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Abstract: The gas-phase heat of formation (AH:29s) of the 1,3,5-tridehydrobenzene triradical has been
determined by using a negative ion thermochemical cycle. The first three measurements carried out were
of the gas-phase acidity of 3,5-dichlorobenzoic acid, the enthalpy for decarboxylation of 3,5-dichlorobenzoate,
and the enthalpy for chloride loss from 3,5,-dichlorophenide and constitute the measurement of the heat
of formation for 5-chloro-m-benzyne. The last two measurements, the electron affinity of 5-chloro-m-benzyne,
and the threshold for chloride loss from 5-chloro-m-benzyne, when combined with AH;29s 0f 5-chloro-m-
benzyne, give the heat of formation of the triradical. The 5-chloro-m-benzyne heat of formation is 116.2 +
3.7 kcal/mol. The heat of formation of the 1,3,5-tridehydrobenzene triradical measured in this work is 179.1
+ 4.6 kcal/mol. This heat of formation was used to derive the bond dissociation energy (BDE) at the
5-position of m-benzyne, a third BDE in benzene. The BDE, at 109.2 + 5.6 kcal/mol, is ca. 4 kcal/mol
lower than the first BDE in benzene (112.9 kcal/mol) and significantly higher than the BDE of phenyl radical
at the meta position. The agreement between the first and third BDEs implies that the triradical is best
described as a phenyl radical that interacts little with a m-benzyne moiety. The experimentally measured
BDE is in good agreement with multireference configuration interaction calculations, which predict a 2A;
ground state for the Jahn—Teller distorted triradical. The trends in the first, second, and third BDEs of
benzene are similar to those found for cyclopropane, suggesting a cyclopropenyl-like electronic structure
within the six-membered ring of the 1,3,5-benzene triradical.

Introduction 9 . .

In 1979, Schleyer and co-workers proposed that the 3,5- Jocy el - - _ TR S
didehydrophenyl cationlj should be “doubly aromatict? In 0 §
addition to the stability resulting from then4+ 2 electrons )@% * o
through the conjugated system, the interaction of two non- o 1 2 13

bondingo electrons gives rise _to a (_:yCIOp,rOpenyl Ca“tllon'“ke Figure 1. Molecular orbital diagram showing the thre@onbonding basis
three-center, two-electron configuration (Figure 1) or “in-plane orbitals (left) for tridehydrobenzene specites3 and their relative energy

aromaticity".l!2 Consistent with the theoretical prediction, levels (right). The energy levels for the catidn,correspond to those for
the D3, molecule, whereas the energy levels2and3 are those for Jahn
Teller distorted systems wit8,, symmetry.

+ e .
@ @ © of cyclopropenyl aniof€ In this system, two electrons populate
1 2 3 a higher energy, antibonding molecular orbital (MO; Figure 1).
The observed reactivityf 2 is consistent with that for a ground-

reactivity studies by Nelson and Kehtia& indicate thatl is state singlet anion with a JahiTeller distortedCy, structure’
the global minimum along the cation’s potential energy surface, While the properties of the tridehydrobenzene ions have been
presumably as a result of the double aromaticity. Similarly, Hu examined previously, those for the neutral triradiGlhave
and Squireshave prepared the 3,5-didehydrophenyl anign (- not been considered. Simple electronic structure considerations
and characterized its reactivity. Iéhcan be considered to be suggest that the three-center, three-electron system (Figure 1)
the “antiaromatic” analogue df because of the three-center, should adopt a JahtiTeller distorted C,,) doublet ground state
four-electrono system, reminiscent of the electronic structure consisting of a phenyl radical that can interact wit-benzyne

(1) Chandrasekhar, J.; Jemmis, E. D.; Schleyer, P. VeRahedron Lett1979 (5) Arrowood, T. L.; Kass, S. Rl. Am. Chem. S0d.999 121, 7272-7273.
39, 3707-3710. (6) Broadus, K. M.; Han, S.; Kass, S. R. Org. Chem2001, 66, 99—106.
(2) Schleyer, P. v. R.; Jiao, H.; Glukhovtsev, M. N.; Chandrasekhar, J.; Kraka, (7) However, recent calculations using the sgilip (SF) approach suggest
E.J. Am. Chem. S0d.994 116 10129-10134. that2 may in fact be a ground-state triplet. Krylov, A. Private communica-
(3) Nelson, E. D.; Kenttmaa, H. I.J. Am. Soc. Mass Spectro@001, 12, tion.
258-267. (8) Bettinger, H. F.; Schleyer, P. v. R.; Schaefer, H. F.,JllAm. Chem. Soc.
(4) Hu, J.; Squires, R. RI. Am. Chem. So0d.996 118 5816-5817. 1999 121, 2829-2835.
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moiety. However, the extent of the three-center, three-electron benzene reflects that for the BDEs in cyclopropane, highlighting

interaction in the triradical is not known. Thermochemical
studies offer unique insight into the structure and stability of
this benzene triradical.

Here we report an experimentally determined heat of forma-
tion (AHs 299 Of 1,3,5-tridehydrobenzen8, The approach used

the similarity between the benzene triradical and cyclopropenyl
radical.

Experimental Section

The experiments were carried out in a flowing afterglow triple-

to determine the heat of formation of 1,3,5-tridehydrobenzene duadrupole apparatus that has been described in detail previbeisly.

is outlined in egs lae. The first three steps (egs -1€)
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constitute a measurement of the heat of formation of 5-chloro-
m-benzyne 7). From biradical7, two measurements are used
to determine the heat of formation of triradi@IlThe electron
affinity (EA) of 7 (eq 1d) leads to the heat of formation of
5-chlorom-benzyne anion8), and the threshold energy for
chloride loss fromB (eq 1e) can be used to obtain the heat of
formation of 3. Altogether, the heat of formation o3 is
calculated according to eq 2.

AH(3) = AH((4) + AH_(4) + AH,o{eqlb)+
AH,geqlc)— EA(7) + AH,edeqle)—AHHT) —
AH{(CO,) — 2AH(CI") (2)

= AH{(7) — EA(7) + AH,g4eqle)— AH(CI")

The approach shown in eq 1 is similar to that used recently for
the determination of the heat of formation of the 1,3,5-tris-
(methylene)benzene triradichlAs shown in that study, the
uncertainty in the triradical heat of formation measured using
this approach is reasonably expected to be akaukcal/mol.

In this work, we use the measured heat of formatior8 ad
calculate the €H BDE at the 5-position ofm-benzyne, the
third C—H BDE in benzene, and find that the strength of the
third C—H bond in benzene is comparable to the first, indicating
little interaction between the radical formed and théenzyne
moiety. Last, we show that the trend in the three BDES in

(9) Hammad, L. A.; Wenthold, P. Gl. Am. Chem. So2001, 123 12311
12317.

Under typical operating conditionB(He) = 400 mTorr, corresponding
to a flow rate of 190 cR{STP) s . Fluoride ion (F) was generated in
the ion source via 70 eV electron ionization (El) of fluorine gas (F
5% mixture in He from Spectra Gases). Idhand6 were prepared in
high yield by fluoride-induced desilylatidf of trimethylsilyl-3,5-
dichlorobenzoate (prepared in situ by the reactioN@-bis(trimeth-
ylsilyl)acetamide and 3,5-dichlorobenzoic atidind (3,5-dichlorophenyl)-
trimethylsilane, respectively, in the downstream portion of the flow
tube. The distonic 5-chloroxbenzyne negative ior8f was prepared
from the reaction of 1,3-bis(trimethylsilyl)-5-chlorobenzene with
fluoride to make 3-chloro-5-trimethylsilylphenyl anion, which subse-
quently reacts with fin the flowing afterglow by desilylatiof16

The gas-phase acidity of dichlorobenzoic acljl énd the electron
affinity of biradical 7 were measured by using the Cooks kinetic method
with full entropy analysis, as has been described previdistyProton-
bound dimers of carboxylate were generated by ternary addition of
reference acids to the carboxylate or by additiod ¢ the conjugate
base ions created from reference acids, including pentafluorobenzoic
acid?? 3,5-bis(trifluoromethyl)benzoic aci, 4-nitrophenok* and
4-formylbenzoic acid® The order of addition did not have a measurable
effect on the final results. The experimental CID branching ratips,
for the proton-bound dimers are relatedAblaci(4) and AHqciq Of the
reference acidsB;, according to eq 3%

AHacia(‘") - AHacid,av+ TeffAS_ AHacic(Bi)

RT. RT.4

©)

In(r)e =

where theAS term is the average difference between the activation
entropies for the two channels upon the dissociation of the proton-
bound dime?’ Ris the gas constarif. is the “effective temperaturé®

of the dissociation at collision energlf, and AHacig,aviS the average
gas-phase acidity of the referen@&#ccording to eq 3, a plot of Im

vs AHacidBi) will have a slope ofre = —1/RTe and an intercept ofe

(10) Graul, S. T.; Squires, R. RMass Spectrom. Re1988 7, 263—358.

(11) Marinelli, P. J.; Paulino, J. A.; Sunderlin, L. S.; Wenthold, P. G.; Poutsma,
J. C.; Squires, R. Rnt. J. Mass Spectrom. lon Processé94 130, 89—
105.

(12) DePuy, C. H.; Bierbaum, V. M.; Flippin, L. A.; Grabowski, J. J.; King
K.; Schmitt, R. J.; Sullivan, S. AJ. Am. Chem. Sod.98Q 102 5012-
5015.

(13) Graul, S. T.; Schnute, M. E.; Squires, R.IRt. J. Mass Spectrom. lon
Processed99(Q 96, 181—-198.

(14) Wenthold, P. G.; Hu, J.; Squires, R.RAm. Chem. So¢994 116 6961~
6962.

(15) Wenthold, P. G.; Hu, J.; Squires, R. R.Am. Chem. Socl996 118
11865-11871.

(16) Wenthold, P. G.; Hu, J.; Hill, B. T.; Squires, R. Rt. J. Mass Spectrom.
1998 179/18Q 173-183.

(17) Cheng, X.; Wu, Z.; Fenselau, G. Am. Chem. Sod993 115 4844-
4848.

, G.

(18) Wu, Z.; Fenselau, QRapid Commun. Mass Spectroh994 8, 777—780.
(19) Cerda, B. A.; Hoyau, S.; Ohanessian, G.; Wesdemiotig, @m. Chem.

So0c.1998 120, 2437-2448.

0) Nold, M. J.; Cerda, B. A.; Wesdemiotis, @. Am. Soc. Mass. Spectrom.
1999 10, 1-8.

) Wenthold, P. GJ. Am. Soc. Mass Spectro200Q 11, 601—605.

) Koppel, I. A; Taft, R. W.; Anvia, F.; Zhu, S. Z.; Hu, L. Q.; Sung, K. S;
Desmarteau, D. D.; Yagupolskii, L. M. Am. Chem. So&994 116 3047~
3057.

(23) Jlnfeng C.; Topsom, R. D.; Headley, A. D.; Koppel, I.; Mishima, M.; Taft,

R. W.; Veji, S.J. Mol. Struct 1988 168, 141—146

(24) FU]IO M.; Mclver, R. T., Jr.; Taft, R. WJ. Am. Chem. Sod.981, 103
4017-4029.

(25) Taft, R. W.; Topsom, R. DProg. Phys. Org. Chenl987 16, 1.

26) Armentrout, P. BJ. Am. Soc. Mass Spectro200Q 11, 371-379.

)

)

@
(21
(22

(27) Ervin, K. M.J. Am. Soc. Mass Spectro2002, 13, 435-452.
(28) Ervin, K. M. Int. J. Mass Spectron200Q 195/196 271—-284.
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= [AHacid4) — AHacig.av+ TetAS/RTesr. A second plot of/e vs me has

a slopeAHacid4) — AHacig.avand an intercept of-ASR.26 Collision-
induced dissociation branching ratios were measured at different
pressures and extrapolatedpe= 0, the single-collision limit.

The electron affinity (EA) of7 was measured by using a single-
reference version of the Cooks kinetic method based upon‘etf3:
wherer was replaced byrgsodrzsog, the quotient of branching ratios
of CID of SO, adducts of the references and the analyté&; CID
branching ratios as a function of collision energy were measured for
SO, adduct ions of7 and reference ions, including phenyl radigal,
p-benzyne® anda-naphthyl radicaf* The sulfoxide ions required for
measurement of the electron affinity bivere prepared by the addition
reaction of SQ with 8 or with the negative ions of referencBs In
this single-reference version of the kinetic method, the entropy term
become®)AS the average difference between activation entropies for
the dissociation of the SCadducts of the references and the analyte
(0AS = ASss02 — ASrs0).

Energy-resolved CID was used to determine the enthalpies of the
reactions in eq 1B 1c3 and 1e. Energy-resolved CID cross section
data were fit according to the model shown in e[ 4?

o(E) =00y G(E+E ~ E)'/E @

wherekE is the total energy of the ioti is the 0 K dissociation energy,

nis an adjustable parameter that reflects the energy deposition function
upon collision®® andoy is a scaling factor. Convoluted into the fit are
the internal and kinetic energy distributions of the ions, Doppler
broadening due to thermal motion of the target, and the dissociation
probability calculated by using the RRKM dissociation rate. Analysis
is carried out with the CRUNCH program developed by Armentrout
and co-workerg’3 Cross-sections for dissociation are calculated using
Ip/l = oNI, wherelp and| are the measured intensities of the product
and reactant ions, respectively,is the number density of the target
gas, and is the effective path length of the collision cell. As with the
kinetic method branching ratios above, the cross-sections measured i
this work have been extrapolated to zero pressure to account for the
effects of multiple collisions.

It has been found previously that high-energy ion isomers prepared
in the flowing afterglow can rearrange in the presence of acid cafélyst.
Because neither ioBnor ion8 s likely to be the lowest energy isomer,
it is important to be able to account for any rearrangements that occur.
Therefore, the CID experiments were carried out with the deuterated
ions to ensure isomeric purity. Deuterium labeling of the 3,5-
dichlorophenyl anion was used to obtain the CID cross-sections for
chloride ion formation (eq 1c) from a single ion isomer, with molecular
formula GDsCl, (m/z 148). To account for impurities due to
Cs'3CHD,CI,™, which has the sam®/zas GDsCl,~ and has an intensity
that is ca. 6% of that fom/z 147, the (single collision) cross-sections
were measured as a function of timéz 147z 148 ratio, adjusted by

(29) Hill, B. T.; Squires, R. RJ. Chem. Soc., Perkin Trans.1®98 1027
1035

(30) Seburg, R. A.; Squires, R. Rt. J. Mass Spectrom. lon. Procesd€97,
167/168 541-557.

(31) Lardin, H. A.; Squires, R. R.; Wenthold, P. G.Mass Spectron2001,
36, 607—-615.

(32) Gunion, R. F.; Gilles, M. K.; Polak, M. L.; Lineberger, W. [dt. J. Mass
Spectrom. lon Processd992 117, 601-620.

(33) Wenthold, P. G.; Squires, R. R.; Lineberger, W.JCAm. Chem. Soc.
1998 120, 5279-5290.

(34) Ervin, K. M.; Ramond, T. M.; Davico, G. E.; Schwartz, R. L.; Casey, S.
M.; Lineberger, W. CJ. Phys. Chem. 2001, 105 10822-10831.

(35) Graul, S. T.; Squires, R. R. Am. Chem. S0d.99Q 112, 2517-2529.

(36) Wenthold, P. G.; Squires, R. R. Am. Chem. Socl994 116, 6401-
6412.

(37) (a) Armentrout, P. BJ. Am. Soc. Mass Spectrog002 13, 419-434. (b)
Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166-189.

(38) Schultz, R. H.; Crellin, K. C.; Armentrout, P. B. Am. Chem. S0d.991,
113 8590-8601.

(39) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. Chem. Phys1997,
106, 4499-4508.

(40) Muntean, F.; Armentrout, P. B. Chem. Phys2001, 115 1213-1228.
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adding water, and extrapolated to where the rati®, as has been
described in detail previousf.

For CID of 5-chlorom-benzyne anion, isomerization of the-
benzyne anion is not the only potential source for contamination because
the chlorophenyl anion, EIDsCI~ (m/z 114), is also formed in these
experiments, presumably by reaction of the deuterated 3-chloro-5-
trimethylsilylphenyl anion with HF impurity in the fluorin®.A single
H/D exchange in the chlorophenyl anion upon reaction with adventitious
acid results in the formation of the;8,D,Cl~ ion, which has the same
m/z as GDsCl~. Therefore, we have modeled the isotope distributions
over the range from¥?CsHg®Cl~ (m/z 110) to 3C*2CsHDS*'Cl~ (m/z
117) to determine the extent ofs0s%°Cl~ in the m/z 113 signal. By
adding water, the extent of¢D3*Cl™ is varied, and thé°Cl— cross
sections are measured as a function of tiveenzyne fraction and
extrapolated to where the fraction is 1, corresponding to isomerically
pure GD3CI~. The ion GD3*CI~ constitutes about 60% of tha/z
113 signal under conditions with no water added, with most of the
remaining signal due to EiDs%°CI~ that has undergone a single H/D
exchange. The extent of H/D exchange in the chlorophenyl anion
estimated from the modeling procedure is comparable to that observed
in control experiments with the fully deuterated chlorophenyl anion
(CsD4CI™) prepared under similar conditions.

Materials. All reagents except for the mono- and bis(trimethylsilyl)-
chlorobenzenes were obtained from commercial suppliers. The (tri-
methylsilyl)chlorobenzenes were prepared by quenching the Grignard
reagent of chlorotrimethylsilane with the appropriate chlorobenzene
precursor?

Computational Details. MCSCF calculated geometries for benzene,
phenyl radical, anan-benzene were taken from a previous stéitin
this work, geometries of three electronic states of the triradical were
calculated at the MCSCF(9,9)/3-21G level of theory, where the active
space included the six orbitals and the three nonbondingorbitals.
Energy calculations were carried out at the CASPT2 level, using the
MCSCF geometries. Zero-point and thermal energy corrections were
calculated from frequencies obtained at the BLYP/cc-pVDZ level of
heory. The CASPT2 calculations were carried out using the MOLCAS
suite of programs, while density functional calculations were performed
using GAUSSIAN 98W*#

Results

In this section we report the measured energetics for each of
the reactions shown in eq 1, starting with the gas-phase acidity
of 4, and use the data to calculate the heat of formation of
triradical3. All of the measured thermochemical properties and
supplemental thermochemical data are shown in Table 1.

Gas-Phase Acidity and Heat of Formation of 3,5-Dichlo-
robenzoic Acid. First regression plots of Inf vs AHqaciBi) —
AHacig,av @t selected collision energies and second regression
plots ofye vs —m, the intercepts and slopes from first regression
plots (eq 3) for each of 64 different collision energies ranging
from 1.4 to 4.0 eV (c.m.) are provided as Supporting Informa-

(41) Wenthold, P. G.; Hu, J.; Squires, R.RMass Spectron1998 33, 796—
802.

(42) Wrobel, D.; Wannagat, Ul. Organomet. Chen1.982 225 203-210.

(43) Wierschke, S. G.; Nash, J. J.; Squires, RIRAm. Chem. S0d.993 115,

11958-11967.

(44) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; J. A. Montgomery, J.; 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.; 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, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.;
Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian 98Revision A.9;
Gaussian, Inc.: Pittsburgh, PA, 1998.
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Table 1. Heats of Formation and Various Thermochemical T —T T
Quantities Measured or Cited in This Work? LA | et
species quantity ref Eo=2.13 % 0.06 eV
298 K Heats of Formation w 60f i
1,3,5-tridehydrobenzen8)( 179.1+ 4.6 this work o n=15+0.1
3,5-dichlorobenzoic acid 8321.4 48 £
CO, 94.054 50 4 AHas = 2.16 £ 0.06 eV
Cl 54.36 51,52 g 40 7
H+ 365.7 53 ©
Gas-Phase Acidity
3,5-dichlorobenzoic acid 3304 1.6 this work 20 h
pentafluorobenzoic acid 32362.1 22
3,5-bis(trifluoromethyl)benzoic acid 32442.1 23
4-nitrophenol 327.&2.1 24 0.0 " !
4-formylbenzoic acid 332.821 25 0.0 1.0 2.0 3.0 4.0
lon Dissociation Energies Collision Energy (c.m.), eV
AHzgg(R__C()z) :
3,5,-dichlorobenzoatéy 49.7+ 1.6 this work b
AH29g(R—CI7) Lo . NI 1
3,5-dichlorophenide) 36.9+25 this work 0t et o e
5-chlorom-benzyne aniong) 35,5+ 25 this work L osh AL IR . e |
Electron Affinities ":«
5-chlorom-benzyne 27.6:1.4 this work £
phenyl radical 25.3:0.1 32 a 08 7
p-benzyne 29.2:0.2 33 8 _
a-naphthyl radical 32.40.3 34 S 04 Fo=1580.10eV i
CH Bond Dissociation Energies n=14=%0.1
m-benzyne (5-position) 1092 5.6 this work
benzene 112.9 0.5 63 02 AHyo5 = 1.60 £ 0.10 eV
phenyl radical (3-position) 93£3.1 36
cyclopropane 106.3 0.3 74,79 0.0 \ !
cyclopropyl 54.74+0.7 73 0.0 2.0 4.0 6.0
cyclopropenb 99.099.9 76,77 Collision Energy (c.m.), eV

Figure 2. (a) Cross-sections for decarboxylation of 3,5-dichlorobenzoate
(formation of 3,5-dichlorophenide) upon collision-induced dissociation with
) ) . oo Ar target gas. (b) Cross-sections for chloride loss (formation of 5-chloro-
tion. Reference acids and their gas-phase acidities are shownnbenzyne) from 3,5-dichlorophenide upon collision-induced dissociation

in Table 1. From the slope of the second plot, the gas-phasewith Ar target gas. Solid circles represent the experimental cross-section,
acidity of 4 is found to be 330.1 1.6 kcal/mol, where the the solid line _is the best fit to the data, and the dashed line is the
uncertainty reflects=40% error in the effective temperature of unconvoluted fit of the data.
dissociatior?® uncertainty in the second regression slope, and
the uncertainties of the reference acids. The acidigisfclose
to that ofo-nitrobenzoic acidAHaciq = 331.84 2.2 kcal/mol)}®
such that chloro substitution at the 5-position of 3-chlorobenzoic
acid (AHagg = 335.2+ 2.1 kcal/mol}® lowers its acidity by
ca. 4 kcal/mol. This effect is comparable to that of chloro
substitution at the 3-position of benzoic acid, which lowers the
acidity by ca. 5 kcal/mot? The intercept of the second
regression plot gives th&Sterm, the average difference in the
activation entropies of dissociation for proton-bound din®érs,
to be —1.5 cal/(kmol). The low value forAS suggests that
there are small entropic differences in the transition states for
dissociation of the activated proton-bound dimer to form3on
or to form reference carboxylate or phenoxide ions.

The heat of formation of is not known experimentally, but
a reliable empirical estimate can be obtained by using a bond
additivity approact® whereby it is assumed that effect of
substituting a carboxylic acid group for a hydrogen in the
5-position of 1,3-dichlorobenzene lowers the heat of formation
to the same extent as substituting a carboxylic acid group at

aValues shown in kilocalories per moleComputed value.

them-position in chlorobenzene. Density functional calculations
(B3LYP/cc-pvDZ) confirm that the differences between the
heats of formation of chlorobenzene and 3-chlorobenzoic acid
and those for 1,3-dichlorobenzene afcgree to within 0.7
kcal/mol. The uncertainty assigned to the heat of formation is
conservatively estimated to be 2 times this value.

CID Cross-Sections for Formation of 3,5-Dichlorophenide
and 5-Chloro-m-benzyne.Single collision cross-sections for
decarboxylation o5 and chloride loss fron6 are shown in
Figure 2a,b, respectively. The cross-sections in Figure 2b have
been extrapolated to account for isomeration, as described in
the Experimental Section. Average fitting parameters for the
decarboxylation ob areEy = 2.13+ 0.06 eV anch = 1.5+
0.1 (1 standard deviation). The measui@ K bond dissocia-
tion energy is converted to the 298 K enthalpy by using the
differences in integrated heat capacities for the reactants and
products to giveAHzg9s = 2.16 + 0.06 eV (49.74+ 1.6 kcal/
mol).4° The average fitting parameters for chloride loss frlém
are Ep = 1.58 £ 0.10 eV andn = 1.4 4+ 0.1, with a
corresponding\H,gg 0f 1.604 0.10 eV (36.9+ 2.5 kcal/mol)*®

(45) Yamdagni, R.; McMahon, T. B.; Kebarle, £.Am. Chem. S0d.974 96,

4035-4037. (49) The assigned uncertainties include the standard deviation in the measured
(46) Kebarle, P.; McMahon, T. Bl. Am. Chem. Sod.977, 99, 2222-2230. threshold values, a 0.15 eV (laboratory) contribution due to uncertainty in
(47) Caldwell, G.; Renneboog, R.; Kebarle,&an. J. Chem1989 67, 611— the absolute energy scale and a contribution due to uncertainty in the

618. transition state chosen for the RRKM calculation. For decarboxylation of
(48) Benson, S. WThermochemical Kinetics: Methods for the Estimation of 5, the transition-state contribution is 0.01 eV, while a value of 0.03 eV is

Thermochemical Data and Rate Parametérsd. ed.; Wiley: New York, included in the halide elimination reaction. These correspongt2oeu

1976. uncertainties in the activation entropies.
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From the measured energies and reference thermochemistry in L
Table 1%850-53 the heat of formation of 5-chloro+benzyne, .

7, is calculated to be 1162 3.7 kcal/mol, ca. 6 kcal/mol lower
than the heat of formation afrbenzyne®® The difference in
the heats of formation ai-benzyne and 5-chloro+benzyne

is about 1 kcal/mol smaller than the difference in the heats of
formation of benzerfé55and chlorobenzeré;*¢indicating that

the chloro substituent interacts little with threbenzyne moiety.
The small deviation from bond additivity in 5-chloro-benzyne

=
W
T

-
2N
T

e
o
T

¥' = [EA(N) -EA,,, +TSAS] / RT

is consistent with Johnson and Cramer’s prediction that substitu- 07 fg';;g:;e,,‘:;‘j)gz . ".-". . T
tion at the 5-position om-benzyne should have only a weak oo
effect on the electronic structure of the biradieat® o5k o
Electron Affinity of 5-Chloro- m-benzyne. The electron ! L w 1 !
-16 -15 -14 -13 -12 -11

affinity of 5-chloro-m-benzyne was determined using the single
reference kinetic method with full entropy analy&is3136
Although more accurate electron affinities can generally be Figure 3. Second regression plot of [ER(— EAay + TetdAS/RTett VS
obtained from a photodetachment technique like negative ion —1/RTe for the electron affinity measurement of 5-chlarebenzyne.
photoelectron spectroscopy (NIPES), the NIPES approach is not
well-suited for measuring the electron affinity ofbenzyne o
because there is an excessively large difference between the Eo=1.50 0.03 eV 90 7
geometries of the ion and neutf&ISimilar problems would be
expected for the spectroscopy of the chlorine-substituted
benzyne ion. However, the kinetic method does not rely on
photodetachment and can be used to measure electron affinities
even in cases where the ion and neutral geometries differ
significantly°
Figure 3 shows a plot of (EA] — EAay + Teid0AS/RTet VS

—1/RTe over an energy range from 4.5 to 8.0 eV, where;EA 1of . / AHags = 1.54 £ 0.11 eV
is the average EA of the references, 1.05 eV. The data shown o mlA
in the plot correspond tge vs —me from the plots of In(gsod 00 :"""' ” 210 3.‘0 4.‘0 5.‘0
r7so? vs EAsi — EAy at each collision energy measured over Collision Energy (c.m.), eV
the given range. The slope and lntercept of the plot shown in Figure 4. Cross-sections for chloride loss (1,3,5-tridehydrobenzene forma-
Figure 3 are-0.12 eV and-0.50, respectively, and = 0.48, tion) from 5-chlorom-benzyne ion8, upon collision-induced dissociation
which is comparable to values obtained previously for this type with Ar target gas. The cross-sections have been extrapolated to zero
of measuremeri Adding EAs, to the second regression slope contamination ang = 0, as described in the Experimental Section. Solid

. - . ) circles represent the experimental cross-section, the solid line is the best fit
yields EA(7) = 1.174 0.06 eV, where the uncertainty includes 15 the gata, and the dashed lines are the fits that would be obtained for
the average error of the references, the error in the slope of thedissociation energies that are 0.08 higher and lower than the optimal values.
second regression plot, and a 40% error in the effective o )
temperaturd! Despite the low correlation coefficient, the —1-1 cal/K-mol, indicating small differences between the
statistical error in the slope of this plot is small because of the transition state for dissociation of the s&rduct of7 and those
large number of data points employed. The EA7afeasured  ©f the SQ adducts of the references. ,
in this work indicates that a chlorine substituent in the 5-position ~ C!D Cross-Section for Formation of 1,3,5-Tridehydroben-
of mbenzyne increases the EA by about 0.32 eV. The secondZene.Collision-induced dissociation of the 5-chlonabenzyne

-m' = 1/RTeff, eV

>
>
T

n=15+0.1

Cross Section, A?
w
=3
T

[nd
>
T

regression intercept, upon multiplication By yields 0AS = anion, 8, with Ar target leads to the formation of chloride as
the only ionic product. The single-collision cross-sections for
(50) Chase, M. W., Jd. Phys. Chem. Ref. Data, Monograpii @38 1—1951. CI~ formation upon CID of isotopically and isomerically pure
(51) Bartmess, J. E. Negative lon Energetics DatdIBIT Chemistry WebBook, _ f f ;
NIST Standard Reference Database NumberJé®y 2001 ed.; Mallard, 5 Chlorom-benZyne anion are shown in Flgure 4. Because the

W. G., Linstrom, P. J., Eds.; National Institute of Standards and Technol- reactant ion signal is weak, the data are more scattered than is

ogy: Gaithersburg, MD, 2001 (http://webbook.nist.gov). . . P
(52) Martin, 3. D. D+ Hepburn. J.  {hup/we Phy519989109), 8139-8142. generally observed in these experiments. The fully optimized

(53) I\L/|ia|5|’ 13. (\?v garltmeés, J. Et,.; Ligb;na%I%TF.(;:#olmttas. 3\/ LBELe\lanl%TD'; fit to the data is shown as the solid line in Figure 4. Average
allara, . G, lon Energetics Data. emistry eDbbo0o0K, e .
Standard Reference Database Numberd&fy 2001 ed.; Mallard, W. G., fitting parameters for four independent data setskre= 1.50

Linstrom, P. J.,, Eds.; National Institute of Standards and Technology: + 0.03 eV anch = 1.5+ 0.1. The dashed lines shown in Figure
Gaithersburg MD, 2001 (http://webbook.nist.gov). . . . .
(54) Afeefy, H. Y.; Liebman, J. F.. Stein, S. E. Neutral Thermochemical Data. 4 @re the curves that would be obtained by using dissociation

In NIST Chemistry WebBook, NIST Standard Reference Database Num-energies that are 0.08 eV higher or lower than the optimized
ber_69 July 2001 ed.; Mallard, W. G., Linstrom, P. J., Eds.; National | B f the d . he fitti
Institute of Standards and Technology: Gaithersburg MD, 2001 (http:/ Value. Because most of the data points over the fitting range

webbook.nist.gov). ~ ~ i
(55) Prosen, E. J.; Gilmont, R.; Rossini, F. D.Res. Natl. Bur. Stdl945 34, ( 1to .4 eV) fall betweer! these two daSh.ed lines, they can
65—70. be considered reasonable limits to the error in the threshold due
(56) Platonov, V. A.; Simulin, Y. NRuss. J. Phys. Chem. (Engl. Transi985 to scatter of the data. The measlir@ K bond dissociation
(57) Johnson, W. T. G.; Cramer, C.1.Am. Chem. So@001, 123 923-928. energy is converted to the 298 K enthalpy by using the
(58) Johnson, W. T. G.; Cramer, C.J.Phys. Org. Chen2001, 14, 597-603. B [ i
(39) Denault. 3. W.: Chen, G- Cooks, R.& Am. Soc. Mass Spectroif98 differences |n_ integrated heat capacities for the reactants and
9, 1141-1145. products to giveAHzgs = 1.54 + 0.11 eV (35.5+ 2.5 kcal/
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mol).5° Combining the measured enthalpy values for the measured in this work and the previously reported heat of
processes shown in eq 1d and eq le with the heat of formationformation ofm-benzyne (122.6 3.1 kcal/mol)3® The measured
of 5-chlorom-benzyne discussed above gives a value of 179.1 value for the third BDE of benzene is approximately 4 kcal/
+ 4.6 kcal/mol for the heat of formation of the 1,3,5- mol lower than the €H BDE of benzene (112.9 kcal/mé%)

tridehydrobenzene triradical. and almost 17 kcal/mol higher than the second BDE of benzene
_ _ to form m-benzyne®® The small differenc¥ between the first
Discussion and third BDEs in benzene is interpreted to indicate slight

In this section, we discuss the measured thermochemical Mteraction between the third unpaired electron and rthe

properties and compare them to those for cyclopropenyl radical ge”ZYEG dm0|ety.bTherefore, Fhe l,_:*t»i15-benz§rt1e trlr? dlcaL'S bFSt
and to results of molecular orbital calculations. However, we escribed as a-benzyne moiety with a noninteracting pheny

first discuss the structure of the neutral product formed in the re_1d|cal, consistent with what is e_xpe_cted for a Jefaller
experiment. distorted ground state, as shown in Figure 1.

Preliminary molecular orbital calculations have been per-
Product Structures. The neutral products of the CID formed on 1,3,5-tridehydrobenzeffe At the CASPT2/cc-
reactions are not detected in these experiments but can bepVDZ//MCSCI,:('g 9)/3-21G level of théory tHé\, electronic

deduced on thte b?S'S oft(?:-ner'getlcs a;d kér.]et:Ci Fgr Tlxa?plestate was found to be less than 1 kcal/mol lower in energy than
rearrangements of negative lons and radicals typically have e 2B, state. In addition, a quartet stat#§) lies 24.8 kcal/

) . . o ! h
gntehrgy barner_s h|g?er tr:jarr: thet(_jlii?mat@;_n en(tar?lesﬂzmtaasur%cﬁml above théA, state. In both the doublet states and the quartet
In these experments and have tight transition states that wou state, the distance between two of the dehydrocarbons is

:‘?)?ri :ﬁesllooiyvoglt?isrggliiglog (;I;(heretfo(;et, c:)'re%t bfo nd cl((jeavage to shortened, as compared to the 1,3,5-tridehydrobenzene cation,
pected to be the favored process. e the distance to the third dehydrocarbon lengthened.
The excellent agree_ment between fHsenzyne heat of fofma' Essentially, the geometry is similar to that calculated for singlet
tion mea}sured by using eqergy—resolved &land that obtaln(_ed mrbenzynd®s6-69 and substituted singletrbenzyned?:s8.70.71
from an independent kinetic procedﬂreqppc_)rts t_he assumplion  gimiiar " conclusions were obtained by Bettinger et al., who
that rearrgngement .to .Iower energy b|rad|cgl ISomers dqes NOtcalculated the geometry 8fat the CCSD/DZP level of theofy.
oceur du.rlng.dlssouatlon.. Rearrangement in the for.matlon. of The third G-H bond dissociation energy of benzene can be
the triradical is even less likely because less energy is reqUIredcalculated from the theoretical results by using the triradical

Iﬁr halide eI:er;;natlon ant;j lt IS Iesti er:srgetltcgllyc/j_fa\fqrable, aS stabilization energy (TSE). The TSE is defined by the isodesmic
€ energy ditierences between the three triradical ISomers Isequation in eq 6 and is the energy for hydrogen atom transfer

predicted much smaller than the energy differences between theoetween benzene and the 1,3,5-tridehydrobenzene triradical to

benzy”e§- ) form m-benzyne and phenyl radicé.
Formation of ring-opened products can also be ruled out on

the basis of reaction energetics. For example, ring opening to 2 TSE > 2
the 3-hexen-1,5-diynyl radicéd, (eq 5) can be ruled out because © * @ © + O ©

the heat of formation 09 is ca. 30 kcal/mol higher in energy

than the GHs heat of formation measured in this wdkOther TSE = AH, = AH{m-benzyne) + AH(phenyl radical) — AHqtriradical) — AH(benzene)
. = BDE(benzene) — BDE(m-benzyne)
o 4
/O - . + o ®) The TSE can be considered to be a direct calculation of the
cr : cp \ interaction of the third unpaired electron in the triradical with
8

the biradical centers. The TSEs calculated using the energies
for the 2A; and?B, states of 1,3,5-tridehydrobenzene are 3.25
and 2.54 kcal/mol, respectively. The positive value indicates
that there is a slight stabilizing interaction between the triradi-
cal’s third unpaired electron and tm-benzyne moiety. The
calculated third BDEs of benzene, as derived from?heand
a’B, TSEs, are 109.7 and 110.4 kcal/mol, respectively. These
values are indistinguishable from each other and agree with the

9

ring-opened isomers can be ruled out in similar fashion, as they
are all at least 10 kcal/mol higher in energy than the product
formed in this work. On this basis, and the results of the previous
studies of the benzynes, we conclude that the neutral CID
products in reactions 1c and le are thdenzyne and 1,3,5-
tridehydrobenzene triradicals, respectively.

Thermochemical Properties.The C-H BDE in the 5-posi- (63) Ervin, K. M.; DeTuri, V. F.J. Phys. Chem. An press.
; i i i ; (64) The uncertainties in the experimental BDEs give a rangela®—9.3 kcal/
tion of mbenZyne’ i.e., the third BDE in benzene, is Qalcmated mol for the difference between the first and third BDEs in benzene. Even
to be 109.2+ 5.6 kcal/mol from the heat of formation & at the extreme, the difference between these BDESs is much smaller than
that between the BDEs of benzene and the meta-position of the phenyl
radical.

(60) The assigned uncertainty includes the standard deviation in the measured(65) Computational results are included in the Supporting Information.
threshold values (0.03 eV), a 0.15 eV (laboratory frame) contribution due (66) Winkler, M.; Sander, WJ. Phys. Chem. 2001, 105 10422-10432.
to uncertainty in the absolute energy scale, and a 0.01 eV contribution due (67) Kraka, E.; Cremer, D.; Bucher, G.; Wandel, H.; SanderGhem. Phys.
to uncertainty in the transition state chosen for the RRKM calculation. To Lett. 1997, 268 313-320.
account for weak parent ion signal yields and errors in deconvolution of (68) Cramer, C. J.; Nash, J. J.; Squires, R.GRem. Phys. Lett1997, 277,
multiple H—D exchange products, two additional terms (0.08 eV for scatter 311-320.
and 0.05 eV for extrapolation error) were combined with the overall (69) Kraka, E.; Cremer, DJ. Am. Chem. S0d.994 116, 4929-4936.
uncertainty. (70) Sander, W.; Exner, Ml. Chem. Soc., Perkin Trans.1®99 2285-2290.
(61) Roth, W. R.; Hopf, H.; Horn, CChem. Ber1994 127, 1765-1779. (71) Sander, W.; Bucher, G.; Wandel, H.; Kraka, E.; Cremer, D.; Sheldrick,
(62) The heat of formation @ is estimated by using the heat of formation of W. S.J. Am. Chem. S0d.997 119 10660-10672.
the 3-hexen-1,5-diyne (128.6 kcal/nfd) and the C-H BDE in acetylene (72) Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.; Squires, R.
(133.3 kcal/moF3). R.J. Am. Chem. S0d.995 117, 2590-2599.
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experimental BDE reported in this work. Therefore, the Conclusion

geometry and energy calculations are consistent with the The heats of formation of the biradical 5-chlamebenzyne
conclusion that 1,3,5-tridehydrobenzene is a ground-state doubletand the triradical 1,3,5-tridehydrobenzene have been measured.
that closely resembles a phenyl radical wittbenzyne on the At 116.24 3.7 kcal/mol, the heat of formation of 5-chloro-
opposite side of the ring. By energies alone, it is impossible to benzyne is ca. 6 kcal/mol lower than that of unsubstituted

determine which doublet electronic state is being generated inm-benzyne, indicating that chlorine substitution has little effect
the CID experiments. However, vibrational analysis at the

BLYP/aug-cc-pVDZ level of theof}6shows that théB, state
has a single imaginary mode. (See Supporting Information.) This

suggests that it is a transition state rather than a true minimum.

The TSE calculated for thi#, state is—23.1 kcal/mol, showing
that the resulting quartet triradical is significantly destabilized
with respect to singletn-benzyne isolated from a lone phenyl

on the stability of then-benzyne moiety. The heat of formation
of 1,3,5-tridehydrobenzene is 1794 4.6 kcal/mol. A third
BDE of benzene, the BDE at the 5-positionmofbenzyne, was
derived from the heat of formation of the triradical. The
measured value for the third BDE, 109425.6 kcal/mol, is ca.

4 kcal/mol lower than the first BDE in benzene and ca. 16 kcal/
mol greater than the second.

radical. However, the TSE calculated using the energies of the  Preliminary calculations show that there are two low-lying

4B, state andriplet m-benzyne is—5.6 kcal/mol, indicating a
small destabilizing interaction between the three unpaired
electrons in the quartet triradical.

As discussed above, the electronic structure of the 1,3,5-
tridehydrobenzene triradical is in principle similar to that for
cyclopropenyl radical. If this is true, then the energetics for
formation of cyclopropenyl from cyclopropane should mirror
those for the formation of the triradical from benzene. The
experimental €H BDEs for the formation of the 1,3,5-triradical
and cyclopropenyf~7° radical are summarized in eq 7. The
general trend is that the second-B BDEs are significantly
lower than the first, reflecting the strong electronic interactions
both inm-benzyne and in cyclopropene. Most importantly, the
third C—H BDE in cyclopropane is only slightly lower than
the first, similar to what is found for benzene, such that the
similarities in electronic structure are confirmed by the ther-
mochemical propertie®.

BDE #1 BDE #2

1129 s 93.5 s 109.2 s
D= Q=20 oo

BDE #3

106.3
—_—

A A A A w

(73) Pedley, J. B.; Naylor, R. D.; Kirby, S. Phermochemical Data of Organic
Compounds2nd ed.; Chapman and Hall: London New York, 1986.

(74) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 33, 493~
532.

(75) Merrill, G. N.; Kass, S. RJ. Am. Chem. S0d.997, 119, 12322-12337.

(76) Glukhovtsev, M. N.; Laiter, S.; Pross, A.Phys. Chenl996 100, 17801
17806.

(77) Montgomery, J. A., Jr.; Ochterski, J. W.; Petersson, Gl.AChem. Phys.
1994 101, 5900-5909.

(78) Chen, P. IPAdvances In Carbene Chemistrigrinker, U., Ed.; JAl Press:
Greenwich, CT, 1997.

(79) Baghal-Vayjooee, M. H.; Benson, S. W. Am. Chem. Sod979 101,
2838-2840.

(80) The fact that the third €H BDEs in both systems are-4 kcal/mol less
than the first C-H BDE is likely fortuitous. The energy of the cyclopropenyl
radical is lowered by pyramidalization at one of the carbon atoms (see refs

doublet electronic states of the triradical. T4#g state appears

to be the ground state, andB, state (about 1 kcal/mol higher
in energy) has one imaginary vibrational mode, implying that
it is a transition state. The third BDE of benzene, as derived
from the calculated?A; energy, is 109.7 kcal/mol and is in
agreement with the value measured in this work.

The first, second, and third BDEs of benzene and those for
cyclopropane show similar trends. The first and third BDEs are
similar, while the second BDEs are much lower. The lower
second BDEs reflect a stabilizing interaction between the two
electrons inmbenzyne and cyclopropene, while the higher first
and third BDEs indicate the formation of phenyl and cyclopropy!
radicals. The similarity in the BDE trends for formation of the
1,3,5-triradical and cyclopropenyl radical indicates similar
electronic structures between the two Jafieller distorted
systems.
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Supporting Information Available: First regression calibra-
tion curve slopes and intercepts for the kinetic method deter-
mination of AHgciq Of 3,5-dichlorobenzoic acid, first and second
regression plots for the kinetic method determination of the
acidity of 3,5-dichlorobenzoic acid, first regression calibration
curve slopes and intercepts for the kinetic method determination
of the EA of 5-chlorom-benzyne, MCSCF(9,9)/3-21G and
BLYP/cc-pVDZ optimized C-C bond lengths and €C—C
bond angles calculated for tRA;, ?B,, and*B; electronic states
of 1,3,5-tridehydrobenzene, vibrational frequencies calculated
for the 2A;, 2B,, and “B; electronic states of 1,3,5-tridehy-
drobenzene at the BLYP/aug-cc-pVDZ level of theorym,
CASPT2/cc-pVDZ electronic energies, zero-point vibrational
energies, and enthalpic thermal corrections forPthg 2B,, and

75 and 76) such that the three-center, three-electron interaction predicted B, electronic states of 1,3,5-tridehydrobenzene and other

by simple MO theory is not enforced, as it is in the planar triradical.
Therefore, the €H BDE for the formation of planar cyclopropenyl radical
would be expected to be slightly higher than 99 kcal/mol, and the difference
between the first and third BDEs is smaller for the formation of planar
cyclopropenyl than for the triradical. The difference may be due to
additional geometric stabilization in the triradical or uncertainty in the
experimental measurement.
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