 1.
Bond Angles 0
Ci-C—Cs 1269 1268 1271  126.9 O o
C1-Cs-Cs 110.5 110.6 110.7 110.3 ‘:- +2 O — 2 + D (1)
C1—Cs—He 126.7 127.0 127.1 127.2
gj_Céf_SH4 ﬁég ﬁég ﬁgg ﬁé‘; The agreement between tidH? value calculated from this

homodesmic reaction schemAH{nhomg With the scarce ex-
perimental values is very good, as shown in Table 1. As a

is given in Table 4. The geometry for benzyne, the prototype comparison, Notario et al., using “bond separation reactions”
aryne compound, calculated with the B3LYP/6-31G(d) method (a standard set of isodesmic reactions), obtakolgvaIues of

also agrees well with the geometries from the higher level 6.0 and_ 16.6 kcal mot for 2,3-benzofuran and dibenzofuran,
calculations. However, B3LYP/6-31G(d) does not provide good "eSpectively! , ,

absolute energy for benzyne. While the MP2/6-311G(d,p), To account for the triple bond in aryne compounds,'benzyn.e
QCISD/6-311G(d,p), and B3LYP/6-311G(d,p) methods give Was added as a reference molecule in the homodesmic reaction
heats of 1,2-didehydrogenation of benzene of 86.1, 91.2, andScheme. For example, thieHy of 1,2-didehydroaceanthrylene
82.8 kcal mot? at 0 K, compared with the experimental value 1S calculated through

of 86.6 &+ 3.0 kcal mof?! (at 298 K)3! the value calculated

f B3LYP/6-31G(d 0K)i . 7 kcal mol higher, 93.5 7
kr‘(:)arl?morl. (d) (at 0 K) is ca. 7 kca igher +©+ﬁ©|++ o

Higher level calculations and larger basis sets are still too
computationally expensive for the calculation of accurate As shown in Table 2, theAH? calculated through the
energies for large molecules such as the ones studied here (seg@roposed homodesmic reaction scheme in general agrees well
for example, ref 33). A good alternative for the calculation of with the availableAH{ ey, The AHPhomoValues for the 1,2- and
AH? with good agreement with experimental data is working for 2,3-didehydronaphthalenes agree well with 1téf values

aReference 32° Reference 31¢ Calculated in this work.
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TABLE 6: Uncertainties Assigned to the AH?,, of the
Reference Molecules of the Developed Homodesmic Reaction
Scheme for the Calculation ofAH{ from Absolute Energies

€ref.molecule
reference molecule (kcal molt)

benzene 0.5
naphthalene 0.5
acenaphthalene 5.0
phenanthrene 2.0
Cso 10.0
furan 2.0
benzyne 3.0

estimated for these molecules by Linnert and Riv&rfrom
experimental results of bromine elimination reactions with
bromonaphthalenes. On the other hand, M aom for ben-
zyne is ca. 7 kcal mol higher than itsAHfex, as was

expected, since the heat of 1,2-didehydrogenation of benzene

is overestimated by the same amount by the B3LYP/6-31G(d)
method.

The calculation of the errors related &dH7homo takes into
account the uncertainty in the experimentsHfey, of the

reference molecules used in the homodesmic reaction scheme

and the uncertainty in the quantum chemical calculation of the
heat of reactionAHxn,) of the homodesmic reaction, as given
by eq 3

€= 6e><pmthH"f + equantum&ern (3)

For example, the calculation oAH{homo Of dibenzofuran

Yu et al.

Figure 2. Atom-centered groups used for the definition of the bond-
centered group3.These atom-centered groups follow basically the
definition established by Bensdnwith a small difference in the
definition of the “C” and “D” groups. “A” corresponds to the g€
(H)] group, “B” corresponds to the Ez—(Cg)2(Cse)] group, “C”
corresponds to a group that is in a bay region, it can be eithega[C
(Cs)(Csr)2] group or a [Ge—(Csr)s] group, and “D” corresponds to
the [Ger—(Csr)3] group that is internal to the PAH.

TABLE 7: Group Values for AH7 Obtained for the “AO5”,
“BO5”, and “CO5” Bond Groups

AH? (kcal mol?)

AO5 —17.65+ 0.7
BO5 —13.11+ 0.9
CO5 —18.88+ 2.0
MAD 3.70
RMS 5.22

defined as a G—(Cgr)s atom-centered group in which the
center G atom belongs to three rings. The definition of these

requires two benzenes, two naphthalenes, and one furan aatom-centered groups is irrespective of the size of the rings to

reference molecules (as shown in eq 1, thusefgmune, is
given by
4

EexpmtIAH°f = 2Gbenzene_‘_ Zénaphthalene+ €furan

The uncertainties of the\Hfey, of the reference molecules
depend on the accuracy of the availablE{cy, as described

in ref 2, and were assigned as shown in Table 6. The error in
the quantum chemical calculation @Hnn, is expected to
increase with molecular size and was taken to be

€quanumar,, — (Number of C atomsk (0.2 keal mol") (5)

which these atoms belong. A depiction of these groups for an
arbitrary PAH is shown in Figure 2. Possible bond-centered
groups between these types of atom-centered groups are: AA,
AB, AC, BB, BC, BD, CC, CD, and DD. These groups were
then further subdivided according to the size of the ring(s) to
which they belong. For a detailed description of these bond
groups, see ref 2.

In the BCGA method, the thermochemical properties of an
aromatic molecule are estimated by classifying each of the bonds
in the aromatic ring into a bond group. The contributions of
each bond group are then summed up. The resonance energy
characteristic of aromaticity is taken into account by adding a
In(K) term toAH¢, whereK is the Kekulestructure count of the

For the molecules that form the base of the homodesmic reactionmglecule, that is, the number of different ways the double and
scheme (i.e., benzene, naphthalene, phenanthrene, acenaphthgingle bonds can be dravirHerndon et al. showed that ki

lene, Go, furan, and benzynegexpmmne, is the uncertainty that
was assigned to its experimental value aq@munaH,, IS defined
as zero.

Estimation Method

correlates very well with the Dewar resonance enépgyor
example, furan has a KeKustructure count of 1, dibenzofuran
has a Kekulestructure count of 4, and benzyne has a Kékule
structure count of 2. The coefficient of the K)(term was
derived in ref 2 and is-19.59+ 1.1 kcal mof?!. The values

The estimation method proposed here is an expansion of thecorresponding to the contributions of the bonds of five- and

bond-centered group additivity (BCGA) method presented
earlier? In this work, we introduce new bond-centered groups
to account for the types of bonds that arise in furan rings and
ortho-arynes.

In ref 2, we had defined four different carbon-atom-centered

groups to describe carbon atoms belonging to aromatic rings.

Carbon atoms in aromatic rings belong either to only one ring
(Cg) or to two or three fused rings §&). The groups previously

six-membered rings are given in Table S4 of the Support-
ing Information, and their derivation is explained in detail in
ref 2.

A new atom-centered group “O”, corresponding to the oxygen
in the furan structure, was introduced to describe the furan ring.
The introduction of the “O” atom-centered group leads to three
new bond-centered groups: “AO5”, “BO5”, and “CO5”, where
the “5” in the notation refers to the size of the furan ring. These

defined differ according to the neighbors of the central atom: three bonds describe the two bonds in the furan ring that are

“A” is defined as the G—(H) atom-centered group of Bensén,
and “B” is the Cgr—(Cg)2(Cgr) atom-centered group. “C” is
defined either as ag—(Cg)(Cgp)2 Or as a Gr—(Cgr)3 atom-
centered group with a further restriction that it belongs to only
two rings, that is, it is on the periphery of the PAH. “D” is

bonded to the oxygen atom. Their difference lies in the
environment of the carbon adjacent to the oxygen. For example,
in “AO5”, the carbon has two benzene bonds and one single
bond, and in “CO5”, the carbon is in a bay region. The other
bonds in the furan ring are treated as normal bonds in a PAH.
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AO5(A) AO5(B) AO5(C) AT5 BI5
nr 5,6 nr 56 |or
H b
or o onropp ﬁ nr g 6 or H
Ay~ 6 B~y C~x" nr nr
1 nr 1 nr 1 nr = =
nr nr
nr nr nr
AT6 BI6
BO5(B) BO5(C) BO5(D) o 56 |or
*
. 56 N ©/m .
@ nr 6 6 \0T /m‘ /nr
nr B o Cg 6 Do
B 1 nr B
Chm o Toyd = o
o nr nr nr 0
o
CO5(B) CO5(C) “or
or 56 Figure 4. Aromatic bonds defined for PAHs with triple bonds.
5.6 56
or B\GC o TABLE 10: Group Values for AH{ and Sqq for Aryne
C o I PAHs
or O & Y .
ar AH; L %98 .
Figure 3. Aromatic bonds defined for PAHs with a furan structure. (kcal mol™) (cal K™ mol™)
The rings marked with an * in the “BO5(C)” and “CO5(C)” bond Al5 41.44+ 2.8 21.3+0.7
groups do not have to both be present but at least one must be. Positions BI5 35.02+ 0.8 13.9+£ 0.2
where no ring is allowed are marked with “nr”. Positions that are not CI5 29.12+1.9 14.7+£0.4
marked may or may not have a ring. 115 70.00+ — 0.0+ —
Al6 26.944+0.2 17.4+ 0.0
TABLE 8: Group Values for the Estimation of AH?and BI6 24.66+ 0.3 9.5+ 0.1
S5450f PAHs with Furan Rings Cl6 19.57+0.8 9.9+ 0.2
AH? s 6= 50.00+ — 0.0+ —
f 98
(kcal moft) (cal K"t mol™?) MAD 0.423 0.092
AO5(A) —19.74+ 0.5 13.2+ 0.1 RMS 1.038 0.200
AO5(B) —15.02+ 0.7 12.6+0.1 aThis bond-centered group is linearly dependent on the other groups,
AO5(C) —14.84+ 1.3 12.4+ 0.2 and thus, its value was arbitrarily assigned.
BO5(B) —12.56+ 1.2 5.2+ 0.2
BO5(C) —14.48+ 0.6 5.6+£0.1 “AO5(A)”, “AO5(B)”, and “AO5(C)"; see Figure 3. The new
ggg((gg __13':;31 1(7) g'gi 8'§ group values were obtained through a weighted least-squares
COo5(C) —1937+ 18 5.0+ 0.3 regression, where the inverse of the uncertaintABifnomde)
CO5(D) —17.974+ 2.0 6.8+ 0.3 was used as the weight. The bond values are given in Tables 8
MAD 1.76 0.32 and 9. The standard deviations for 6 values were 0.1 cal
RMS 3.05 0.53 K~1 mol~t or smaller.

TABLE 9: Group Values for the Estimation of Cj of PAHs
with Furan Rings?

We introduced one new atom-centered group “I”, correspond-
ing to the carbons that belong to a triple bond in benzyne
structures. The “I” atom-centered group leads to the following

Cp7 (cal Kt mol™?) new bond-centered groups: “Al6”, “BI6”, “CI6”, “lI6", “Al5”,
300K 400K 500K 600K 800K 1000K 1500K  “BI5”, “CI5", and “lI5", where the “6” and the “5” in the
AO5(A) 2.9 39 46 52 61 6.6 75 notation refer to the size of the ring to which the bond group
AO5(B) 3.0 38 46 52 59 6.7 75 belongs. Figure 4 ;hould help in the understanding of theS(_e new
AO5(C) 2.8 3.7 45 5.1 5.9 6.8 7.3 bonds. Of these eight new bond-centered groups, only six are
BO5(B) 2.8 3.4 4.2 4.9 5.3 6.3 6.8 linearly independent. For example, the number of bonds “115”

BO5(C) 2.8 3.6 4.3 5.0 55 6.4 6.8
BO5(D) 3.0 3.6 4.4 5.0 5.4 6.3 6.8

and “ll6” are related to the number of their remaining bonds

CO5(B) 2.8 33 41 49 51 6.3 6.7 through

CO5(C) 2.6 34 43 49 54 64 6.4
cCos(D) 29 35 43 49 53 63 6.5

MAD 0.07 006 006 0.06 0.09 0.07 0.09
RMS 0.10 0.10 0.09 0.09 0.12 0.12 0.13

2 The standard error of ead®; coefficient is smaller than 0.1 cal ~ The values for these groups were derived from the thermo-
chemical properties of the 10 arynes (shown in Table S3) for

K=t mol™.

I15=05xAI5+05x BI5+0.5x CI5 (6)
16 =0.5x Al6 +0.5x BI6 + 0.5x CI6 @)

which B3LYP/6-31G(d) calculations were performed. The
The contributions from each of these bonds to Atéf are contributions of bonds “lI5” and “ll6” to theAH; were
shown in Table 7. Given the relatively high mean average assigned to be 70.0 and 50.0 kcal mglrespectively. Their
deviation (MAD) and root-mean-square (RMS) obtained from contributions toSgs and C; were set to zero. The coefficients

this method, we conclude that the “AO5”, “BO5”, and “CO5” obtained from a weighted least-squares regression (again, the

bonds are not specific enough to capture the characteristics ofuncertainties in theAH{homo Of each molecule are used as
PAHs containing the furan structure. Thus, these bonds haveweights) are shown in Tables 10 and 11.

been further subdivided depending on the neighbor of the carbon  The contribution of the OI5 group was determined separately,
atom. For example, the “AO5” bond has been subdivided into from the thermochemical properties of the two smallest PAHs
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TABLE 11: Group Values for C7 for Aryne PAHs
Cp.1(cal Kt mol™?)
300 K 400 K 500 K 600 K 800 K 1000 K 1500 K
Al5 56+0.2 6.3+ 04 7.1+ 0.1 7.6+ 0.3 8.5+ 0.4 89+ 1.3 10.2+ 25
BI5 49+0.1 57+0.1 6.5+ 0.1 7.1+ 0.1 7.7+ 0.1 8.5+ 0.3 9.1+ 0.7
Cl5 5.0+0.1 5.7+ 0.3 6.4+ 0.1 7.2+ 0.2 7.6+ 0.3 8.6+ 0.8 9.0+ 1.7
1152 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Al6 47+0.1 5.8+ 0.1 6.7+ 0.1 7.3£0.1 8.2+ 0.1 9.0+ 0.1 9.7+ 0.1
BI6 47+0.1 57+£0.1 6.5+ 0.1 7.2+0.1 7.8+0.1 8.7£0.2 9.2+ 0.3
Cl6 4.7+0.1 55+ 0.1 6.4+ 0.1 7.2+0.1 7.8+0.1 9.0+ 0.4 9.6+ 0.7
1162 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MAD 0.019 0.048 0.020 0.035 0.054 0.142 0.281
RMS 0.056 0.112 0.052 0.091 0.122 0.316 0.608

@ This bond-centered group is linearly dependent on the other groups, and thus, its value was arbitrarily assigned.

TABLE 12: AHy, S and Cg Values of the OI5 Group

Cp P
AHP? S 300K 400K 500K 600K 800K 1000 K 1500 K
OI5 27.54 20.8 4.4 5.4 5.9 6.2 6.9 7.0 7.0

2 AH?in kcal mol™. P Sjos and C; in cal K™ mol™.

with this group, which are shown in Table S2 of the Supporting
Information. The values derived for this group are listed in Table
12.

In arynes, the number of KeKulgtructures is counted in

tions. They concluded that two factors affected the stability of
arynes: The first is the relief of steric strain that accompanies
the removal of the hydrogen atoms from the parent arene, and
the second is the ability of the carbon skeleton to accommodate
the shorter dehydro bond. The bond-centered groups proposed
here forortho-arynes are directly related to the relief of steric
strain provided by the removal of the hydrogens from the parent
arene. When a dehydro bond has a “C” atom-centered group as
a neighbor, it means that it is adjacent to a bay region and
removal of the H atoms reduces steric conflicts. Thus Akg
group values for the “CI” bonds are significantly lower (more

the same way as the corresponding five- and six-membered ringstable relative to the original PAH) than those for aryne bonds
PAHSs. For example, benzyne is considered to have two Kekule in different local environments. The second factor affecting the
structures like benzene, and the didehydronaphthalenes eaclstability of ortho-arynes is related to the bond order at the

have three, like naphthalene.

Results and Discussion

The differentiation of the “AO5”, “BO5”, and “CO5”
according to the neighbor of the carbon atom improves the
estimation method. Both the MAD and the RMS decrease by
almost 2 kcal moil. The predictive capability of this estimation

method can be assessed through the “leave one out” procedure.

The discrepancy between tiAéH? for each observation and its
prediction from the regression equation obtained by leaving that
observation out was calculated. The MAD and RMS for these
residuals are 2.37 and 3.98 kcal mblThese values are not
significantly larger than the values for the ordinary least-squares
regression presented in Table 8, indicating that the method ha
good predictive capabilities. The maximum residyat- i),
wherey; is AHfhomo and Yy is the predictedAHy from group
values derived without including thgh observation in the
regression, was-10.99 kcal mot! for benzop]naphtho[1,2-

djfuran
gay

This is the only furan ring in which the “C” carbon of the
“BO(5)C” group is bonded to two other “C” carbons. This

S

position of the dehydro bond in the parent arene. Thus, the triple
bond that is formed in a bond that has a high bond order in the
parent arene is more stable than a triple bond that is formed in
a bond that has a lower bond order in the parent arene. The
BCGA method indirectly captures this effect through thé<in(
term. The InK) term is a nonlocal property of the molecule,
unlike the bond order, which is a property of each bond.

Only one experimental value &Hy¢ is available forortho-
arynes in which the triple bond is in a five-membered ring (see
Table 2). Although theAHy of 1,2-didehydroacenaphthylene
calculated through the proposed homodesmic reaction scheme
falls within the uncertainty range of the corresponding experi-
mental AH;, the agreement between the two values is not
excellent. We find however that this poor agreement is not
sufficient justification to adjust the homodesmic reaction scheme
such that theAH{homo Of 1,2-didehydroacenaphthylene is
closer to the measuredH¢ey, since there are no other
independent indications to the correctness (or incorrectness) of
this singleAH{exp Of 1,2-didehydroacenaphthylene. Thus, until
more experimentaAH; values are available fasrtho-arynes

in which the triple bond is in a five-membered ring, the “XI5”
group values might not be very accurate, with uncertainties
higher than those reported in Table 10.

Conclusions

The Bond-Centered Group Additivity (BCGA) method for
the estimation of thermochemical properties previously presented

arrangement leads to steric repulsion between the H atoms infor PAHs containing five- and six-membered rings is expanded

the bay region. If the bond-centered groups are to be refined
further, the “BO(5)C” (and probably the “CO(5)C”) group

to include aromatic molecules containing furan rings aribo-
arynes. The estimation method is based on thermochemical

should be subdivided according to the atoms that are bondedproperties calculated at the B3LYP/6-31G(d) level. To correct

to the “C” carbon.

The triple bond introduces considerable strain to aryne PAHSs,
as is attested by the high values of theél? coefficients for
each of the bonds. Ford and Bighstudied the relative stability
of polycyclic arynes using semiempirical (AM1) MO calcula-

for effects that are not completely captured by the DFT method,
AH¢ are calculated through a set of homodesmic reactions that
uses only aromatic molecules as reference molecules.

This work shows that the BCGA method can easily be
systematically expanded. The major hindrance to the expansion
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of the method is the lack of experimental thermochemical data

for the validation of the method.
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J. Phys. Chem. A, Vol. 110, No. 21, 2008977

(18) Sabbah, RBull. Soc. Chim. Fr1991 128 350.

(19) Linstrom, P. J., Mallard, W. G., Eds. MiIST Chemistry WebBopk
NIST Standard Reference Databadétional Institute of Standards and
Technology: Gaithersburg, MD, 2003; Vol. 69 (http://webbook.nist.gov).

(20) Steele, W. V.; Chirico, R. DThermodynamics and the hydro-

ortho-arynes used for the derivation of the bond-centered group deoxygenation of 2,3- BenzofucahT Research Institute, NIPEP: Bartles-

values is shown in Tables S1 to S3, along with their structures

and Kekulestructure count, theiAHg, ., and its AHP

ville, OK, 1990; pp +75 (Cooperative Agreement No. FC22-83FE60149
(NIPEP-457)).
(21) Chirico, R. D.; Gammon, B. E.; Knipmeyer, S. E.; Nguyen, A,;

Figure S1 shows the bond-centered groups for PAHs with five- Strube, M. M.; Tsonopoulos, C.; Steele, W.3/ Chem. Thermodyd99q
and six-membered rings, and Table S4 their contributions to 22 1075-1096.

(22) Wenthold, P. G.; Squires, R. R.; Lineberger, WJCAmM. Chem.

the enthalpy, entropy, and heat capacities. This material is g,. 1995 120 5279-5290.

available free of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) Shaw, R.; Golden, D. M.; Benson, S. \W.Phys. Chenil977, 81,
1716-1729.

(2) Yu, J.; Sumathi, R.; Green, W. H., J. Am. Chem. So2004
126, 12685-12700.

(3) Schleyer, P. R.; Maerker, C.; Dransfeld, A.; Jiao, H.; Hommes, N.

J. R. E.J. Am. Chem. S0d.996 118 6317-6318.

(4) Sendt, K.; Bacskay, G. B.; Mackie, J. €.Phys. Chem. 200Q
104, 1861-1875.

(5) Blumenstock, M.; Zimmermann, R.; Schramm, K. W.; Kettrup, A.
Chemospher200Q 40, 987—993.

(6) Sastry, G. N.; Priyakumar, U. D. Chem. Soc., Perkin Transactions
22001 (1), 30-40.

(7) Benson, S. WThermochemical Kinetic2nd ed.; John Wiley &
Sons: New York, 1976.

(8) Stein, S. E.; Barton, B. DThermochim. Actal981, 44, 265-
281.

(9) Bird, C. W. Tetrahedron1996 52 (45), 14335-14340.

(10) Lay, T.H.; Yamada, T.; Tsali, P. L.; Bozzelli, J. \W.Phys. Chem.
A 1997 101, 2471-2477.

(11) Dorofeeva, O. V.;
Data 1999 44, 516-523.

(12) zhu, L.; Bozzelli, J. WJ. Phys. Chem. Ref. Dag903 32, 1713~
1727.

(13) Hoffmann, R.; Imamura, A.; Hehre, W.J.Am. Chem. So4968
90, 1499-1059.

(14) Sarobe, M.; Jenneskens, L. W.; Wiersum, UTE&trahedron Lett.
1996 37, 1121-1122.

(15) Jenneskens, L. W.; Sarobe, M.; Zwikker, J. Rvre Appl. Chem.
1996 68, 219-224.

(16) Stull, D. R.; Westrum, J. E. F.; Sinke, G. The Chemical
Thermodynamics of Organic Coumpoundishn Wiley & Sons: New York,
1969.

(17) Guthrie, G. B.; Scott, D. W.; Hubbard, W. N.; Katz, C.;
McCullough, J. P.; Gross, M. E.; Williamson, K. D.; Waddington, 5.
Am. Chem. Sod 952 74, 4477-4730.

lorish, V. S.; Moiseeva, N. . Chem. Eng.

(23) Linnert, H. V.; Riveros, J. Mint. J. Mass Spectrom. lon Processes
1994 140, 163-176.

(24) Broadus, K. M.; Kass, S. R. Am. Chem. So001, 123 4189
4196.

(25) Grizmacher, H.-F.; Lohmann, Liebigs Ann. Cheml969 726
47-56.

(26) Riveros, J. M.; Ingemann, S.; Nibbering, N. M. M.Am. Chem.
Soc.19971, 113 1053-1053.

(27) Guo, Y.; Grabowski, J. J. Am. Chem. Sod.991 113 5923-
5931.

(28) Wenthold, P. G.; Squires, R. R. Am. Chem. Sod994 116
6401-6412.

(29) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega,
N.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A.
G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.;
Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.;
Replogle, E. S.; Pople, J. &aussian 98Gaussian, Inc.: Pittsburgh, PA,
2002.

(30) El-Azhary, A. A.; Suter, H. UJ. Phys. Chenil996 100, 15056~
15063.

(31) Cioslowski, J.; Piskorz, P.; Moncrieff, D. Am. Chem. So4998
120, 1695-1700.

(32) Orendt, A. M.; Facelli, J. C.; Radziszewski, J. G.; Horton, W. J.;
Grant, D. M.; Michl, J.J. Am. Chem. S0d.996 118 846—852.

(33) Feller, D.; Franz, J. Al. Phys. Chem. 2000 104, 9017-9025.

(34) Notario, R.; Roux, M. V.; Castan O. Phys. Chem. Chem. Phys.
2001, 3, 37173721.

(35) Swinborne-Sheldrake, R.; Herndon, W.T@trahedron Lett1975
10, 755-758.

(36) Ford, G. P.; Biehl, E. RTetrahedron Lett.1995 36, 3663
3666.



