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Abstract: Radical anions of o-, m-, and p-benzoquinone were produced in a Fourier transform mass
spectrometer by low energy electron attachment or collision-induced dissociation and were differentiated.
Classical derivatization experiments also were carried out to authenticate the ortho and meta anions. Gas-
phase techniques were used to measure the proton affinities of all three radical anions and the electron
affinities of o- and m-benzoquinone. By combining these results in thermodynamic cycles, we derived heats
of hydrogenation of o-, m-, and p-benzoquinone (AnH°(10, 1m, and 1p) = 42.8 + 4.1, 74.8 + 4.1, and
38.5 + 3.0 kcal mol™?, respectively) and their heats of formation (A¢H°(10, 1m, and 1p) = —23.1+4.1, 6.8
+ 4.1, and —27.7 £ 3.0 kcal mol™?, respectively). Good accord with the literature value for the para derivative
was obtained. Combustion calorimetry and heats of sublimation also were measured for benzil and 3,5-
di-tert-butyl-o-benzoquinone. The former heat of formation agreed with previous determinations, while the
latter result (AtH°(g) = —73.09 4 0.87 kcal mol™) was transformed to AsH°(10) = —18.9 & 2.2 kcal mol—*
by removing the effect of the tert-butyl groups via isodesmic reactions. This led to a final value of AiH°(10)
= —21.0 £ 3.1 kcal mol~. Additivity was found to work well for m-benzoquinone, but BDE1 and BDE2 for
1,2- and 1,4-dihydroxybenzene differed by a remarkably small 14.1 + 4.2 and 23.5 + 3.7 kcal mol™,
respectively, indicating that o- and p-benzoquinone should be excellent radical traps.

Introduction missing a bond and is an avatar of the so-called non-Kekule

Quinones are naturally occurring and widely found com- SPecies (Chart B Of these quinone compounds, only the
pounds that have been know since antiquity as pigments andP-iSOmer has a measured heat of formation, and its value is well-
medicines:— p-Benzoquinonelp) was first prepared some 170 established4tH°(g) = —29.3+ 0.9 kcal mot).” No literature
years ago in the earliest era of chemical synthesis, and since'eports on the enthalpy of formation of andm-benzoquinone
then a rich chemistry involving complexes, oxidatieneduction (Loand1m) or any of their substituted derivatives have appeared
reactions, photochemical processes, polymeric materials, syn-despite extensive efforts to fully characterize these species. In
thetic transformations, and biochemical redox transformations this study, the enthalpies of formation @, m-, and p-
in crucial events such as photosynthesis and respiration has beebenzoquinone were determined by carrying out gas-phase ion
uncovered or developed. energetic measurements, combustion calorimetry and phase-

Two isomeric forms of quinones are commonly encountered change determinations, and high-level quantum chemical com-
(ortho and para), but the meta isomer also is of interest and hasputations.
been the subject of extensive discussions since it formally is

(5) Berson, J. A. InThe Chemistry of the Quinonoid CompounBstai, S.,

£ i itv of land Rappoport, Z., Eds.; Wiley: New York, 1988; Vol. 2, pp 45536.
University of Maryland. . . (6) Berson, J. A. IrReactie Intermediate Chemistrjloss, R. A., Platz, M.

§ Departamento de Qmiica, Universidade do Porto. S., Jones, M., Jr., Eds.; Wiley: New York, 2004; pp &93.

Hnstituto de Cilecias Bionielicas Abel Salazar, Universidade do Porto.  (7) All thermodynamic data come from the following sources unless otherwise

T University of Minnesota.

(1) Morton, R. A.Biochemistry of QuinonesAcademic Press: New York,
1965.

(2) Thomson, R. HNaturally Occurring Quinones2nd ed.; Academic Press:

New York, 1971.

(3) The Chemistry of the Quinonoid Compouridatai, S., Rappoport, Z., Eds.;

Wiley: New York, 1974.

(4) The Chemistry of the Quinonoid Compouriéatai, S., Rappoport, Z., Eds.;

Wiley: New York, 1988; Vol. 2.
6116 = J. AM. CHEM. SOC. 2005, 127, 6116—6122

noted. (a) Cox, J. D.; Pilcher, GThermochemistry of Organic and
Organometallic Compoungdgcademic Press: New York, 1970. (b) Pedley,

J. B.; Naylor, R. D.; Kirby, S. P.Thermochemical Data of Organic
Compounds2nd ed.; Chapman and Hall: New York, 1986. (c) Blanksby,
S. J.; Ellison, G. BAcc. Chem. Re®003 36, 255-263. (d) Lias, S. G.;
Bartmess, J. E. “Gas-Phase lon Thermochemistry” in NIST Chemistry
WebBook, NIST Standard Reference Database Number 69, Linstrom, P.
J., Mallard, W. G., Eds. http://webbook.nist.gov, 2003, and refs therein.

10.1021/ja042612f CCC: $30.25 © 2005 American Chemical Society
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Experimental Section

o0-Benzoquinone (10)This compound was prepared by a modifica-
tion of Fischer and Henderson’s previously reported procetiliteat
is, a well-stirred solution of 0.11 g (1.0 mmol) of catechol (1,2-
dihydroxybenzene) ah3 g ofanhydrous magnesium sulfate in 10 mL
of dry ether was cooled to @. Cerium (IV) on silica gel (6.94 g, 2.1
mmol) was added, and the mixture was shaken for exactly 3 min. It
was then rapidly suction-filtered through a jacketed funnel and cooled
to —78 °C. The residue was washed with 20 mL of cold ether and
combined with the filtrate. Concentration of the solution—-25 °C
under reduced pressure to a volume 68 mL was followed by
crystallization at=78 °C to give 90 mg (83%) of the red product. This
quinone can be kept unchanged for two months by storing it in the
dark at—78°C.H NMR (300 MHz, CDC}) ¢ 6.43 (m, 2H), 7.06 (m,
2H).

lon Energetics.Gas-phase experiments were carried out with a dual
cell model 2001 Finnigan Fourier transform mass spectrometer (FTMS)
equipped wit a 3 Tsuperconducting magnet and controlled by a Sun
workstation running the Odyssey software 4.2 package or a similar
instrument which is controlled by an lon Spec data system running
lonSpec99 ver. 7.@rtho-Benzoquinone angara-benzoquinone radical

using the Becke three-parameter hybrid exch&hged Lee-Yang—
Part’ correlation density functional (B3LYP) and the 6-31G(d) and
6-31+G(d) basis sets. B3LYP single-point energies were obtained with
the 6-311G(d,p) and 6-3#1G(2df,2pd}® basis sets, and all of the
resulting energetic quantities include zero-point energies and have been
adjusted to 298.15 K, except for electron affinities which are at 0 K.
Unscaled vibrational frequencies were used for the density functional
theory (DFT) calculations, whereas the Hartré®ck frequencies were
scaled by 0.8929 as called for in the G3 procedure. However, HF
frequencies can lead to significant errors in zero-point energies and
temperature corrections; thus, G3 results with DFT frequencies also
are given, and they are provided in parentheses.

Combustion Calorimetry

Materials and Purity Control. 3,5-Di-tert-butyl-o-benzo-
qguinone and benzil (PhCOCOPh) were obtained commercially
from Aldrich with mass fraction purities of 0.993 and 0.9980,
respectively, as determined by gdguid chromatography.
These compounds were further purified by repeated vacuum
sublimations before the calorimetric measurements. Their purity
was assessed by differential scanning calorimetry (Setaram DSC
141) via a fractional fusion techniqd&The samples, hermeti-
cally sealed in stainless steel crucibles, were heated using a
heating rate of 1.6% 1072K s~1, and the resulting thermograms
did not show any phase transitions betw&en 298 K and the
melting temperature of the studied compounds. Three high-
purity reference materials (naphthalene, benzoic acid, and
indiumy° were used to calibrate the temperature scale of the

anions were generated by electron attachment using low energy elec-calorimeter, and its power scale was calibrated with high purity

trons (3.5 eV), and the meta isomer was prepared fnemitrophen-
oxide (which was made by reacting the trimethylsilyl ethemeritro-
phenol with fluoride ion) by collision-induced dissociation (CID) as
previously reported.The desiredn/z 108 ions were isolated using
stored-waveform inverse Fourier transform (SWIFExcitations and
then were transferred to the second (source) cell where they were trans
lationally and vibrationally cooled with a pulse of argon up to a pressure
of ~1 x 107° Torr. Neutral reagents were added to the source cell via
slow leak valves or a solid inlet probe, and all of the resulting reactions
were monitored as a function of time. For the electron affinity bracketing
experiments it was particularly important to use low pressures X

1078 Torr) of the reference compounds to minimize adventitious electron
capture from stray electrons. This process was monitored by double
resonance (i.e., by continually ejecting tméz 108 ion and observing

the effect on electron transfer) as well as by running the reactions
without transferring the ion of interest to the source cell.

To confirm the structure of the-benzoquinone radical anion, it was
converted to the conjugate base of catechol by reactiontesittbutyl
mercaptan using sustained off-resonance irradiation (SORIYrive
the process. The resulting hydrogen-atom transfer product was bracketed
with standard reference acids and further characterized by CID. These
results were compared to the authentic conjugate base of catechol, which
was generated by deprotonating 1,2-dihydroxybenzene with; OH
hydroxide ion was made by electron ionization ofHat 9 eV. We
also converted the meta isomer to its nitritgHiGEONO)O") by addition
of nitric oxide to2m, and the resulting species was characterized by
CID and bracketing its proton affinity.

Computations. Calculations were carried out using the U.K. version
of GAMESS?%and Gaussian 2068on IBM and SGI workstations.
G3 theory was employed for the parent quinoriesand1p) and related
species® The largertert-butyl substituted compounds were optimized

(8) Fischer, A.; Henderson, G. $ynthesis985 6—7, 641-643.
(9) Reed, D. R.; Hare, M. C.; Chung, G.; Fattahi, A.; Gordon, M. S.; Kass, S.
R.J. Am. Chem. So®003 125 4643-4651.
(10) Marshall, A. G.; Roe, D. CJ. Chem. Phys198Q 73, 1581-1590.
(11) Gauthier, J. W.; Trautamn, T. R.; Jacobson, DABal. Chim. Actal991,
246, 211-225.

indium (mass fractiorr 0.99999). Enthalpies of fusion of the
crystalline compounds and their purity were derived from the
DSC experiments and are presented in Table 1, where the
uncertainties are twice the standard deviations of the mean of
six independent runs.

Sample purities also were confirmed via carbon dioxide
recovery ratios. In particular, the average ratios of the mass of

(12) GAMESS-UK is a package of ab initio programs written by Guest, M. F.;
van Lenthe, J. H.; Kendrick, J.; Schoffel, K.; Sherwood, P., with
contributions from Amos, R. D.; Buenker, R. J.; van Dam, H. J. J.; Dupuis,
M.; Handy, N. C.; Hillier, I. H.; Knowles, P. J.; Bonacic-Koutecky, V.;
von Niessen, W.; Harrison, R. J.; Rendell, A. P.; Saunders, V. R.; Stone,
A. J.; de Vries, A. H. The package is derived from the original GAMESS
code due to Dupuis, M.; Spangler, D.; Wendoloski, J. NRCC Software
Catalog, Vol. 1, Program No. QG01 (GAMESS), 1980.

13) The DFT module within GAMESS-UK was developed by Dr. P. Young
under the auspices of EPSRC’s Collaborative Computational Project No.

1 (CCP1) (19951997).

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.

A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K. N,;

Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V;

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,

(14

(18

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa,
J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.;
Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo,
J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; 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.; Gonzalez, C.; Pople, J. Baussian 03
Gaussian, Inc.: Pittsburgh, PA, 2003.

(15) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Rassolov, V.; Pople, J.

A. J. Chem. Phys1998 109, 7764-7776.

(16) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

Lee, C. T.; Yang, W. T.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(a) Hariharan, P. C.; Pople, J. Ehem. Phys. Lettl972 16, 217-219.
(b) Francl, M. M.; Pietro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M.
S.; DeFrees, D. J.; Pople, J. A. Chem. Physl982 77, 3654-3665.

(19) Plato, C.; Glasgow, A. R., JAnal. Chem 1969 41, 330-336.
(20) Sabbah, R.; Xu-wu, A.; Chickos, J. S.; CeitaM. L. P.; Roux, M. V.;

Torres, L. A.Thermochim. Actd 999 331, 93—204.
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Table 1. Temperatures of Fusion, Trs, Enthalpies of Fusion,
A'eH°(Tis), and Purity of the Studied Compounds

Table 2. Standard (p° = 0.1 MPa) Molar Enthalpies of
Combustion, Sublimation, and Formation at T = 298.15 K in the
Crystalline and Gaseous Phases

7—HJS AICTHO (T-VUS) punty
compound (K) (kcal mol—1) (%) 3,5-di-tert-butyl-o-benzoquinone benzil

3,5-ditert-butyl-o-  387.89+ 0.08 6.3414+0.057  99.94+ 0.01 Acu® 2 —8619.844+0.72 —7696.29+ 1.17
benzoquinone AU°(cr)P —1899.04+ 0.69 —1618.00+ 0.67
benzil 368.13-0.11 5.468+ 0.047  99.93+ 0.04 AcH(er)P —1901.41+ 0.69 —1618.88+ 0.67
AsH°(cr)P —98.45+ 0.81 —39.41+ 0.79
A9 Heb 25.36+ 0.31 25.41+ 0.67

AH°(g)P —73.09+ 0.87 —-14.0+ 1.0

the recovered carbon dioxide to that calculated from the mass
of sample, together with the standard deviation of the mean,
were 1.0003t 0.0003 (3,5-ditert-butyl-o-benzoquinone) and
1.0008+ 0.0001 (benzil). The density of 3,5-ti#t-butyl-o- 9), AmH,0) is the difference of added water from the
benzoquinone was estimated from the mass and the dimensiongreviously mentioned standard valug,is the energy of the
of the pellets that were used for the combustion experiments (- homb contents after ignitiomyTaqis the adiabatic temperature
= 0.87 g cn13), while that for benzil was taken as= 1.084 rise (the calorimeter temperature change corrected for heat
g cnr s exchange and the work of stirring), andJ(ign) is the energy
Calorimetry. Combustion experiments were performed with ¢ ignition. For each compound, the standard measured energy
a static bomb calorimeter that previously has been described iny¢ combustionAcu°, was calculated by the procedure given by
detail?>23 Benzoic acid (Bureau of Analyzed Samples, Ther- 4 phpbard et a8 The mean values of.e° were derived from
mochemical Standard, BCS-CRM-190) was used to calibrate 1 independent experiments for 3,5telitbutyl-o-benzoquinone

a Incal gl P In kcal molL

the bomb. Its measured energy of combustionAigi =
—6318.14+ 0.84 cal g! under certificate conditions. The
calibration results were corrected to give the energy equivalent

and from six experiments for benzil. These values and the
corresponding uncertainties (calculated as the standard deviation
of the mean) are given for each compound in Table 2. The

€cal COrresponding to the average mass of water added to theye jyed standard molar energies and enthalpies of combustion,

calorimeter, 3119.6 g. From six calibration experimeaig,—
3825.29+ 0.48 cal K1, where the uncertainty quoted is the
standard deviation of the mean. For all experiments, crystalline
samples in pellet form were ignited &t= 298.150+ 0.001 K

in oxygen atp = 3.04 MPa, with 1.00 cfof water added to
the bomb. The electrical energy for ignitioAU(ign) was

determined from the change in potential across a capacitor when

it was discharged through the platinum ignition wire. Corrections
for combustion of the cotton thread fuse, nitric acid formation,
and carbon formation were made as previously descAb&d.
The mass of the compoundn(compound), used in each
experiment was determined from the total mass of carbon
dioxide,m(CQ,, total), produced after allowance for that formed
from the cotton thread fuse. An estimated pressure coefficient
of specific energy, qu/op)r = —0.05 cal gt MPal at T =
298.15 K, a typical value for most organic compounds, was
assumed® The molar masses used for the elements were those
recommended by the IUPAC commissi#h.

As samples were ignited dt= 298.15 K,

AU(IBP) = —{€cq + AM(H0)c,(H0, I) + € AT 4+
AU(ign) (1)
where AU(IBP) is the energy associated with the isothermal

bomb processscq is the energy equivalent of the calorimeter
without contents and corrected for the mass of water (3119.6

(21) Handbook of Chemistry and Physic&th ed.; Weast, R. C., Ed.; CRC
Press Inc.: Cleveland, OH, 1989990.

(22) Ribeiro da Silva, M. A. V.; Ribeiro da Silva, M. D. M. C.; Pilcher, G.
Rev. Port. Quim 1984 26, 163-172.

(23) Ribeiro da Silva, M. D. M. C.; Ribeiro da Silva, M. A. V.; Pilcher, G.
Chem. Thermodyril984 16, 1149-1155.

(24) Coops, J.; Jessup, R. S., Van Nes, K. Calibration of Calorimeters for
Reactions in a Bomb at Constant Volume Hrperimental Thermochem-
istry; Rossini F. D., Ed.; Interscience: New York, 1956; Vol. 1, Chapter.
3, pp 2758.

(25) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow, I.;
Bailey, S. M.; Churney, K. L.; Nutall, R. L. The NBS Tables of Chemical
Thermodynamic Propertied. Phys. Chem. Ref. Dafd82 11 (Suppl. 2).

(26) Washburn, E. NJ. Res. Natl. Bur. StanqU.S.)1933 10, 525-558.

(27) Coplen, T. BJ. Phys. Chem. Ref. Da@001, 30, 701-712.

6118 J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005

AcU°(cr) andAcH®(cr), and the standard molar enthalpies of
formation for the compounds in the crystalline phaagsi°-

(cr), atT = 298.15 K are also provided in Table 2. In accordance
with normal thermochemical practié®the uncertainties as-
signed to the standard molar enthalpies of combustion are, in
each case, twice the overall standard deviation of the mean and
include the uncertainties in the calibration. To deriwéi°(cr)

from AcH°(cr), the standard molar enthalpies of formation of
H,0(l) and CQ(g) atT = 298.15 K found in the literature were
used

Microcalorimetry Calvet. The standard molar enthalpies of
sublimation were measured using the “vacuum sublimation”
drop microcalorimetric metho#l. Samples of about-34 mg
were placed in thin glass capillary tubes sealed at one end and
were dropped at room temperature into the hot reaction vessel
in a high-temperature Calvet microcalorimeter (SETARAM HT
1000) held at a convenient temperatdre They were then
removed from the hot zone by vacuum sublimation. For these
measurements, the microcalorimeter was calibrated in situ using
the reported standard molar enthalpy of sublimation of naph-
thalene® The observed enthalpies of sublimation were corrected
to T = 298.15 K using the equation

ATs08.15H°@) = [ong 15cConl@) AT 2)

where

(28) Hubbard, W. N.; Scott, D. W.; Waddington, G. Standard States and
Corrections for Combustions in a Bomb at Constant VolumeExperi-
mental ThermochemistnRossini, F. D., Ed.; Interscience: New York,
1956; Vol. 1, Chapter 5, pp 75128.

(29) Rossini, F. D. Assignment of Uncertainties to Thermochemical Data. In
Experimental ThermochemisfriRossini, F. D., Ed.; Interscience: New
York, 1956; Vol. 1, Chapter 14, pp 29820.

(30) CODATA J. Chem. Thermodyri978 10, 903-906.

(31) Adedeji, F. A.; Brown, D. L. S.; Connor, J. A.; Leung, M. L.; Paz-Andrade,
I. M.; Skinner, H. A.J. Organomet. Chenl975 97, 221-228.

(32) Chickos, J. S.; Acree, W. E., Jr.Phys. Chem. Ref. Da2002 31, 537—

698.
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of) — —4 12 Table 3. Proton Affinity Bracketing Results for o-, m-, and
Cp(g) 1.08x 10 " T°+ 0.2641 + 0.0678 3) p-Benzoquinone Radical Anions (20, 2m, and 2p)

and proton transfer
ref. acid (HX) AqegH° (keal mol~?)2 20 2m 2p
o — —4 2
Cp(g) =-1.31x 10" T°+ 0.250r — 11.6255 (4) CH3COH 348.14+ 2.2 — no no
(CH3)sCCOH 3447+ 2.1 no no -
are for 3,5-ditert-butyl-o-benzoquinone and benzil, respectively. ~ CHCHOCH,COH 342,04+ 2.0 - no -
These equations were derived from statistical thermodynamics g%ﬁgghCHZCOZH ggg'gi gg ;0 r;(és _no
and calculated vibrational frequencies at the B3LYP/6-31G(d) CE,CH,COH 333.94 2.0 yes  — no
level. The mean values of the standard molar enthalpy of 0-CsHa(NO2)COH 331.8+2.2 - - no
sublimation A%;H°) at T = 298.15 K were obtained for 3,5- NCCH,COH 330.3+2.1 - - yes
di-tert-butvl-o-b , d benzil f . d Cl,CHCOH 3284+ 2.1 yes  — -
I-tert-butyl-o-benzoquinone and benzil from six and seven ;e 4y No,)COH 32814 22 z _ yes
experiments, respectively (Table 2), and the assigned uncertain- CRCOH 323.8+2.9 - - yes
ties represent twice the standard deviations of the mean. —
Combining the values oAH°(cr) and A%H° for each com- ?Acidity values taken from ref 7.

pound, we obtained the standard molar enthalpies of formation

in the gas phaser¢gH°(g)); these are given in Table 2. to NO,~, whereas the latter species gives the radical anion of

mbenzoquinone as well as NQ

Results and Discussion Proton Affinities. The proton affinities of20, 2m, and 2p

lon Energetics. Structural Authentication. Electron attach- ~ Were determined by reacting these ions with standard reference
ment of low energy electrons by and p-benzoquinone 1o acids and observing the occurrence or non-occurrence of proton
and1p) affords the corresponding radical anio2® @nd2p). transfer (Table 3)0-Benzoquinone radical anion undergoes

These ions previously have been repofté&4but we felt it proton transfer with C#EHCOH and CLCHCOH (AacidH®

was important, nevertheless, to establish the structure of the= 333.9+ 2.0 and 328.4 2.1 kcal mot™, respectively), but
less stable specie&d). This was accomplished by reactifg not with weaker acids such as CIgEO;H and (CH)sCCOH

with tert-butyl mercaptan under conditions in which the ion is (Aacidd® = 336.5% 2.2 and 344.7t 2.1 kcal mot™, respec-
energized (i.e., SORN so as to drive a hydrogen-atom abstrac- tively). The para ion is a weaker base and undergoes proton

tion and afford the conjugate base of catecl8d, €q 5). transfer with cyanoacetic acig;nitrobenzoic acid, and trifluo-
roacetic acid AaiH® = 330.3+ 2.1, 328.1+ 2.2, and 323.8
O tBusH OH kcal moll, respectively) but not weaker acids such @s
@O son @[O_ + EBUST (5) nitrobenzoic acid and 3,3,3-trifluoropropionic acitlafidH°® =
” % 331.8 & 2.2 and 333.9+ 2.0 kcal mof?, respectively).

m-Benzoquinone radical anion is the strongest base of the three

The identity of this phenoxide ion was verified by bracketing isomers and undergoes proton transfer with chloroacetic acid
its proton affinity, fragmenting it by CID, and comparing the but not with 4-oxopentanoic acid (GBOCHCH,CO.H). These
results to the independently prepared ion made by deprotonatingresults enable us to assign RA&J = 335.2+ 2.0 kcal mot?,
1,2-dihydroxybenzene with OH In particular, 3o deprotonates ~ PA(2m) = 338.64 2.8 kcal mot?, and PA@p) = 331.1+ 1.7
chloroacetic acidfacidH° = 336.5+ 2.2 kcal mot?) but not kcal mol1, which are in reasonable accord with G3 theory
trimethylacetic acid or acetic acid\§gH° = 344.7+ 2.1 and  results of 336.9 (335.5), 335.6 (337.4), and 325.0 (326.5) kcal
348.64 2.9 kcal mot?, respectively), which is in accord with ~ mol™%, respectively; the parenthetical values were computed
the literature proton affinity of 339.6t 2.1 kcal mofl? using unscaled B3LYP/6-31G(d) vibrational frequencies instead
Likewise, off-resonance CID leads to signal loss and shows the of the Hartree-Fock values.
same energy dependence independently of Bois produced. Electron Affinities. The electron binding energies b and

m-Benzoquinone radical anion was readily differentiated from 2m or equivalently the electron affinities dfo and1m were
the ortho and para isomers (see below) and was converted todetermined by bracketing. The ortho radical anion undergoes
its corresponding nitrite upon reaction with nitric oxide. The electron transfer upon reaction with 1,4-dinitrobenzene but not
resultingm-nitrosooxyphenoxide (§E14(ONO)O") deprotonates  with 3,5-bis(trifluoromethyl)nitrobenzene apehitrobenzalde-
chloroacetic acid but not 4-oxopentanoic acid, which enabled hyde, whereas the meta species reacts with titanium tetrachloride
us to assigmMaigH® = 338.6+ 2.8 kcal mot?. This value is but not with tetrachloro-1,4-benzoquinone or reagents with lower
larger than the acidity af+nitrophenol (334.4t 2.1 kcal mot?) electron affinities (Table 4). These results enable us to assign
and is in excellent agreement with a computed B3LYP/6- EA(10) = 1.90 £ 0.13 eV (43.8+ 3.0 kcal mot?) and EA-
3114-G(2df,2pd)//B3LYP/6-33+G(d) value of 338.4 kcal mok; (1m) = 2.824 0.10 eV (65.0+ 2.3 kcal mot?), which are in
the computed value for the nitro derivative is 332.9 kcalThol ~ excellent accord with the predicted values of 2.00 (1.96) and
In both cases the larger basis set is needed to reproduce th&.91 (2.88) eV using G3 theory, but the former quantity is
experimental results, and the 6-8G(d) acidities are numeri-  significantly greater than the previously reported experimental
cally too small by~6 kcal mol L. Collision-induced dissociation ~ value of 1.620+ 0.048 eV33 The same group also reported
of the nitrosooxyphenoxide ion, interestingly, also is different EA(1p) = 1.990=+ 0.048 eV, which is significantly larger than
from the nitrophenoxide in that the former ion leads exclusively a more recent determination of 1.8600.006 e\?* and does
not agree quite as well with our G3 prediction of 1.91 (1.90)

(33) Marks, 2 comita, P. B.; Brauman, J.JL Am. Chem. Sod985 107, eV. In addition, the electron affinity ob-benzoquinone is
(34) Schiedt, J.; Weinkauf, R. Chem. Phys1999 110, 304-314. computed to be 0.09 (0.06) eV larger than that for
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Table 4. Electron Affinity Bracketing Results for o- and (35.2) kcal mot?, respectivel\?” The resulting enthalpies of
m-Benzoquinone (1o and 1m) formation (AsH°(1o, 1m, and1p) = —23.1+ 4.1, 6.8+ 4.1,
electron transfer and—27.7 4 3.0 kcal moi?) and their differences (4.6 5.1
ref. compd EA (eV)? 1o m (1o — 1p) and 34.5+ 5.1 Im — 1p) kcal mol?l) are in
p-CsHa(NO2)CHO 1.69+ 0.09 no _ excellent agreement with the G3 enthalpies of formatiehd.7
3,5-(CFK)2CeHaNO2 1.7940.10 no - (—17.4) (o), (8.4 (10.5) tm), and—27.6 (—25.5) (p) kcal
fr'i(c:ﬁ:'(')‘;g\ﬁé);nzoqumone 22'%%1 8'828 yes nr(‘)o mol~1) computed via atomization energies and the resulting
tetrachlorop-benzoquinone ~ 2.754 0.048 _ no energy differences of 7.9 (8.11¢ — 1p) and 36.0 (36.0)m
TiCls 2.884+0.15 - yes — 1p) kcal molL. It is also worth noting that the computed
enthalpies of formation foo-, m, and p-dihydroxybenzene
* Values taken from ref 7. (—64.3 (-61.0),—63.8 (-60.5), and-61.6 (-58.5) kcal mot)

b . hich i istent with lue for the orth using the HF vibrational frequencies are in modest accord with
enzoquinone, which IS consistent with our value for the ortho the experimental values 6f65.9 + 0.3, —68.0 + 0.3, and

compound and the more recent literature determination (0.04 1 38
+ 0.13 eV) but is in poor accord with the Brauman et al. 66.24 0.3 keal mof™ (Table 5):
difference of —0.37 + 0.07. Our difference in the electron
affinities also is in excellent accord with the 0.077 eV difference
in the measured liquid-phase reduction potenfials.

Combustion Calorimetry. Benzil was examined in a control
experiment since it is a 14-carbendiketone just like ditert-
butyl-o-benzoquinone) and its thermochemistry previously
. . . has been reported. Our measured standard molar enthalpy of

Enth dalp;)es of qumatlon. dThrel thgrmochemkl)cal datja fmo’l . formation in '[Ff)le solid phase 1839.41+ 0.79 kcal mot?, which >
g:é ?r]\thpa;I eigszoot?cur;nc(;ne radica anflor;ls can be usz. to erlvel is very nearly the average of the two most contemporaneous

. P -y roggnatlon oft € corresponding negt_ra values in the literature (i.e;42.8+ 1.0 and—36.8+ 1.0 kcal
quinones a_nd thelrenthal_pl_es of formation. The former qugn_tlpes mol~1)3940 | ikewise, our measured fusion and sublimation
c?rl beldenvef b)t/hcoLnblglr;g the _eltectron anc_i proton affinities enthalpies at 298 K (5.468& 0.047 and 25.4H 0.67 kcal
e e nge. T especiv) 5o are i good accrd v ater
tion potential of hydrogen atom in a thermodynamic cycle as measurements of 5.423 and 23.5 kcal Mdho uncertainties
illustrated for p-benzoquinone (eq 6, all values are in kcal glver!) at a mean_temperature of 3.294%'2 Conse_quently,

; calorimetric experiments were carried out @&n since o-

—1
mol™). benzoquinone is too reactive and unstable to carry out a direct
determination of its enthalpy of formation via combustion

o o .
EA(Ip) calorimetry.
@ —_— Q + e (6a) We obtainedAsH°(cr) = —98.45 4+ 0.81 kcal mof! and
T 42.9£01 X AgH® = 25.36 + 0.31 kcal mot! from our calorimetric
1p experiments, and thus the gaseous standard molar enthalpy of
o o formation of5 is —73.094 0.87 kcal mot?. The enthalpy of
PA(2p) sublimation is virtually identical to that for benzil (Table 2),
—_— + H" (6b) which is not surprising since both species are 14-carbon
4 =17 a-diketones®® As for the heat of formation, it needs to be
o transformed to make a meaningful comparison with the value
for the parent species determined by ion energetic measurements.
BDE(4p) . . . .
_ + H (60 This was accomplished by computationally exploring the effect
82325 of tert-butyl groups in a series of isodesmic reactions (egs
40: OH 7—10). Removing ongert-butyl from 5 leads to 3tert-butyl-
APH) o-benzoquinone@) or 44ert-butyl-o- benzoquinone©, eq 7),
HY + e Toe H (6d) and these two products are predicted to be equally stable (within
313, " }
BDE(Hy) 0.4 kcal mott) by B3LYP calculations.
o2H — Ho (6e)
-104.2
OH o
st .0 — @
- = + Hy (60
38.5+3.0
OH o}
7 B3LYP/6-31G(d 1 B3LYP/6-311G(d,p); R = H, R' = -Bu (6)
4 B3LYP/6- 31G(d) 7 B3LYP/6-311G(d,p); R = tBu, R'=H (7)

The resulting enthalpies of hydrogenation for, m-, and

p-benzoquinone are 424& 4.1, 74.84+ 4.1, and 38.5+ 3.0

kcal mof? respectively These values are in good agreement (37) The computed heats of hydrogenation were obtained from the calculated
K § . : heats of formation via atomization reactions.

with the G3 predictions of 44.6 (45.7), 72.2 (73.4), and 34.1 (38) (a) Ribeiro Da Silva, M. D. M. C.; Ribeiro Da Silva, M. A. \l. Chem.

Thermodyn1984 16, 1149-1155. Alternative sets of values for the ortho

and meta compounds are64.8+ 1.0 and—66.9+ 1.1, respectively. See:

(35) Fieser, L. F.; Fieser, ML.extbook of Organic ChemistripC Heath: Boston, (b) Slayden, S. W.; Liebman, J. F. Tihe Chemistry of PhenglRappoport,
1950; p 557. Z., Ed.; Wiley: New York, 2003; pp 223257.

(36) Borges dos Santos, R. U.; Martinho Simoes, JJAPhys. Chem. Ref. (39) Springall, H. D.; White, T. RJ. Chem. Sacl954 2765-2766.
Data 1998 27, 707—741. (40) Parks, G. S.; Mosher, H. B. Chem. Physl1962 37, 919-920

6120 J. AM. CHEM. SOC. = VOL. 127, NO. 16, 2005



Enthalpies of Formation of o-, m-, and p-Benzoquinone ARTICLES

Table 5. Summary of Thermochemical Data Used for lon Energetics?

AacidH® EA BDE AH°
compd expt calcd expt calcd expt calcd expt calcd
o-benzoquinone 43.% 3.0 46.2 (45.2) —23.1+4.1 —19.7 (-17.4)
—18.9+ 2.8
—21.04+ 3.1
m-benzoquinone 65.6 2.3 67.2 (66.4) 6.8 4.1 8.4 (10.5)
p-benzoquinone 429 0.1° 44.2(43.8) —27.7+£ 3.0 —27.6 (—25.5)
—29.3+ 0.9
o-benzoquinore —66.9+ 5.1 —65.9 (—67.1)
—64.8+ 4.3
m-benzoquinone —58.2+ 4.7 —58.8 (—-60.0)
p-benzoquinome —70.6+ 3.0 —71.8 (=73.5)
—72.2+ 0.9
0-CgH4(OH)O 335.2+ 2.0 336.9 (335.5) 55.6 2.9 54.6 (56.6) 65.4 3.6 69.5(67.1) —36.4+2.0 —36.3 (—39.5)
67.5+ 3.7
m-CgH4(OH)Or 338.6+ 2.8 335.6 (337.4) 55.4 2.9 55.0 (56.6) 90.& 3.6 89.2(90.2) —31.1+2.0 —27.9(31.2)
p-CeH4(OH)O 331.1+1.7 325.0(326.5) 45.%3.3 46.5 (48.3) 60.4 1.7 55.6 (56.7) —36.0+25 —30.4 (-33.5)
58.8+ 2.7
0-CeH4(OH)O™ 772+ 3.5 77.9(78.5) —92.0+21 —90.3 (—92.6)
79.3+ 4.8
m-CgHa(OH)O™ 80.9+ 4.0 77.0(80.4) —87.0+21 —82.4 (—86.0)
p-CeH4(OH)O~ 63.0+ 3.7 57.9(61.2) —81.5+2.1 —77.0 —80.1)
614+ 2.3
0-CgH4(OH), 339.6+2.1°  339.7 (340.7) 81.6-2.0 80.8 (81.4) —65.9+0.3 —64.3 (-61.0)
m-CgHa(OH), 346.7+£2.1°  347.1(346.7) 89.a- 2.0 88.6 (89.5) —68.0+0.3 —63.8 (—60.5)
p-CsHa(OH)2 350.4+2.1°  350.3 (350.5) 82.3 25 84.0(84.8) —66.2+0.3 —61.6 (—58.5)

a All values are in kcal molt and come from our ion energetic determinations unless otherwise noted. Computed energies were obtained using G3 theory
as described in the text.Values taken from ref 7 Reference 349 Based upon our recommended value for the heat of formatiorbeihzoquinones This
value was obtained using the enthalpy of formatiop-benzoquinone given in ref TReference 369 From combustion calorimetry and B3LYP computations;
see text for additional detail8.Our recommended valuéReference 38.

This is not surprising since thiert-butyl group can stabilize
the partial postive charge on the carbon to which it is attached
(i.e.,7 can be viewed as fe-substituted,S-unsaturated ketone @ — 2

ande6 is its vinylogous derivative). Déert-butylation of6 and
7 leads to the parent benzoquinone (eq 8). 0.2 (BALYP/6-31G(d) and B3LYP/6-311G(d,p))
-0.7 £ 0.2 expt (liquid phase)

ﬁI@ @5 X&HC @5

1.8 B3LYP/6-31G(d), 2.1 B3LYP/6-311G(d,p);
2.1 B3LYP/6- 31G(d) 2.5 B3LYP/6-311G(d, p)

=t+Bu
B H H 3.5 B3LYP/6-31G(d), 4.2 B3LYP/6-311G(d,p)

Interestingly, these processes are predicted to have the samehis result is in good accord with our determination via ion-
reaction energies to within 0.4 kcal mélas those in eq 7, energetic measurements-%3.1 + 4.1 kcal mot?), and our
indicating that the effect of the twert-butyl groups is additive.  recommended value for the heat of formatiordfenzoquinone
To test this result, the dert-butylation of 1,3-ditert-butyl- is the average of these two determinations-@1.0+ 3.1 kcal
benzene was considered and found to be nearly thermoneutramol-1. The computed G3 heat of formation using the atomi-
(eq 9), in accord with the observed equilibration of these zation energy ob-benzoquinone is-19.7 (~17.4) kcal mot?,
hydrocarbons in condensed media under acidic condiffons. which is in excellent agreement with our result. We also obtain
Consequently, we use the average of the 6-31G(d) and 6-311G-n experimental difference of 8883 3.2 kcal mot ! betweerlo
(d,p) B3LYP energies for eq 1@\H° = 3.8 kcal mot™) along and1p, which is well-reproduced by theory (7.9 (8.1) G3, 6.9

with our determination of the heat of formation of 3,5tdit- B3LYP/6-31G(d), and 7.1 B3LYP/6-311G(d,p) kcal mbland
butyl-o-benzoquinone and the literature valueb(4 + 0.3 kcal can be accounted for by the repulsion of the electrons on the
mol™)” for tert-butylbenzene to givé\sH°(10) = —18.9 kcal adjacent oxygen atoms in the ortho derivative. In this regard, it
mol~* with a plausible uncertainty af2.2 kcal mof*.4° is worth noting that, according to G3 theory, biacetyl is less

. stable in itss-cis configuration than the-trans form (Chart 2)
(41) Booss, H. J.; Hauschildt, K. Z. Anal. Chem1972 261, 32.

(42) Aihara, A.Bull. Chem. Soc. Jpri959 32, 1242-1248. by 6.6 kcal mof* at 0 K.

(43) More precisely, we would have expected benzil to have the higher enthalpy ili i iati i
of sublimation by 1 kcal moft using the SEALE analysis earlier suggested Auxiliary Data. The O-H bond dissociation energies of all

for hydrocarbons. Chickos, J. S.; Annunziata, R.; Ladon, L. H.; Hyman, three dihydroxybenzenes are known (Table 5), and if these

A. S.; Liebman, J. FJ. Org. Chem1986 51, 4311-4314. i ; ; ; i
(44) Nesterova. T. N.: Verevkin, S. R.: Karaseva. S. Ya.: Rozhnov, A. M.: results are comblned with our gnergetlc determinationofor
Tsvetkov, V. F.Russ. J. Phys. Cheri984 58, 297—298. and m-benzoquinone and the literature value for the heat of

(45) This uncertainty was obtained by assuming that the error in the computed ; _ ; ;
reaction energy for eq 10 i£2.0 kcal mot? and then subsequently formation Ofp benzoqumone, second-®1 bond energies of

propagating the uncertainty in the usual way. 67.5+ 3.7 (0), 90.0+ 3.6 (M), and 58.8+ 2.7 (p) are obtained.
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Chart 2 mined. Our result fop-benzoquinoneA:H® = —27.7+ 3.0
o 0 o CHg kcal mol?) is in excellent accord with the well-established
H H literature value of—29.3 + 0.9 kcal mot? and a G3 theory
HeC CHs HoG 0 prediction of—27.6 (—25.5) kcal mot?. Calorimetric measure-
s-cis strans ments of the heats of combustion and sublimation for 3,5-di-

) ] o tert-butyl-o-benzoquinone provided its heat of formation in the

These results are in excellent accord with the G3 predictions Ofgas phase, and in conjunction with the B3LYP/6-31G(d) and
69.5 (67.1) €), 89.2 (90.2) {n), and 55.6 (56.7) kcal mot B3LYP/6-311G(d,p) energies for an isodesmictelt-butylation
(p).As expected, additivity applies fqr triplet blrgdldah, and reaction (eq 10)AH°(10) = —18.9 + 2.2 kcal mol! was

the first and second ©H bond energies of 1,3-dihydroxyben-  qyained. This independent determination is in good accord with
zene are the same W|th|n the experimental uncertdfnty. the directly determined value 6f23.1+ 4.1 kcal mot? via
contrast,10 and 1p are singlets, and greatly reduced BDE2s 5 onergetic measurements and leads to an averaged and
are expected for such species because lzond results. For recommended value 6f21.0+ 3.1 kcal mot2, which also is

example, the differences in the first and second bond energieswell-reproduced by G3 theory—(19.7 (~17.4) kcal mot?).
for ethane and methanol are 65:50.6 and 69.9+ 0.3 kcal Finally, m-benzoquinone has a heat of formation of 6:8}.1

mol™, respectively>“’However, forloand1p, BDE1— BDE2 kcal mol-%, which is essentially the same as that predicted by

is only 14.14 4.2 and 23.5+ 3.7 kcal mot, respectively.  aqgitivity (5.8+ 2.8 kcal motd) (i.e., assuming that the first

These unusually small values indicate that both quinones are,, 4 second ©H bond energies for 1,3-dihydroxybenzene are
excellent radical traps from a thermodynamic perspettard equal) as might be expected for a ground-state triplet molecule.

largely arise because of the40 kcal mot? loss in aromaticity This result also is well-reproduced by G3 theotyH°® = 8.4
upon removing the second hydrogen from the dihydroxyben- (10.5) kcal mot).

. H 1
zene; the resonance energy of phenol is 39.8.2 kcal mot From the data in this work, one can also derive the second

if on? compares its heat of hydrogenation (45434.47 kcal O—H bond energies for 1,2- and 1,4-dihydroxybenzene and
mol™) to 3 times that for cyclohexene (8 28.41+ 0.37= compare the results to first bond strengths. Both the individual
85.23+ 1.17 kcal motf?).” Aromaticity or antiaromaticity of | 2es and the differences (8162.0— 67.5+ 3.7=14.1+

the quinones, both of which have been suggetdo would 4.2 kcal mot? (0) and 82.3+ 2.5— 58.84 2.7= 23.5+ 3.7
have an effect. If one compares the experimental _heat of kcal mol-? (p)) are in good accord with G3 predictions (BDE1
hydrogenation for the carbercarbon double bonds ip- = 80.8 (81.4) ¢), 84.0 (84.8) ) kcal mol and BDE2= 69.5
benzoquinone (eq 11J°10 twice that for 2-cyclohexen-1-one  (57.1) (), 55.6 (56.7) ) keal mol-2), but the latter results are
(eq 12);” then the 2.0+ 1.1 kcal mot " difference, ,Wh.'Ch IS seemingly small given that a newbond is being formed. This
well-reproduced by G3 theory (1.7 kcal m#), clearly indicates “discrepancy” can largely be accounted for by the loss of

that 1p (and thuslo) are nonaromatiet aromaticity upon removal of the second hydrogen atom, which

o o amounts to~40 kcal mot™. It is not a result of forming an
Q AnyaH aromatic compound as andp-benzoquinone are nonaromatic.
+2H, —— (1 The unusually large second BDE makes both quinones excellent
50.2 + 0.9 (expt) I radical traps from a thermodynamic perspective and undoubtedly

49.5 keal mol" (G3) is important in regulating quinoreéhydroquinone concentrations

in biological systems.
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