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Abstract: A method for measuring the heats of formation of triradicals using energy-resolved collision-induced
dissociation (CID) of chloro-substituted biradical negative ions is described. This method is applied to the
determination of the heat of formation of 1,3,5-trimethylenebenzene, which was generated by CID of the
5-chloromethylm-xylylene ion. The measured CID threshold energy for chloride loss (8 &B07 eV) is
combined with the electron affinity of the 5-chlorometmgxylylene biradical (1.12Gt 0.059 eV) to give a

heat of formation of the triradical of 1118 4.1 kcal/mol that agrees with the bond additivity value of 109.3

+ 2.1 kcal/mol. The measured heat of formation indicates a thirdtH®ond dissociation energy (BDE) in
1,3,5-trimethylbenzene of 882 5.0 kcal/mol, indistinguishable from the-& BDE in toluene or the first or
second G-H BDEs inm-xylene. The results are in agreement with the predictions made on the basis of simple
qualitative and high-level molecular orbital theories that predict negligible interaction between the unpaired

electrons in the high-spin triradical.

Recent approaches to the design and construction of magnetic Organic biradicals and triradicals are defined as species that
organic compounds (organoferromagnets) have utilized high- contain two or three weakly interacting electrons, respectively,
spin biradicals and triradicals as ferromagnetic coupling units in nearly degenerate nonbonding molecular orbitals (NBMOs).
for building larger structures that have many unpaired elec- If these NBMOs are nondisjoint, which means that they span
trons1~11 Polyradical molecules with average spin quantum common atoms in the molecule, the molecule is predicted to

numbers as large &= 10 andS = 40 have been built by
using biradical and triradical building blocks, respectivel§12

be high-spin in its ground-state electronic configuratiefiThis
has been experimentally confirmed for the non-Kékiylpe

These approaches are successful because the underlying polybiradicals such as+xylylene 1,22 and trimethylenemetharg?*

radicals have high-spin ground states, and the singlgtiet
(AEs-7) and the quartetdoublet AEg-p) energy splittings for

such biradical and triradical coupling units are sufficiently large

so that small perturbations do not change the state ord&in.
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The ground-state configurations of polyradicals can also be
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biradicals3! For both high-spin and low-spin biradicals, mea- Scheme 1
sured BDEs reflect the ground-state electronic configuration of .

! 4 ) DLl H,C CD,CI Hy( ¢D
the molecules and the degree of interaction between the unpaired U o —m U Yo
CH, CH,
— energy for halide loss is combined with auxiliary thermochemi-
/lk. /D, cal data for the reactant and product ions according to a simple
CH 5 HC s thermochemical cycle to derive the heat of formation of the

! neutral diradical. The heat of formation wixylylene obtained
H o i H . m from this approach is in good agreement with the value obtained
" . by combining the electron affinity aft-xylylene with the proton
H:Q\H " /©\H HJ@H affinity of the m-xylylene anior?’ _
i ! In this paper, we extend the CID_ approgch to the determi-
‘ o . nation of the thermochemical properties of triradicals, and report

the first measurement of the heat of formation of a triradical
species, 1,3,5-trimethylenebenze@eTriradical 6 was chosen

éHZ éHz éHz
©. @ @ iéH:Z
s 5b s H,C CH.
28 2
6

4

electrons. For example, the-&1 bond dissociation energies in
the phenyl radical (i.e., the second-& BDEs in benzene) in
theortho, meta andpara positions to form the singlet benzynes
4a—c have recently been measured to be lower than that in
benzene by 36.& 3.1, 20.74+ 3.2, and 4.8+ 3.0 kcal/mol,
respectively?®32 The difference between the first and second
bond dissociation enthalpies in benzene reflects the extent of
interaction between the unpaired electrons in the biradicals
through either direct overlap of the nonbonding atomic orbitals
(ortho, metg or indirect interaction via through-bond coupling
(para).®2 In contrast, the measured BDEs for the formation of
the triplet benzynes are all about 113 kcal/nidthe same as
that in benzene, indicating little interaction between the two
unpaired electrons. Similarly, the triplet ground states of
m-xylylene and trimethylenemethane have been confirmed from
measurements of their heats of formatfés® Both biradicals
have heats of formation that agree with those predicted by using

e e i anctng eracton (MR-C) calcitons* 2 ha preiciD, quare
P ' round state for 6*A;"") with a quartet-doublet energy splitting

is essentially the same as the first. In certain cases, the heats OFAEofo) of 14 kcal/moli®

formation of triplet biradicals do not equal bond additivity Triradical6 can be generated in the gas phase by CID of the

values. An example that illustrates this is the biradical 1,3-bis- . . _ .

. . ’ chloromethyl substitutedh-xylylene ion,7-, as shown in eq 1.
methylenecyclobutan&. Hill and Squire3® have measured a . : - : :
heat of formation foB that is 16 kcal/mol higher than the value lon 77 is synthesized in the gas phase by using the reaction of

predicted by bond additivity. However, this discrepancy is
explained by the fact th&, unlike the radical from which it is
derived, is not stabilized by electron delocalization because that
would involve a nonfavorable, cyclobutadiene-like configura-
tion.34

The heats of formation of many of the biradicals described
above were determined by using energy-resolved collision-
induced dissociation (CID) threshold measurements wijthr
halo-substituted carbaniofsFor example, we recently reported x
the determination of the heat of formationrofxylylene?” from
the threshold energy for chloride loss from the 3-(chloromethyl)-
benzyl anion as shown in Scheme 1. The measured activation

as the first system because both qualitative thE&Aand high-
level molecular orbital calculatiofs™predict it to have a high-
spin ground-state such that its heat of formation should be very
close to that predicted by bond additivity. Therefore, determi-
nation of the heat of formation &would serve as a test of the
CID approach for measuring the thermochemical properties of
triradicals.

Kenmitz et al*® have recently provided a detailed description
of the electronic structure of. The nonbonding molecular
orbitals (NBMOs) of this non-Kekuleodd-alternate hydrocar-
bon, shown in Figure 1, have atoms in common, and thus are
nondisjoint. Therefore, the Coulombic repulsion between the
three electrons that occupy the NBMOs will be minimized when
the electrons each occupy a different MO and all have parallel
spins 8= %/,).1° The qualitative prediction of a high-spin ground
staté122 has been confirmed by multireference configuration

"
¢y
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Scheme 2 dissociation energies in 1,3,5-trimethylbenzene, and discuss
CHySMe; - - these quantities in light of the electronic structure of the

F- F triradical.
-FSiMe; T—>
Cl,e CHSMe  Ce CHuSMe; T CHC G Experimental Section

7-

All the gas-phase experiments described in this paper were carried
trimethylsilyl-substituted benzyl anions withh Rhe “Squires” out in a flowing afterglow-triple quadrupole instrument described
reaction)?5 as shown in Scheme 2. Regiospecific synthesis can elsewheré®3%or the present studies, helium buffer gas was maintained

in the 1 mx 7.3 cm flow reactor at a total pressure of 0.4 Torr, with

CH, CH, a flow rate of 200 STP c#s and bulk flow velocity of 9700 cm/s.
~ o The primary reactant ion, T is produced by electron ionization (EI)
g - O M of NFs in the upstream end of the flow tube. Once formed, the ions
CH,C CH, HG “CH,

are transported down the tube by the flowing helium, where they are
allowed to react with neutral reagent vapors introduced through leak

. . - .1 valves. The ions in the flow tube, thermalized to ambient temperature
be carried out because the positions of the two trimethylsilyl by ca. 10 collisions with the helium buffer gas, are extracted from the

groups de_termln_e the positions of charged an_d odd-spin Sltes’ﬂow tube throudp a 1 mmorifice in a nosecone and are then focused
in the radical anion pr_oduéﬁ The thermochemmal measure-  jnio an EXTREL triple quadrupole analyzer.
ments used to determine the heat of formatio afe shown Collision-induced dissociation (CID) studies are carried out by
in eq 2 and include the determination of two CID threshold selecting the ions with the desired mass-to-charge ratio using the first
energies, a gas-phase acidity, and an electron affinity. To bequadrupole (Q1), and then injecting them into the second quadrupole
considered useful, it is important that the measured heat of (Q2, radio frequency only), where they undergo collision with argon
formation of the triradical have reasonable error limits. The target. For energy resolved CID studies, the cross sections for product
formation are measured while the Q2 rod offset is scanned. The reactant
CH; CH; and product ions are analyzed with the third quadrupole (Q3) and are
detected with an electron multiplier operating in pulse counting mode.
_ AHug® . W (2a) Absolute cross sections are calculated usipg- 1,/INI, wherel, and
CI,C CHCI CIH,C CHoCI | are the intensities of the product and reactant ions, respectively, N is
8 9- the number density of the target, ahé the effective length of the
CH; CHy collision cell, calibrated to be 24 4 cm3° The CID cross sections are
measured at different pressures and extrapolateul=to0, such that
/@\ DHays(eq 2b) +cC (@2b) they correspond to single collision conditions.
CIH,C CH,CI HC CHyCI The center of mass collision energies are calculated Us#g=
9~ 7 Eao[m/(M + m)], whereE, is the collision energy in the laboratory
cx, CH; frame of reference, anch andM are the masses of the target and the
ion, respectively. Determination of the ion kinetic energy origin and
/@\ e EO (2e) beam energy spread is accomplished by retarding potential analysis,
HC CHyCI H,C CHyCI with Q2 serving as the retarding field element. lon beam energy
g 7" distributions are found to be Gaussian in shape, with a typical full-
cH; CH, width at half-maximum of 0.51.5 eV (laboratory frame).
)\ Energy-resolved cross sections are fit using the assumed model
M Dineq2d) | v oor @ shown in eq 3%-“awhereE is the energy of the iorE; is the vibrational
e N eyl HC CHy energy,Er is the dissociation energm,is an adjustable parameter that
7 6 reflects the energy deposition function for the collision between the
ion and the targe and o, is a scaling factor.
expected uncertainty in the final value can be estimated by
recognizing that steps 2a and 2b constitute a measurement of oPo(EEE7)(E+E — E;)"
the heat of formation of 5-chloromethgi-xylylene, 7, whereas o(E) = GOZ (3)
step 2c gives the heat of formation of the chloro-substituted T E
precursor iori7—, which upon CID in step 2d, leads to the heat
of formation of6. Biradical heats of formation determined by Modeling is carried out by minimizing the deviation between the model
using these types of procedures generally have uncertainties ofunction and the steeply rising portion of the appearance curve just
about +3 kcal/mol?837 Given that uncertainties in electron aPove threshold, ignoring the low-energy “tail” that is attributed to
affinities and CID threshold measurements are abot2 and collisions of ions outside of the collision cell. The modeling also
. . . accounts for the ion energy distribution and Doppler broadening due
2—2.5 kcal/mol, respectively, we anticipate an uncertainty of

. . L to thermal motion of the target.
only aboutt+-4 kcal/mol in the heat of formation of the triradical. Also incorporated into the analysis are the dissociation rates of the
In this work we describe the measurements of the thermo- jons py, calculated using RRKM theory, to account for potential kinetic
dynamic quantities needed to obtain the heat of formation of shifts that result from slow dissociation on the instrumental time scale
the triradical 1,3,5-trimethylenebenzer AH;294(6). We (r = ca. 30us). The dissociation reactions are assumed to have loose,
describe the synthesis of the ions needed to make eachproduct-like transition states that correspond to the “phase-space limit”
measurement, the thermodynamic quantity obtained from each (38) Graul, S. T.. Squires, R. Rlass Spectrom. Re1988 7, 1.

measurement, and the significance of each result in determining  (39) Marinell, P. J.; Paulino, J. A.; Sunderlin, L. S.; Wenthold, P. G.;

N

AHt20¢(6). We also derive the second and the thirdiCbond i’ggtzgwa, J. C.; Squires, R. Rt. J. Mass Spectrom. lon Processe94
(35) Wenthold, P. G.; Hu, J.; Squires, R. R.Am. Chem. Sod.994 (40) Ervin, K. M.; Armentrout, P. BJ. Chem. Phys1985 83, 166.
116, 6961. (41) Schultz, R. H.; Crellin, K. C.; Armentrout, P. B. Am. Chem. Soc.

(36) Wenthold, P. G.; Hu, J.; Hill, B. T.; Squires, R. Rit. J. Mass 1991 113 8590.
Spectrom. lon Processéd99§ 117, 633. (42) Dalleska, N. F.; Honma, K.; Sunderlin, L. S.; Armentrout, PJB.
(37) Wenthold, P. G.; Hu, J.; Squires, R. R.Am. Chem. Sod.996 Am. Chem. Sod994 116, 3519.

118 11865. (43) Muntean, F.; Armentrout, P. B. Chem. Phys2001, 115 1213.
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and are calculated using the approach described by Rodgerg“et al.

Hammad and Wenthold

Physical parameters for the reactants and products, including vibrational 10 o’

frequencies, rotational constants, and polarizabilities, are calculated at Al

the Becke3LYP/6-31G* level of theory?® Vibrational frequencies are o 0.8] S

scaled by 0.965 to account for anharmonicities. Dissociation energies < o - .

obtained from the fitting procedures correspond te thK energies, g 06l S

and are converted to the 298 K bond dissociation enthal@ielsgs, § e - .

using the integrated heat capacities for the reactants and products n I o

obtained from the scaled, calculated frequencies. All analysis is carried 2’) 0.4 \ b4 )

out using the CRUNCH program developed by Armentrout and co- S A

workers?0-4244 0.2f i ]
Materials. 1,3,5-Tris(chloromethyl)benzene was prepared by treating -

1,3,5-tris(boromomethyl)benzene with 15 equiv of LiCl in DMF at room Py — * ‘ ‘ .

temperature for 5 f Hexane was added to the reaction flask and the 0.0 0.5 1.0 15 2.0 2.5

mixture was washed with water to remove DMF, dried, and the solvent
was completely removed. The product was crystallized from petroleum

Collision Energy (c.m.), eV

ether. The 1,3,5-tris(bromomethyl)benzene was prepared by refluxing Figure 2. Cross sections for Clformation upon collision-induced

overnight 1 equiv of freshly distilled 1,3,5-trimethylbenzene with 3.2
equiv ofN-bromosuccinimide and 0.04 mol % benzoylperoxide inLCl
under a 300-W incandescent lafi-he solution was filtered and CLI

dissociation o0~ with Ar target as a function of translational energy
in the center-of-mass frame. The solid line is the model appearance
curve calculated using eq 3, and the broken line represents the

was removed under vacuum. Hexane was then added and the solutiorunconvoluted function.

was washed with NaHC£ and dried with MgS@ Purification was

achieved using silica gel column chromatography with hexane as eluent.formation of biradicalZ as the corresponding neutral. The cross-
Substantial amounts of mono- and bis-brominated 1,3,5-trimethylben- sections as a function of center-of-mass collision energy for

zene were isolated and subjected to a second treatment of NBS a

described above. The mono- and bis-trimethylsilyl compounds were
prepared by adding 1 equiv of 1,3,5-tris(chloromethyl)benzene to a
refluxing THF solution containing 1 or 2 equiv of Mg turnings and
trimethylsilyl chloride, and refluxing the mixture for 5 h. The products
were purified by column chromatography with hexane as eluent.
Deuterium-labeled.-chloro-1,3,5-trimethylbenzene ((GHCsH3CD,-

Cl) was prepared by the reduction of methyl 3,5-dimethylbenzoate with
lithium aluminum deuteridé? followed by chlorination with SOGI*°

Sdissociation of ior@~ are shown in Figure 2. Average values

of DHagg (eq 2b) anch obtained by modeling the cross sections
for the dissociation of io®~ are listed at the bottom of Table

1. The chloride binding enthalpy (298 K) for idv obtained
from replicate measurements is 0.980.08 eV, where the
uncertainty includes the standard deviation of the values obtained
from replicate measurements, a 0.15 eV (lab) uncertainty in the
absolute energy scale, and a 0.01 eV contribution due to

All other reagents were obtained from commercial sources and were uncertainty in the choice of the transition st2@&he measured

used as supplied. Gas purities were as follows: He (99.995%), CH
(99%), B (5% in He), NE (99%).

Results and Discussion

The heat of formation of triradiceé has been determined
using the thermochemical cycle shown in eq 2. This cycle

chloride binding enthalpy for io®~ is ca. 3 kcal/mol higher
than that obtained previously for the 3-(chloromethyl)benzyl
ion shown in Scheme %, which agrees with the expectation
that an extra electron withdrawing group (the chloromethyl
group in ion9™) stabilizes the ion with respect to the neutral
biradical. Determination of the heat of formation @falso

requires three major measurements, each of which will be requires the gas-phase acidity of theo'-dichloro-1,3,5-

discussed in detail: (1) the heat of formation of the biradical
5-chloromethylm-xylylene 7, (2) the EA of7, and (3) the CID
threshold energy measurement of chloride loss from7ion
The Heat of Formation of 5-Chloromethyl-m-xylylene, 7.
Determination of the heat of formation of 5-chlorometiny-

trimethylbenzene8, in the nonsubstituted methyl position. As
we previously describetl,standard approaches for determining
gas-phase acidities, such as equilibrium measurements and
bracketing?® are not applicable for the present system because
the methyl position is not the most acidic site in the molecule.

xylylene, 7, requires measurement of the gas-phase acidity of However, an accurate value for the acidity of the methyl group

8 at the methyl site (eq 2a) and the chloride binding enthalpy
of ion 9~ (eq 2b). We first describe the measurement of the
chloride binding energy from a CID threshold measurement,
and then discuss the gas-phase acidity.

The 3,5-bis(chloromethyl)benzyl anio$;, is generated by
fluoride-induced desilylation as shown in eq 4. 1®&n can be

CH,SiMe; CH

F-

~FSiMe; @

CH,C CH,Cl

CIH,C CH,Cl

o

distinguished from other isomers, such as tropylium ion, by the
reaction with nitrous oxide. Benzyl anions, includifig, react
with N,O by the addition and loss of 2,5 while alternate
ion isomers, such as tropylium anion, do not undergo this
reaction®! Collision-induced dissociation of the mass-selected
9~ ion gives chloride as the only ionic fragment, consistent with

(44) Rodgers, M. T.; Ervin, K. M.; Armentrout, P. B. Chem. Phys.
1997 106, 4499.

can likely be obtained indirectly using the relationship shown
in eq 5% where DHy9gR—H) is the homolytic G-H bond
dissociation enthalpy, EA(R) is the electron affinity of radical

(45) Frisch, M. J.; Trucks, G. W.; Schlegal, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Kieth, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; J.Baker; Stewart, J. J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 98Revision C.3; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(46) Harvey, S.; Junk, P. C.; Raston, C. L.; Salem,JGOrg. Chem.
1988 53, 3134.

(47) Vogtle, F.; Zuber, M.; Lichtenthaler, R. @hem. Ber1973 106,
717.

(48) Nystrom, R. F.; Brown, W. GJ. Am. Chem. So0d.962 69, 1197.

(49) Lee, C. C,; Clayton, J. W.; Finlayson, A. J.; Lee, D.T@trahedron
1962 18, 1395.

(50) Kass, S. R.; Filley, J.; Doren, J. M. V.; DePuy, C.-3JAm. Chem.
Soc.1986 108 2849.

(51) L. A. Hammad and P. G. Wenthold, unpublished results

(52) Corresponds to an uncertainty 62 eu in the activation entropy.

(53) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys. Chenil994 98,
2744.



Heat of Formation of 1,3,5-Trimethylenebenzene J. Am. Chem. Soc., Vol. 123, No. 4912305

Table 1. Supplemental and Derived Thermochemical Bata dissociation of S@ adducts of a series of substituted benzyl
parameter value reference anions with known electron affinities are measured, and the
298 K Enthalpies of Formation semilog rellaypns.hlp betwgen the brar!chlng rat|o§ and the
1,3,5-trimethylbenzene —38+03 88 e_Iect_ron affinities is determ!ned. Ir_] the simplest version of the
a,a’-dichloro-1,3,5-trimethylbenzen®, —19.2+ 1.0 bond additivity kinetic method, the branching ratio for the S&dduct of the
(78) unknown is measured and the electron affinity is determined
5-(chloromethyl)mxylene,11 —11.2+ 1.0 bond additivity from the calibration. In this work, we have used the calibration
HCl _221 80(78) curve obtained by using benzyl radical calibrants (bena_yl,
5-methylm-xylylene, 10 749+ 3.3  this work m, a}ndp-ﬂuoro-, p-chloro- a}ndp-_bromobenzyl)_, as descrlb_ed
5-chloromethylrrxylylene, 7 63.34+ 3.1 this work previously?”:55 The regression line reported in the previous
1,3,5-trimethylenebenzeng, 111.0+ 4.1 this work work?” has the form shown in eq 6, where= 1(SO;")/I(R™),
Gas-Phase Acidities the ratio of the products obtained for CID of RSCat 4 eV
HCI 333.4+0.1 81 (C.M.) and the EA is in kcal/mol.
Electron Affinities
3,5-bis(chloromethyl)benzyl radicdl, 31.4+ 1.8 this work EA(R) =24.75— 1.248 Inr (6)
5-chloromethylm-xylylene,7 258+ 1.4 this work
Chloride Dissociation Energies The branching ratio for the dissociation of the S&diduct of
DHaeg(3,5-(CHy)2CeH3zCHCI), 7~ 19.14+ 1.6  this work ion 9~ was measured and found to be= (4.87 + 0.97) x
n° 1.4+0.1 . 1073, implying an EA of 31.44 1.8 kcal/mol (1.361= 0.077
DHz0d(3-CHa,5-CHCICHCHCI), 9~ 22.6+1.8  this work eV) for radical9. Determination of electron affinities using the
n 15401 kinetic method requires certain assumptions that can lead to
CH Bond Dissociation Energies errors in the final values. For example, Ervin has shown recently
BE?Z?&E‘&E&@&—H) gg-?i g'g g% that differences in dissociation energies for the different ions
DHa6e(3,5-(CHb)>CeHsCHo— H) 882450 thiswork may lead to @ 0.51.0 kcal/mol error into the measur_emé_?'lt.
Similarly, we have used the branching ratio and calibration at
*Values in kcal/mol” Exponent in eq 3. a single energy, 4 eV, and different values could be obtained at

different energies. The differences would result from differences
in entropies for the competing dissociation chanf&i&’To

) = R_HY — account for potential errors, we have determined how the
DHao R=H) = EARR) + Ay R—H) — IE(H) - (5) measured EA is affected by changing the collision energy. For

: : ... the present system, changing the collision energy by 2 eV results
The advantage of this approach is that the electron affinity in a 1.4 kcal/mol change in the final electron affinity. Therefore,

of the radical can be measured regiospecifically and therefore - . . . -
can be applied to the determination of the acidity of less '.[he final uncertainty assigned in the electron affinity ®f

nermorgnamical avorabl postions. A crawback of using S0 8 022 IeSl1o e 1 sty b e e
eq 5 for determining the acidity is that it also requires the S

homolytic bond dissociation energ®(R—H), which is gener- calibration plot (the uncertainties of the EAs of the references

ally not known. However, Kim et & have shown that remote are not significant)a 1 kcal/mol uncertainty to account for the

halogen substitution does not significantly affect benzykiekC potential differences in dissociation energies, as described by
BDEs, and that the €H BDEs for a series of halogen- Ervin83and a 1.4 kcal/mol component to account for potential

substituted toluenes are all about £ kcal/mol. Therefore errors due to choosing asingle collision energy. The measured
to determine the acidity 8. we have measured the electr,on electron affinity of9 is ca. 4 kcal/mol higher than the electron
affinity of 9 and assum)tlad 6’1 BDE of 89 2 keal/mol affinity of the 3-(chloromethyl)benzyl radical, reported previ-
The electron affinity 0@ has been determined b;'/ using the ously?? similar to the difference between 3-(chloromethyl)-
kinetic method developed by Cooks and co-worlefThis benzyl radical and benz§?8 indicating that the effect of a
approach has been used successfully in the past for themchloromethyl substituent on the EA of benzyl is essentially
measurement of electron affinities of both radiea®é>and additive. Using a hor_nolytic €H bond dissociation enthalpy
biradicals3”-?337and the accuracy of the method is demonstrated for the methyl group ir8 of 89,0+ 2.0 keal/mol and an EA of

by systems such gsbenzyne andi-naphthyl radical, where 1.361+ 0.077 eV for radicab, the gas-phase acidity of the

kinetically determined electron affinities have recently been me_thyl position !n8 is estimated to be 371.33 2.7 keal/mol,
found to be in excellent agreement with values obtained which means it is ca. 4 kcal/mol more acidic than the methyl

spectroscopicall§j>5%-%2The procedures for obtaining electron iosz'tgnk?ﬁﬁggogﬁgﬁgﬁi R/:/i\rluloﬁselyeripg:ti% tZl?lfsﬁZuséit
affinities using this approach have been described else- : ’ P

27,37,58 ; ; o effect® The heat of formation of 5-chloromethgi-xylylene,
where? The branching ratios for the collision-induced 7. obtained from the acidity & andDH (eq 2b) and auxiliary

9, and IE(H) is the ionization energy of hydrogeh.

(54) The small temperature correction term is ignored. thermochemical data (Table 1),AdH: 20¢(7) = 63.3+ 3.1 kcal/
(55) Kim, J. B.; Wenthold, P. G.; Lineberger, W. €. Phys. Chem. A

1999 103 19833. (63) Ervin, K. M. Int. J. Mass Spectron200Q 195/196 271.
(56) Cooks, R. G.; Patrick, J. S.; Kotiaho, T.; McLuckey, S.Mass (64) Cheng, X.; Wu, Z.; Fenselau, &.Am. Chem. S02993 115, 4844.

Spectrom. Re 1994 13, 287. (65) Wu, Z.; Fenselau, QRapid Commun. Mass Spectrot94 8, 777.
(57) Cooks, R. G.; Wong, P. S. Acc. Chem. Red.998 31, 379. (66) Cerda, B. A.; Hoyau, S.; Ohanessian, G.; Wesdemiotig, @m.
(58) Seburg, R. A.; Squires, R. Rit. J. Mass Spectrom. lon Processes Chem. Soc1998 120, 2437.

1997 167/168 541. (67) Nold, M. J.; Cerda, B. A.; Wesdemiotis, @. Am. Soc. Mass.
(59) Lardin, H. A.; Squires, R. R.; Wenthold, P. G.Mass Spectrom. Spectrom1999 10, 1.

2001, 36, 607. (68) Gunion, R. F.; Gilles, M. K.; Polak, M. L.; Lineberger, W. [@t.
(60) Reed, D. R.; Kass, S. R. Mass Spectron200Q 35, 534. J. Mass Spectrom. lon ProcessE392 117, 601.
(61) Ervin, K. M. Chem. Re. 2001, 101, 391. (69) Taft, R. W.; Topsom, R. D. The Nature and Analysis of Substituent

(62) Ervin, K. M.; Ramond, T. M.; Davico, G. E.; Schwartz, R. L.; Casey, Effects. InProgress in Physical Organic Chemistiyaft, R. W., Ed.; Wiley
S. M.; Lineberger, W. CJ. Phys. Chem. 2001 in press. & Sons: New York, 1987; Vol. 16, p 1.
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mol. The difference between this heat of formation for biradical 6.0
7 and that ofm-xylylene?” (~17 kcal/mol) is similar to the

difference between the heat of formation of 5-chloromethyl

m-xylene and that ofn-xylene (15.3+ 1.2 kcal/mol). The fact 45
that the measured heat of formation of biradi¢as about the
same as the bond additivity value indicates that chloromethyl
substitution does not have a significant effect on the first and
second BDEs ofm-xylene.

The Electron Affinity of 5-(Chloromethyl)- m-xylylene, 7.

3.0 CH,C

Cross Section, A2

The heat of formation of iory~ can be calculated from the 13

heat of formation and electron affinity @G{(EA(7)). The electron

affinity of 7 was determined by using the kinetic method, as 0.0 =t a ‘ !

described fo® in the previous section. lofi- was synthesized 0.0 1.0 2.0 3.0 4.0
in the gas phase as shown in Scheme 2. Reactivity studies using Collision Energy (c.m.), eV

ion—molecule reactions similar to those used fornigylylene Figure 3. Cross sections for Clformation upon collision-induced

ion?” were performed with ior7~ to structurally characterize  gissociation of7- with Ar target as a function of translational energy

it. For example, iorY~, like most organic carbanions, was found in the center-of-mass frame. The solid line is the model appearance
to react with CQ molecules by forming a carboxylate addiict  curve calculated using eq 3, and the broken line represents the
that undergoes addition with NO, indicating that the carboxylate unconvoluted function.

adduct had an open-shell charaéte®-7Also, ion 7~ was found ) _

to react with C$ exclusively by addition and no sulfur atom The heat of formation of 1,3,5-trimethylenebenzese,

abstraction was observed, indicating tiadoes not isomerize ~ OPtained from measuringHacid(g); DH (eq 2b), EAY), DH
to a more basic phenyl anid#. ® (eq 2d), the heat of formation 8f"87%nd the heat of formatigh

The CID branching ratio for the SOadduct of 7~ was and gas-phase acidftyof HCI (Table 1), isAH;26¢(6) = 111.0

+ 4.1 kcal/mol.
measured to be = 0.420+ 0.084 at 4 eV (center-of-mass), : . L . L
which gives EAT) = 25.8+ 1.4 kcal/mol (1.12G 0.059 eV), Comparison with Bond Additivity. A simple bond additivity

] ; . estimate of the heat of formation of 1,3,5-trimethylenebenzene,
where the uncertainty is calculated as described above, excepb calculated by using the heat of formation of 1,3,5-trimeth-

that changing the collision energy by 2 eV only changes the _ :

L : ylbenzene (Table 1) and the toluengHsCH,—H bond dis-
measured electron gfflnlty by 0.8 kcal/mo.l for this system. The sociation energy (BDE) (898 0.6 kcal/mol§? three times gives
measured 2|5£A of7 is ca. 4 kc_al/mol higher than that of AH¢(6) = 109.3+ 2.1 kcal/mol, indistinguishable from the value
mexylylene; the same as the _dlfference between t_he EAs o_f obtained in the present work. A more meaningful quantity that
the 3-(chloromethyl)benzyl radical and benzyl, as discussed in rofiects on the electronic structure of the molecule is the third

the previous section. BDE in 1,3,5-trimethylbenzene, the enthalpy for the reaction

The Heat of Formation of 1,3,5-Trimethylenebenzene.  in eq 7. However, calculation of the third BDE requires the
Collision-induced dissociation af over the energy range-&4
eV (C.M.) leads to the formation of chloride ion as the only CH, CHy
ionic product. The cross-sections as a function of center-of- b
mass collision energy for dissociation of i@n are shown in - EO
Figure 3. Average values @H.gg (eq 2d) anch obtained by e & G Gt
modeling the cross sections for the dissociatioii oére listed 10 6
at the bottom of Table 1. The chloride binding enthalpy (298K)
for 7~ obtained from replicate measurements is 0488.07 heat of formation for 5-methyfr-xylylene, 10. We have
eV. By comparison with previously reported resiits? the determined this value experimentally by using an approach

neutral product of the reaction is assigned to be the triradical, Similar to that utilized to determine the heat of formatiori7of
formed by direct dissociation. Direct dissociation is dynamically @s outlined in eq 8. From the measured acidity and chloride
and energetically favored over rearrangement processes, which -

would require tight transition states, and large energy barfiers. | CHo

In fact, the low dissociation threshold measuredfoindicates Q  AHgan 1w

that if rearrangement were to occur, it must have a barrier lower HC ey e @
than ca. 0.9 eV. Therefore, the low dissociation energy strongly 1 12-

suggests that~ dissociates by simple dissociation to form the o o,

triradical 6.
DHyo5(eq 8b) cdl ‘ or (sb
(70) Bierbaum, V. M.; DePuy, C. H.; Shapiro, R. B.Am. Chem. Soc. HC cDyCi N (8b)

CH,
1977, 99, 5800. -

(71) Wenthold, P. G.; Hu, J.; Squires, R. R.Mass Spectronil998 10
33, 796.

(;g) \é)VeSthol(é F|’_-| _GE_S%U"ES, 3 9’\2/-&’\"1- ﬁhgm- SLOG%%‘;llzﬁzlslfgg- binding enthalpy?? the heat of formation ol0 is 74.94+ 3.3

E74; Dng S L g . o eanecton Ret-tSOdlerqdist 1A kcal/mol, which agrees with the value of 73.3 kcal/mol
Am. Chem. Sod 985 107, 3385. ' o ' calculated by assuming that the difference in the heats of

(75) DePuy, C. H.; Bierbaum, V. M.; Robinson, M. S.; Davico, G. E.; formation of10 andm-xylylene is the same as for toluene and
Gareyev, RTetrahedron1997, 53, 9847.

(76) Hare, M.; Emrick, T.; Eaton, P. E.; Kass, S.RAm. Chem. Soc. (78) Benson, S. WThermochemical Kinetic2nd ed.; Wiley & Sons:
1997 119 237. New York, 1976.
(77) Poutsma, J. C.; Nash, J. J.; Paulino, J. A.; Squires, R. Rm. (79) Calculations at the B3LYP/6-31G* level of theory predict that the

Chem. Soc1997 119, 4686. heat of formation o8 agrees to within 0.5 kcal/mol of bond addivity.
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benzene. This gives a value of 88:%.0 kcal/mol for the third without a significant loss of precision. Thus, the CID approach

C—H BDE in 1,3,5-trimethylbenzene, which is indistinguishable should continue to be useful for determining the energetics for

from the C-H BDE in toluene (89.8: 0.6 kcal/mol§2 and the decomposition of simple organic molecules, and for probing

first and second €H BDEs inm-xylene (90.1+ 1.7 and 90.7 electron-electron interactions within open-shell reactive inter-

+ 2.9 kcal/mol, respectivelyy,indicating that there is negligible  mediates.

interaction between the unpaired electrons in the triradical, as
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