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Homolytic bond dissociation enthalpies (BDESs) for8 bonds in substituted methanes; O bonds in peroxyl
radicals, and for ©@H bonds in hydroperoxides have been calculated using density functional theory at the
B3LYP/6-31G(d,p) and B3LYP/6-3HG(2df,2p) levels of theory, and using ab initio theory at the G2MS
level. lonization energies (IEs) of substituted methyl radicals and electron affinities (EAs) of peroxyl radicals
have been calculated using the same methods. It is found that the B3LYP method is not generally reliable for
prediction of absolute BDEs. However, this method works well for prediction of substituent effects on BDEs
and for prediction of IEs and EAs. The deviations from experimental values are generally witBikc2l/

mol. The accuracy of the G2MS method is in general slightly better, and it is also capable of predicting
accurate absolute BDEs. The stability of alkyl radicals is largely affected by substituents. This gives rise to
large substituent effects on the-€l BDE in substituted methanes and the-G BDE in peroxyl radicals.
However, in the latter case the relative stabilization of the peroxyl radical is also of great importance for
determining the BDE. In particular, electron-donating substituents have large stabilizing effects on peroxyl
radicals. The substituent effects on the @bond in hydroperoxides are relatively small and largely determined

by internal hydrogen bonding. There are relatively large substituent effects on the IE of alkyl radicals and the
EA of peroxyl radicals. For some of the alkyl radicals with electron-withdrawing substituents, the ionization
process leads to a considerable rearrangement of the nuclear configuration. In particular, three-membered
ring systems are in several instances favored energetically over primary carbocations.

Introduction reaction energetics are analyzed and discussed in relation to
the effects the substituents have on the electronic structures of

Chemical reactions involving alkyl and peroxyl radicals play the participating molecular species

an integral part both in combustion and atmospheric degradation
of organic material:2 Recent studies have also indicated that
alkyl and peroxyl radicals are formed during oxidation of Methods and Procedures
proteins in biological systenfs$

Most alkyl and peroxyl radicals are relatively unstable and
short-lived species, which are difficult to characterize by
experimental methods. Consequently, the thermochemistry of
these compounds is largely unknown. In particular, there is only
limited data on subsituent effects on chemical reactions yj,ai5 of Becké! and Lee et al'? respectively, it includes a
involving peroxyl radicals. . . part of the Hartree Fock exchange energy. This functional has

In recent years, quantum chemical calculations have becomey .o, shown to provide reliable geometries, frequencies, and
an increasingly used tool for determination of gas phase ), energied4Since it is well-known that diffuse functions

thermochemistry. In particu!ar, the developmgnt of thé Qﬁj __are necessary for accurate description of aniétise 6-31G-
CBS approaches has furnished the theoretical chemists with (d,p) basis set was used for the calculations on the peroxyl

efficie_nt techniques for calculating thermochemical ‘?'ata with anions. To facilitate calculation of electron affinities, this basis
chemical accuracy. Unfortunately, these approaches involve the

. S RN S . set was also used for the peroxyl radicals.

use of high-level ab initio methods, which limits the sizes of DET method " t as basi td dent b
systems that can be studied. Density functional theory (DFT) . .~ methods are generally not as basis set dependent as a
methods have recently evolved as an important complement toInItIO methods. However, Bauschlicher gnd Partndge have
advanced ab initio methods. They allow considerably larger shown_ that_the accuracy of thermoch_emlcal calcula_tlons_can
systems to be studied with only a limited loss in accuracy. sometimes improve considerably by going from a medium sized

In the present study, we have employed both DFT and high- to ? Iargg b'a5||s Sét' Itzor comparllsoT,t_we hfave, theref?r;er;
level ab initio methods to analyze the substituent effects on a pmeorlgémgs Z'tn%hee'pgg‘weg}%r_gsiﬂéiggfz'c;nlsevg ics)me ?he €
number of chemical reactions and processes involving alkyl and B3LYP/6-31G(d,p) (or BBLYPIB-S{Gidpp) for the arﬁons)
peroxyl radicals. The computed thermochemical data is critically . ’ ’
evaluated against available experimental values and ear”ergeometnes.

computational results. The observed substituent effects on the, Ve have also performed energy calculations using a modified
form (G2MS)® of the G2 theory. In the regular G2 method

* Physical Chemistry. the energy is calculated at the QCISD(T)6-311G(d,p) level using
*Nuclear Chemistry. (U)MP2(full)/6-31G(d) geometries. A basis set correction to this
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Optimized geometries and harmonic frequencies for all neutral
molecules have been computed at the B3LYP/6-31G(d,p) level
of theory. The B3LYPfunctional is a modification of the three-
parameter exchange-correlation functional of Be¥ka. addi-
tion to the gradient-corrected exchange and correlation func-
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TABLE 1: Absolute and Relative C—H Bond Dissociation Enthalpies (RH— R* + H*)2

B3LYP/6-31G(d,p)  B3LYP/6-311G(2df,2p) G2MS G2 exp

R BDE  ABDEP BDE ABDE® BDE ABDE® BDE ABDE BDE ABDE®
“CHs 105.2 0.0 102.8 0.0 105.7 0.0 10538 0.0  104.0.19 0.0
CF:CHy 105.1 -0.1 106.7+ 1.1¢ 1.8
CHsCHy 100.8 —4.4 98.4 -4.3 1025 —3.2 101.1+£ 0.4  -3.8
ONCHy 99.3 -5.9 102.9 2.9
(CHa).CH" 96.9 -8.3 98.6+£ 04 63
HOCHy 950  —10.2 935 -9.3 978 79 977 -8.1 96.1+ 0.2 88
CHsCOCHy 944  —10.8 983+ 1.8 —66
(CHa)sC 938 114 965+ 04 -84
NCCHy 936  —11.6 92.4 -10.3 982 -75  97.9 -7.9 94.8+ 2.1 -10.1
HCOCHy 93.2 ~12.0 91.9 -10.9 971 -86  97.0 -8.8 943+2.2¢ 106
NH,CH,* 920  —13.2 89.6 -13.2 947 —11.0 946  —11.2 93.3t2¢  —116
HCOCHCH; 869  —18.3 85.4 -17.3 922 -135
CH,CHCHy* 85.7 -19.5 83.9 -18.9 89.7 —16.0 88.2+ 2.1 —16.7
NH,CH»COOH 771 —28.1 74.4 28.4 829 -228  (82.5) <78.8 26.3

(79.1) (25.8)

HCOCHNH; 711 —34.1 68.6 —34.2 771 -286 (73.6) (31.3)
HCOC(CHy)NH,  67.2 ~38.0

aAll values (in kcal/mol) correspond to 298 K and 1 athdBDE = BDE(R—H) — BDE(CHs—H). ¢ Data from ref 279 Data from ref 53.
¢ Data from ref 54 Data from ref 559 G2(MP2) calculation from ref 42 Data from ref 41! Calculated from G2(MP2) and experimental enthalpies
of formation using isodesmic reactioffsj Calculated from G2(MP2) and experimental enthalpies of formation using isodesmic redctions.

energy is derived from MP4 and MP2 calculations with large average absolute deviation and an absolute maximum deviation
basis sets. The energy after this correction corresponds ef-of 1.1 and 4.5 kcal/mol, respectivel§The corresponding values
fectively to the QCISD(T)/6-31:£G(3df,2p) level. To eliminate  for G2 are 1.0 and 2.7 kcal/m¥l The CBS-Q method is slightly
further basis set deficiencies, an empirical high-level correction more accurate than G2 with a maximum deviation of 2.2 kcal/
(HLC), which depend on the number of electron pairs, is added. mol8 The B3LYP/6-31G(d,p) level gives an average absolute
The G2MS method utilizes B3LYP/6-31G(d) instead of MP2- deviation and an absolute maximum deviation of 3.4 and 8.3
(full)/6-31G(d) geometries. This leads to savings in computer kcal/mol, respectively? This improves to 2.1 and 8.1 kcal/mol
time. In addition, the B3LYP method has been shown to give when the larger 6-3HG(2df,2pd) basis set is uséd.
more accurate geometries of radicals than UMP2, mainly  For the substituted methyl radicals investigated in this study,
because B3LYP is less prone to be affected by spin contamina-we computed spin densities at the B3LYP/6-31G(d,p) level. The
tion.*” The high-level calculation in G2MS is done at the CCSD- spin density,0S(r), is defined as
(T)/6-31G(d) level and the basis set extrapolation at the MP2/
6-311+G(2df,2p) level. Both these modifications lead to Sir)y = &) — of

: _eve ; p(r) =p(r) — o(r) 1)
considerable savings in computer time over regular G2 theory.
The CCSD(T) method is also considered slightly more reliable
than QCISD(T)718The final energy expression in G2MS has
the following form:

wherep®(r) andpf(r) are the densities of the electrons with
spin ands spin, respectivelyp(r) were computed on molecular
surfaces defined in accordance to Bader éP aly a constant

_ . _ contour of the total electron density of 0.002 au. By calculating
AE(G2MS)= AE[MP2/6-311+G(2df,2p)] the spin density at the molecular surface rather than at the

AE[MP2/6-31G(d)]+ AE[CCSD(T)/6-31G(d)H+ HLC positions of the nuclei, the spin density will emphasize the spin

The HLC is defined by HLG= An, + Bny, wheren, andn; delocaliza_tion of the valence (_alectrons,_V\_/hich is expected to be
are the number ofx and 3 electrons re,spectively. ThB th? most important for _chem|cal reactivity. Fo_r exampk_e, the
coefficient has the same value as in ('32 0.19 mH. while spin densr[y at the.nuclel does not reflect the spin delocallzatlop
slightly bigger, 6.06 compared to 4.81 ,mH. Zero,-point and of then-orbltalg, since they generally have nodfes at the nuclei.
vibrational temperature corrections are in G2MS calculated using We_ have previously shown _for a set of gubstltuted_ p_h_enoxyl
unscaled B3LYP/6-31G(d) frequencies, while G2 employs radicals that the surface maximupfiaJ .qf p _(r) in the vicinity
scaled HF//6-31G(d) frequencies. In this work, we have followed of the oxygen atom reﬂects.the. stab|I|z§1t|on of the phenoxyl
the G2MS protocol, with the exception that we have used the radical due tos spin delc_)cahzat_ldh.ln this work, we _have
B3LYP/6-31G(d,p) (B3LYP/6-3+G(d,p) for anions) level of computed the®nax associated with the central carbon in alkyl

theory rather than B3LYP/6-31G(d) for computing geometries radicals to es‘im?‘.‘e the importance of spin delocalization on
and frequencies. alkyl radical stability.

In addition to the G2MS and B3LYP calculations, we have Thg_ Gaussian 94 suite .Of programs has l_)een used for the
also performed G2 and CBS:@alculations on a limited number ab initio and DFT calculations reported in _thls stu_dy. A Ioca!ly
of molecules for comparative purposes. The CBS-Q method developed code (hs95) was used for the spin density calculations.
involves geometry optimization at the (U)MP2/6-31lével and
a high-level calculation at the QCISD/6-8G' level. The
energy is extrapolated to the infinite basis limit based on the C—H Bond Dissociation Enthalpies.An important property
results of MP2 and MP4 calculations with different basis sets. pertaining to the stability of alkyl radicals is the-E& bond
No HLC correction is needed within the CBS approach. dissociation enthalpy (BDE) of the parent alkane. Absolute and

The accuracy of the G2MS scheme has been shown to berelative C-H BDEs calculated at different levels of theory for
similar to G2. For the 32 atomization energies of compounds a set of substituted methanes are listed in Table 1 together with
containing first row atoms in the G2 test set, G2MS gives an some experimental values. The B3LYP/6-31G(d,p), G2MS, and

Results and Discussion
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the G2 values of the BDE of CHare all in good agreement  separately. This effect, which is referred to as the capto-dative
with experiment. Surprisingly, the use of a larger basis set with effect, is commonly believed to be the result of an increased
the B3LYP method gives a significantly worse result than the radical stabilization when a resonance electron-donating sub-
small basis calculation; the B3LYP/6-31G(2df,2p) level stituent is combined with a resonance electron-withdrawing
underestimates the BDE by 2.4 kcal/mol. substituent$3—35 Experimental and theoretical studies have
Turning to the relative BDESABDE), we note that, except ~ shown that the combination of a carbonyl substituent (e.g. HCO,
for CFsCHs, the B3LYP/6-31G(d,p) level consistently overes- RCO, or PhCO) and a strong donor (e.g.ANN(CHg),, or OH)
timates the substituent effects. However, for most systems theleads to particularly stable alkyl radicals. Bordwell and co-
difference between theory and experiment is within 2.0 kcal/ workers argued that the stabilizing effect of the substituents is

mol. The only exception is the dissociation of EHHCH; to mainly additive in naturé®37 However, more recent experi-
CH,CHCHy*, where the B3LYP/6-31G(d,p) level overestimates mental work indicates. that t.he capto-dative effecttiamino-
the substituent effect by 2.6 kcal/mol. The B3LYP/6-313- a-carbonylmethyl radicals is as large as—® kcal/mol*®

(2df,2p) ABDEs show a very similar trend as the B3LYP/6- Theoretical estimates of the capto-dative stabilization differ
31G(d,p) values. Also at this level, the substituent effects are considerably depending upon the theoretical level. Leroy#t al.
consistently overestimated. However, the deviations from the found a capto-dative stabilization of 7 kcal/mol in HCO€H
experimental values are generally smaller. For example, the errorNH2 using unrestricted Hartreg=ock theory, while Davidson
in the CHCHCH; value is reduced to 2.2 kcal/mol, which is et al® calculated the capto-dative stabilization in HCQEH)s-
close to the uncertainty in the experiment (2.1 kcal/mol). In NHz to 12 kcal/moft® using multireference second-order Mo
contrast to the B3LYP calculations, the G2 and G2MS methods ler—Plesset perturbation theory (MRMP2 OPT2). In our cal-
consistently underestimate the substituent effects on the BDE.culations the nonadditive effect on the BDE of HCO®DIH,
The largest deviations are found for NCg kith errors of 2.2 varies between 8.9 and 10.1 kcal/mol. The B3LYP/6-31G(d,p)
and 2.6 kcal/mol at the G2 and G2MS levels, respectively. It and G2MS results are almost identical, 8.9 and 9.0 kcal/mol,
should be noted that the uncertainty in the experimental value respectively, while the B3LYP/6-3#1G(2df,2p) result indicates
is rather large, 2.1 kcal/mol. Overall, there is a very good the nonadditive effect to be slightly larger (10.1 kcal/mol). Our
agreement between the G2 and G2MS BDEs, both in relative calculations show a nonadditive substituent effect also on the
and absolute values. This is encouraging and suggests thaBDE of HCOCHCHs. The CH; substituent is not generally
G2MS is a good alternative to the much more computationally considered as a-donor, but it is likely to interact with the
expensive G2 procedure. sm-system through hyperconjugation, and this can explain the
The calculation oABDES for monosubstituted methanes has Nonadditive stabilization. However, the nonadditive effect on
been the focus of several theoretical studféd:2” Most of these ~ the BDE of HCOCHCHG varies between 1.7 and 2.1 depending
studies have been conducted at the HF level or HE with UPon the computational level, and thus it is considerably smaller
correction for electron correlation by Mer—Plesset perturba-  than for HCOCHNH,.
tion theory (MP2 or MP43523-25 A comparison with the results There are rather large differences between the B3LYP and
of these studies indicates that for many substituent2ABBE the G2MSABDEs for the molecules with capto-dative stabiliza-
is fairly well predicted already at the HF level. The most tion. As for the monosubstituted methanes, the B3LYP/6-31G-
problematic cases are thABDEs for the methanes with  (d,p) level gives larger substituent effects than G2MS. It is hard
resonance electron-withdrawing substituents (e.g. CHO, CN, andto judge the performance of the methods, since there are few
CHCH,), where there are large differences between the resultsexperimental data for capto-dative stabilized radicals. However,
from UHF and ROHF calculations. The UHF wave functions the BDE of glycine (NHCH,COOH) has experimentally been
for the corresponding radicals are strongly spin contaminated estimated to bes78.6 kcal/mol! This is very close to the value
(the [(FOvalues lie in the range 0.93.97 at the UHF/6-31G*  of Yu et al.#?79.1 kcal/mol, derived from isodesmic reactions
level in contrast to the other monosubstituted methyl radicals using G2(MP2) energies and experimental heats of formation.
which havel®values lower than 0.78 at the same level). This The direct G2(MP2) BDE is very similar to the G2MS result;
indicates that the “true” wave functions are largely multicon- the values are 82.5 and 82.9 kcal/mol, respectively. Thus, these
figurational in nature and cannot be correctly described using calculations underestimate the substituent effect. In the case of
either the UHF method or the ROHF method. It is also well- G2MS, the underestimation is 3.0 kcal/mol compared to the
known that Mdler—Plesset perturbation theory at lower orders isodesmic G2(MP2) result. The B3LYP/6-31G(d,p) and B3LYP/
cannot correct for nondynamical correlati®r° On the other 6-311+G(2df,2p) levels of theory overestimate the substituent
hand, the coupled cluster and quadratic configuration methodseffect by 2.3 and 2.6 kcal/mol, respectively. Thus, judging from
that are utilized in the G2MS and G2 procedures have beenthe glycine results, the different methods behave in the same
shown to describe multiconfigurational effects rather accurately way for the disubstituted methanes as for the monosubstituted;
and to reduce spin contaminati#t?° Also the UB3LYP method i.e., the B3LYP levels overestimate and the G2MS procedure
has been shown to give good results for many radical systemsunderestimates the substituent effects. Overall, the B3LYP/6-
that are multiconfigurational in nature and for which the UHF 311+G(2df,2p) level gives slightly bettexBDEs than B3LYP/
method give wave functions with high degrees of spin 6-31G(d,p). However, as already noted, the absolute BDEs are
contaminatior?1:39-32 Consistent with these results we find low more accurate at the B3LYP/6-31G(d,p) level.

degrees of spin contamination for all methyl radicals at the |t is widely accepted that the substituent effects on the

B3LYP level; [¥is in all cases lower than 0.78. stabilization of methyl radicals are strongly linked to the spin
Compounds containing both electron-donating and electron- delocalization of the unpaired electr&344 Within this
withdrawing substituents, e.g. HCOGNH, and NHCH,- concept, the stabilizing effects of both resonance donors and

COOH, show very large substituent effects. Both the B3LYP acceptors as well as capto-dative stabilization can be rationalized
and the G2MS results indicate that these effects are nonadditive;using resonance terminology (see Figure 1). In Figure 2, we
i.e., the total substituent effect for a given substituent combina- have plotted carbon spin density maxima on the molecular
tion is larger than the sum of the effects of the substituents takensurface of the methyl radicals versus the BDEs for the
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Figure 1. Important resonance structures for alkyl radicals: (a) radical stabilized by electron-withdrawing substituent; (b) radical stabilized by
electron-donating substituent; (c) capto-dative stabilized radical.

1.8 that the methyl groups interact with the-system through
*CHj; hyperconjugation.
CH;CH,e b4 CFiCH,» Alkyl Radical lonization Energies. Another property of
1.6 L (CH),CHe o * ’ importance for the stability ef alkyl radicals is the ioni;ation
HOCH, & O.NCHLe energy (IE). In Table 2 are Ilsted computed al_wd exper_|mental
NH,CH,» ¢ ¢ ONCH, IEs for the same set of substituted methyl radicals as in Table
Z a4l CH;COCH,* 1. The table shows that all three levels of theory provide rather
g 4 HCOCH,* accurate absolute and relative IEs (i&lEs). Looking first at
£ N(chs)fc' the results for Ch we note that the B3LYP/6-31G(d,p) level
i oLl ° 2 is within 0.04 eV of the experimental value. As for the BDE of
@ HCOCH-CH3 CHy, B3LYP/6-311-G(2df,2p) performs significantly worse and
N H,CH+COOH overestimates the IE of GHby 0.12 eV. Tt_le fact that this level
© CH.CHCH» underestimates the BDE and overestimates the IE by ap-
1.0k HCOCHNH, g proximately the same amount indicates that the error mainly is
'S HCOC.(CH})NZZ the result of an overestimation of the stebility of theLQiddical.
’ The two B3LYP levels produce relative IEs of nearly equal
0.8 ! : L : : quality. Relative large errors are found for the CHHCH,
60 70 80 90 100 110 120 radical. The error at the B3LYP/6-31G(d,p) level is 0.23 eV

while B3LYP/6-311G(2df,2p) performs slightly better with

) S ) an error of 0.17 eV. The G2MS calculated IE of €Hs
Figure 2. Plot of carbonp®ma, for methyl radicals versus-€H BDE overestimated by 0.10 eV compared to experiment. This level
for methanes. The solid line represents the linear correlation between ) ’

pSnaxand BDE, when CKHCHCH,® (open diamond) is excluded. The of theory performs even better for tAéEs; all values are within
correlation coefficient is 0.967. 0.07 eV of experiment. In contrast to B3LYP, G2MS performs

well also for the CHCHCH;,* radical.
substituted methanes. It is clear that there is a correlation It is shown in Table 2 that, except for CN, all substituents
between the spin delocalization and the radical stabilization, traditionally considered as electron withdrawing lower the 1E
but the relationship is not perfect. In particular, LHICH, is when compare_d to the unsubstltuted meth_y_l r_adlcal. Since most
a clear outlier. Not surprisingly, C&£HCH,* possesses a large of these substltuents_heve a radical stabilizing effect (see the
degree of spin delocalization. However, this spin delocalization ABDES in Table 1), this implies that they also have a stabilizing
is not accompanied by a corresponding decrease in the BDE of€ffect on the cation. As shown below, the ionization process
the parent molecule. We also note that the molecules with only for several rad|cals with electron-w_lthdrawmg groups 1s ac-
electron-donating substituents are on a separate side of thecompanied by considerable changes in the nuclear configuration,

correlation line from those with electron-withdrawing substit- and these changes are likely to be largely responsible for the

uents. The electron-donating substituents are not as effective astablhzatlon.

delocalizing the unpaired electron, but are still capable of

reducing the BDE significantly. It is also interesting to note /O /O\ /o\

that the introduction of a CHgroup leads to a significant ~ F2C™—CHF  HC™—CH, _C*—CH, N—CH,

. : X s _ HsC o]

increase in the spin delocalization and that the;Ghbstituted

molecules deviate no more from the general relationship than 1 2 3 4

those containing NEH and OH. This is rather surprising

considering that spin delocalization generally is considered to  Particularly interesting is the formation of three-membered
be mediated through-orbitals. The most likely explanationis  rings €—4) from the HCOCH™, CH;COCH,", and QNCH,"

C-H BDE (kcal/mol)



7098 J. Phys. Chem. A, Vol. 103, No. 35, 1999 Brinck et al.

TABLE 2: Absolute and Relative lonization Energies (R — R™ + &)

B3LYP/6-31G(d,p) B3LYP/6-314G(2df,2p) G2MS exp
R IE AIEP IE AIED IE AIEP IE AIEP

NCCHy 10.14 0.33 10.33 0.37 10.17 043  1029.0F 0.44
“CHs 9.80 0.00 9.96 0.00 9.74 0.00 9.8430.002 0.00
ONCHy* 9.24 —0.56
HCOCHy 9.14 —0.67 9.35 —0.62 9.01 —0.74
HCOCHCH; 8.91 -0.89 9.10 -0.86 8.93  —0.81
CF:CHy 8.81 —1.00
CHsCOCHy 8.23 -1.58
CHsCHy* 8.09 -1.71 8.23 ~1.74 8.05 —1.70 8.124 0.01 -1.72
CH,CHCHy* 7.91 -1.89 8.14 -1.83 8.04 —171 8.18+ 0.07 -1.66
HOCHy 7.43 —2.38 7.70 —2.27 743 —2.32 7.55+ 0.01 —2.29
HCOCHNH, 7.27 —2.54 7.59 —2.37 716  —2.58
(CHgCHr 7.23 —2.57 7.37+0.02 —2.47
NH,CHCOOH 6.91 —2.89
HCOC(CHs)NH; 6.87 —2.94
(CHa):C 6.62 -3.19 6.704 0.03 -3.14
NH,CH;* 6.14 —3.66 6.41 ~3.55 6.13  —3.62 6.29+ 0.03' —3.55

a All values (in eV) are calculated for 0 R.AIE = IE(R) — IE(CHs). ¢ Data from ref 569 Data from ref 53¢ Data from ref 57 Data from ref
58. 9 Data from ref 59" Data from ref 60.

Figure 3. B3LYP/6-31G(d,p) optimized geometries of the carbocations that rearrange spontaneously to three-membered rings. Selected bond
lengths are given in angstroms.

ions (see Figure 3). It may seem strange that a strained ring Not surprisingly, the monosubstituted radicals with electron-
system is lower in energy than an open chain. However, it is donating substituents, e.g. GHDH, and NH, have considerably

well-known that primary carbocations in general are rather lower IEs than those with electron-withdrawing substituents.
unstable and often rearrange spontanect¥$BRearrangements  Considering the radicals with multiple substituents, we notice
to three-membered rings have also been observed previSdgly. that the addition of an electron-withdrawing substituent, e.g.

For example, the reaction of SbF5 wpkCH3zOCsH4CH,CH,- CHO or COOH, to a radical containing N#eads to an increase
Cl in liquid SG; leads to such a bridged carbocatid).{ in the IE. However, this effect can mainly be attributed to the
capto-dative stabilization of the radical; for example, the
*OCHj4 difference in BDE between Ni€H3 and HCOCHNH,, which

can be used as an estimate of the difference in the radical
stabilization, is nearly equal to the difference in IE between
NH2CHz* and HCOCHNH".

C—0 Bond Dissociation Enthalpies in Peroxyl Radicals.
A key reaction in many oxidative processes is the formation of
a peroxyl radical by the addition of molecular oxygen to an
alkyl radical.

H,C—CH,

5
Also for NCCH,' a cyclic structure &) is lower in energy R'+0,~ R0, @

i 6
than the open chain siructuré)( In this work, we will discuss the energetics of this reaction in

terms of the G-O BDE of the peroxyl radical, which corre-
sponds to the negativiH of the reaction. There exists only a

+

Hc’z\oH N=C—CH," limited number of experimental determinations of O BDEs.
In addition, Benson has criticized the mechanistic assumptions
6 7 that have been the basis for the derivation of many of these

values?’ However, some of the values have recently been

However, both structures are minima on the potential energy recalculated by Knyazev and Slagle after consideration of
surface?® This is in contrast to the HCOGH, CH;COCH,™, Benson’s criticisnf8 In Table 3 we have listed calculated-O
and QNCH," ions for which our calculations indicate that only BDEs andABDESs, together with the latest experimental data.
ring structuresZ—4) are stable. It should be emphasized that Focusing first at the BDE of C¥DO, we note that the B3LYP/
the computed and experimental ionization energies for NCCH 6-31G(d,p) level underestimate the BDE by 2.1 kcal/mol. Again,
reported in Table 2 correspond to the open chain NECH) we find that B3LYP/6-3%G(2df,2p) performs slightly worse
as the ionization product. in the absolute calculation, and underestimates the BDE by 3.6
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TABLE 3: Absolute and Relative C—0 Bond Dissociation Enthalpies (ROO — R* + 0O,)?2

B3LYP/6-31G(d,p) B3LYP/6-311G(2df,2p) G2MS high-level theory exp
R BDE ABDE® BDE ABDE BDE ABDE BDE ABDE BDE ABDE

HOCH,* 33.8 3.2 311 2.0 39.1 45 36.6 4.0 16.3£ 0.3 —16.44

(CHa).CH* 32.0 14 37.1+23 4.4

CHsCHy* 31.6 1.0 30.1 11 37.4 2.8 35452.0 2.8

NH>CH;* 31.6 1.0 28.7 —0.4 36.9 2.3

(CHg)sC* 31.3 0.7 36.5+ 1.8 38
30.2+1.1° —2.5

*CHs 30.6 0.0 29.1 0.0 34.6 0.0 359.4 0.0 32.7+ 0.9 0.0

32.6 322+1.5

CRCHy 27.2 —-35

O,NCHy 24.1 —6.6

CH;COCH 21.7 —-8.9

CHOCH 19.4 —11.2 18.0 —-11.1 26.6 —8.0

HCOCHCH; 17.0 —13.6 15.1 —14.0 26.5 —-8.1

CH,CHCHy 14.9 —15.7 13.4 —15.7 234 -11.2 182+ 0.5 -145

NCCHy 14.1 —16.5 13.1 —16.0 224 —122

NH,CHCOOH 11.8 —18.8

HCOC(CH3)NH> 5.9 —24.7

HCOCHNH, 5.6 —25.0 23 —26.8 141 -205

a All values (in kcal/mol) are calculated for 298 K and 1 athdBDE = BDE(ROQO)— BDE(CHs00). ¢ CBS-Q calculationd G2 calculation.
e Data from ref 47/ Data from ref 48.

kcal/mol. The G2MS theory, on the other hand, overestimates 20.0
the BDE by 1.9 kcal/mol. For comparison, we also calculated

the BDE using the G2 and CBS-Q methods. The G2 theory

predicts a BDE that is 2.7 kcal/mol larger than the experimental 10.0
value, while the CBS-Q result is in almost perfect agreement
with experiment.

When it comes to theABDEs, it is harder to judge the g 0or CF3CHy* ¢ & CH;
performance of the different methods due to the shortage of 3 O;NCH,* ° C(gilC;iEH
reliable experimental data. However, we note that the G2MS ;v‘ 200 | CH3COCH2.. R Hozcsz'
value for CHCH,OO is in better agreement with experiment 2 NCCH,+ ¢ COCH,» $ (CHyCr
than the B3LYP values. For GBHCHOQ, the opposite is true. ; R HCOCZH ) CHN}-II\?SHZ-
This is rather surprising, considering that G2MS performed < -20.0 f . (CH3)NH,

. . . CH,CHCHy*
better than B3LYP for the two other reactions involving the ? :

CH,CHCH;® radical, i.e., the €H BDE for CH,CHCH; and & NH,CH-COOH

the IE for CHHCHCH". It is possible that the experimental -30.0 |

BDE*’ is underestimated by around 3 kcal/mol. A considerably ¢ HCOCH'NH,

larger disagreement between experiment and theory exists for 400 , & HCOC«(CHyNH, .

the HOCHOO radical. Benson has estimated the BDE to 18.2 40 30 20 10 0 0 20

kcal/mol using experimental data and to 18.6 kcal/mol using
his group additivity schem®. Our computed BDEs lie in the
range of 33.8-39.1 kcal/mol. When the computetBDE is Figure 4. Plot of C—O ABDE for peroxyl radicals versus-€H BDE
added to the experimental BDE of @BIC", the agreement for the cqrresponding alkanes. The solid line corresponds to a 1:1
between the different levels is better; the values are 35.9, 34.8,¢lationship between €H ABDE and C-O ABDE.

and 37.2 kcal/mol at the B3LYP/6-31G(d,p), B3LYP/6-313- . .
(2df,2p), and G2MS levels, respectively. We also computed the both the peroxyl and alkyl radical. To get an estimate of the

: | radical stabilization solely, we suggest to take the
BDE using the CBS-Q method and got a value of 36.6 kcal/ peroxy .
mol before and 36.7 kcal/mol after correction with the experi- difference between the-€0 ABDE and the &-H ABDE. This

mental CHOO' BDE. It seems unlikely that the theoretical valur_e_, WhiCh we will refer to aAPRSE (relative peroxyl radical
approaches we have utilized could overestimate the BDE b stab||_|zat|on enthalpy), corresponds to the enthalpy of the
close to 20 kcal/mol, in particular, since they perform so well reaction:

for the C—H BDE of HOCH; and the IE of HOCH. Thus, the

C-00¢ ABDE (kcal/mol)

conclusion must be that the experimental value is seriously in ROC + CH, —~ RH + CH,00 3)
error. We suggest 365 2 kcal/mol as a more reliable estimate
of the C-O BDE of HOCHOO:. In Table 4, we have listed PRSE values calculated at the three

It could have been anticipated that the substituent effects onlevels of theory. First of all, we note that the agreement between
the C-0 BDE, in the same way as for the-& BDE, should the B3LYP and the G2MS results is much better than for the
be dominated by the stabilization of the alkyl radical. This would C—O ABDEs. In addition, the few experimental values available
imply the C-O and C-H ABDEs to be nearly identical. As  are in relatively good agreement with the computed data. The
seen in Figure 4, there is indeed a correlation betweent1® C  only exception is the agreement for HOgBO which is, as
and C-H ABDEs, but there is by no means a perfect one to expected, very bad due to the erroneous experimentgd C
one relationship. In particular, compounds with electron- BDE. For the (CH);COO BDE there exist two relatively recent
donating substituents deviate strongly from the unity relationship experimental values which differ by as much as 6.3 kcal/mol.
line. Itis clear that the €0 ABDE reflects the stabilization of It is hard to judge which of these values is the more correct
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TABLE 4: Relative Peroxyl Radical Stabilization Enthalpies
(ROO* + CH,4 — RH + CH500)a

B3LYP/ B3LYP/
6-31G(d,p) 6-311L-G(2df,2p) G2MS  exp’

ROO APRSE APRSE  APRSE APRSE
NCCH00 -4.9 5.7 4.7
CRsCH,00 3.4
O:NCH,00 -0.7
CH 00 0.0 0.0 0.0 0.0
HCOCHOO 0.8 0.2 0.6
CHsCOCHO00" 1.9
CH,CHCH,0O 3.8 3.2 48 2.2
HCOCH(OO)CH; 4.7 3.3 5.4
CH3CH,00 5.4 5.4 6.0 6.6
HCOCH(OO)NH, 9.1 7.4 8.1
NH,CH,(OO")COOH 9.3
(CH3):CHOC 9.7 10.7
(CH3):COO 12.1 12.2

5.9

HCOC(OO)(CHz)NH,  13.3
HOCH,OO 13.4 11.3 12.4  +7.6)
NH,CH00 14.2 12.8 13.3

a All values (in kcal/mol) correspond to 298 K and 1 athThe

Brinck et al.

the corresponding hydroperoxides. Unfortunately, the availability
of reliable experimental hydroperoxide-® BDEs is very
limited. The O-H BDE of H,O, has been estimated to 8812

0.6 kcal/mol, and this is probably the most reliable value
available?” In Table 5 we have listed computed BDEs foy(4

and some alkyl hydroperoxides. We first note that the B3LYP/
6-31+G(d,p) level underestimates the BDE of®4 by as much

as 7.5 kcal/mol. The B3LYP/6-3#i(2df,2p) level performs
slightly better but the error remains as high as 5.5 kcal/mol. In
contrast, the G2MS level is in good agreement with experiment,
overestimating the BDE by no more than 0.7 kcal/mol. The G2
and CBS-Q values are both very close to experiment, 87.8 and
88.0 kcal/mol, respectively. To our knowledge, there exists no
highly accurate experimental determination of the BDE

of CH3OOH. Benson has, based on the-B© BDE of H,Op,
estimated that all alkyl hydroperoxides have ®BDEs of 88.6

+ 0.6 kcal/mol*” However, all our calculations indicate that
the BDE of CHOOH is lower than that of bD,. The difference

is 1.0, 1.9, 1.7, 1.6, and 2.4 kcal/mol at the B3LYP/6+&-
(d,p), B3LYP/6-31%#-(2df,2p), G2MS, G2, and CBS-Q levels

experimental values have been calculated from the experimental BDESof theory, respective|y_ On the basis of these results, we estimate

in Tables 1 and 2. For the GBO BDE, the first value listed in Table
2 has been used. Both values for the EBOO BDE that are listed
in Table 2 have been used, and the resul"RRSE values are listed
in the corresponding order.

solely based on a comparison with the B3LYP/6-31G(d,p)
computed BDE (see Table 3). However, if tA@RSE values

computed from these experimental BDEs are compared with

the computedAPRSE value, the conclusion is obvious; The
APRSE value calculated from the more recent {ZEOC
BDE (36.5 kcal/mol) of Knyazev and Slagdfeis in almost
perfect agreement with the comput®BRSE, while Benson’s
value (30.2 kcal/mol) differs from the comput&dPRSE by 6.2
kcal/mol. In addition, Knyazev and Slagle’s value fits in with
the general trend regarding the effect of methyl substitution on
APRSE, i.e., CHOO < CH;CH, OO < (CH3),CHOO <
(CH3)sCOO, whereas Bensons BDE results in the strange
ordering CHOO' < (CHj3)sCOO < CH3CH, OO < (CHg)2-
CHOQO. In conclusion, it seems clear that the calculation of
relative peroxyl radical stabilization is much less sensitive to
the level of theory than relative alkyl radical stabilization.
Interestingly, we find that, in general, electron-donating
substituents have a stabilizing effect and electron-withdrawing
substituents have a destabilizing effect on the peroxyl radical.

This may not be so surprising considering the electronegative

nature of the oxygen atom. It should be noted that the electron- | A
tnonhydrogen bond conformations indicate that for both sub-

donating substituents show comparatively larger substituen
effects. The relative ordering, GAH < CHz < OH ~ NH;,
essentially follows the commas}, scale of substituent constants.

the O—H BDE of CH;OOH to 86.2+ 1.5 kcal/mol. This is in
good agreement with a recent estimate of the BDE {81
kcal/mol), which is based on experimental enthalpies of forma-
ion .49

Our computational data on the-® BDEs of the substituted
hydroperoxides shows the substituent effects to be smaller than
for the previously discussed reactions. The agreement between
the different levels of theory is quite satisfactory. In no case
does theABDE differ by more than 2.2 kcal/mol between the
different levels. For the monosubstituted hydroperoxides, the
general trend is that electron-donating substituents decrease the
BDE, while electron-accepting substituents have the opposite
effect. The comparatively larger effects of the accepting
substituents are mostly an effect of internal hydrogen bond
stabilization of the hydroperoxide. In essentially all hydroper-
oxides with electron-accepting substituents, it is possible to form
an internal hydrogen bond between the OOH group and the
substituent. Except for HCOGBOO:, which has a weak
hydrogen bond between the ©Qroup and CHO, internal
hydrogen bonds are not formed in the peroxyl radicals that have
only electron-accepting substituents. The electron-donating
substituents, OH and Niform hydrogen bonds with both the
OO and OOH groups and thus they stabilize both the hydro-
peroxide and the peroxyl radical. However, calculations on

stituents the hydrogen bond stabilization of the hydroperoxide
is bigger. For the Cklgroup, we do not have the problem of

The large stabilizing effects of the last two substituents is partly SeParating hydrogen bond effects from other substituent effects,
a consequence of favorable internal hydrogen bonding in the and it is clear from Table 5 th_at the substituent slightly weakens
ROO radical. For the electron-withdrawing substituents the the O—H bond. This observation is also supported by the recent
ordering according to thAPRSE values is CN¢ CF; < NO, experimental qletermmauon of the (gHCOOH BDE (85+ 2

< CHO. However, the weakly stabilizing effect of the CHO !(C&|/m0|),49WhICh not only shows that the BDE of this moleculg
substituent can be attributed to a internal hydrogen bond betweeriS lower than that of HOOH, but also that it most probably is
the CHO and O®groups. Internal hydrogen bonding also makes ower than the BDE of CEDOH.

it difficult to interpret the substituent effects in the peroxyl Electron Affinities of Peroxyl Radicals. The electron affinity
radicals with multiple substituents. However, the results from (EA) is also of importance for understanding the reactivity of
additional calculations on non-hydrogen-bonded conformations peroxyl radicals. In Table 6 we have listed computed EAs for
on some of the molecules in Table 4 indicate that the substituentthe peroxyl radicals investigated in this study. Very few reliable
effects are nearly additive if the effects of internal hydrogen experimental data on EAs of peroxyl radicals exist. One

bonding are removed.
O—H Bond Dissociation Enthalpies in Hydroperoxides.

exception is the HOOradical whose EA has been determined
to 1.08 eV in two independent experimebs$! The B3LYP/

Another property which is of key importance for understanding 6-31+G(d,p) and B3LYP/6-311G(2df,2p) levels are both

the reactive behavior of peroxyl radicals is the-B® BDE of

found to slightly underestimate the EA, by 0.05 and 0.09 eV,
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TABLE 5: Absolute and Relative O—H Bond Dissociation Enthalpies (ROOH— ROOQO* + H*)2

B3LYP/6-31G(d,p) B3LYP/6-311G(2df,2p) G2MS high-level theory exp
ROO BDE ABDE BDE ABDE BDE ABDE BDE ABDE BDE ABDE
HOO 80.7 1.0 82.7 1.9 88.8 1.0 87.8 1.6 88.2+ 0.2 1
88.0! 2.4
O,NCH,0O 88.8 9.1
NCCH,0O 83.9 4.2 84.6 3.8 91.3 4.1
CRCH.0O 83.9 4.2
CHOCH(OO)NH, 83.2 3.5 83.8 3.0 92.4 5.2
CH;COCHOCO 83.0 3.3
HCOCHOO 82.9 3.2 83.1 2.3 90.1 2.9
HCOC(OO)(CHs)NH» 82.2 25
CHOCH(OO)CHjs 81.9 2.2 82.8 2.0 89.3 2.1
NH,CH(OO)COOH 81.8 2.1
HOCHOO 81.1 1.4 82.8 2.0 89.2 2.0
CH;00O 79.7 0.0 80.8 0.0 87.2 0.0 86.2 0.0 87+ 1f 0
85.6 0.0 (88.6+ 0.6y
CH3;CH,OO 79.3 -0.4 80.4 -0.4 86.9 —0.3 85+ 2f -2
CH,CHCH,OO 79.0 -0.7 80.6 -0.2 86.2 -—1.0
(CH3).CHOO 78.6 -11
NH.CH,OO 78.0 -1.7 79.3 -15 86.2 -—1.0
(CH3)sCOO 78.0 -1.7 85+ 2f -2

2 All values (in kcal/mol) are calculated for 298 K and 1 atthBDE = BDE(ROOH)— BDE(CH;OOH). ¢ G2 calculation? CBS-Q calculation.
¢ Data from ref 47 Data from ref 499 Estimated value from ref 47.

TABLE 6: Absolute and Relative Electron Affinities (ROO*+ e~ — ROO™)2

B3LYP/6-314+-G(d,p) B3LYP/6-311#G(2df,2p) G2MS high-level theory exp
ROO EA AEAP EA AEA EA AEA EA AEA EA

HOO 1.03 —0.06 0.99 —0.09 1.08 -0.11 1.1 -0.11 1.08+ 0.02
1.10 —0.08

(CH3)sCOC 1.08 —0.01 1.20+ 0.01

CH;0O 1.09 0.00 1.08 0.00 1.19 0.00 122 0.00
1.18 0.00

CH3;CH,OO 1.09 0.00 1.08 0.00 1.21 0.02

(CH3),CHOCO 1.10 0.01

NH.CH, OO 1.14 0.05 1.13 0.05 1.30 0.11

CH,CHCHOO 1.30 0.21 1.28 0.20 1.36 0.18

NH,CH(OO)COOH 1.71 0.62

CH;COCH.OO 1.77 0.68

HOCH.OO 1.77 0.68 1.72 0.64 1.87 0.68

HCOCH(OO)CH;s 1.80 0.71 1.78 0.70 1.92 0.74

HCOCH.OO 1.84 0.75 1.82 0.74 1.90 0.72

CRCH,0O 1.86 0.77

HCOC(OO)(CHz)NH, 1.92 0.83

(1.70) (0.61)

HCOCH(OO)NH; 1.93 0.84 1.92 0.84 2.16 0.97

NCCH,OO 2.00 0.91 1.99 0.92 2.09 0.90

O;NCH,0O 2.19 111

aAll values (in eV) are calculated for 0 K.AEA = EA(ROQO) — EA(CH3;00). ¢ G2 calculationd CBS-Q caculation¢ Data from ref 51.
fData from ref 499 This is the energy for forming a four-membered ring structure, a 1,2-dioxetane, upon addition of an electron. The value in
parentheses corresponds to the formation of a regular open-chain anion. See the Results and Discussion section for more details.

respectively. The G2MS result is in perfect agreement with only exception is OH, which increases the EA by 0.68 eV.
experiment. Also the CBS-Q and G2 methods give results that However, this can be attributed mainly to a very favorable
are very close to the experimental value. All investigated levels internal hydrogen bond in HOGE®O. The effects of electron-
predict the EA of CHOO to be slightly higher than the EA of  accepting substituents are much bigger, and in all cases they
HOO'. The difference ranges from 0.06 eV at the B3LYP/6- increase the EA.

31+G(d,p) level to 0.11 eV at the G2MS and G2 levels. On

the basis of these results, we estimate the EA of@&t to H2N o HaN (o}
1.184 0.05 eV. The EA of (CH)3;COC has very recently been HSC"‘H"H Hu o H
determined to 1.28- 0.01 eV4° The B3LYP/6-38-G(d,p) level 0—0 0—0
underestimates the EA by as much as 0.12 eV, but correctly

predicts it to be higher than the EA of HOO 8 9

Turning to the substituent effects on the EA, we note that
there is a very good agreement in the predictions from the Interestingly, we find that HCOC(OQCH3NH, easily rear-
different levels of theory. The largest discrepancy is found for ranges to a four membered ring structudg @ 1,2-dioxetane,
HCOCH(OO)NH where the G2MS result is 0.13 eV higher through an intramolecular nucleophilic attack of thg @Qroup
than the B3LYP results. In general, it is found that electron- on the carbonyl carbon. This structure is 5.1 kcal/mol lower in
donating substituents have rather small effects on the EA. Theenergy than the lowest nonring conformation. The barrier for
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TABLE 7: Absolute and Relative Enthalpies of Deprotonation (ROOH— ROO~ + H™)?2
B3LYP/6-31Gt(d,p) B3LYP/6-31#G(2df,2p) G2MS
ROOH DPE ADPE DPE ADPE DPE ADPE
CH3;O0H 368.5 0.0 371.0 —0.0 3735 0.0
CHs;CH,OOH 368.0 —0.5 370.5 —-0.5 3725 -1.0
(CHs),CHOOH 367.3 -1.2
(CH3)sCOOH 367.1 -1.4
NH,CH,OOH 365.7 —-2.8 368.3 —2.7 370.9 —2.6
CH,CHCH,OOH 362.4 —6.1 366.0 —-5.0 367.9 —5.6
NH,CH(OOH)COOH 356.2 -12.3
(327.4% (—41.1)
CH;COCHOOH 355.9 —12.6
CRCH,O0OH 354.9 —13.6
HCOCH(OOH)CH 354.3 —14.2 356.7 —14.3 358.6 —14.9
HCOCHOOH 354.3 —14.2 356.1 —-14.9 358.8 —14.7
HOCH,OOH 354.1 —14.4 358.0 —13.0 359.6 —13.9
HCOCH(OOH)NH 3524 —16.1 354.4 —16.6 356.2 —-17.3
O,NCH,OO0H 352.4 —16.1
NCCH,OOH 351.7 —16.8 354.8 —16.2 356.9 —16.6
HCOC(OOH)(CH)NH; 351.4 -17.1
(356.6) ¢11.9)

a All values (in kcal/mol) are calculated for 298 K and 1 atm. Tkid for this reaction has been computed by combinixid values for the

reactions ROO+ e~ — ROO", ROOH— ROO + H*, and H — H* + e~

. The geometries and frequencies for the molecular species in the first

and second reaction have been computed at the B3LYP#&58d,p) and B3LYP/6-31G(d,p) levels, respectivélADPE = DPE(XOOH) —
DPE(CHOOH). ¢ This value refers to the removal of the proton on the COOH grédhis is the enthalpy for forming a four-membered ring

structure, a 1,2-dioxetane, upon deprotonation. The value in parentheses corresponds to the formation of a regular open-chain anion. See the Result

and Discussion section for more details.

forming the ring structure seems to be very low, since several there are considerable differences in the absolute DPEs calcu-

geometry optimization attempts, starting from different low-

lated at different levels. These differences are a result of the

energy nonring structures, resulted in the ring structure. In order inability of the B3LYP method in describing €H bond

to verify that the ring structure is not a artifact of the B3LYP
method, we also performed the optimizations at the MP2/6-
31+G(d,p) level. This resulted in a structure very similar to
that obtained at the B3LYP/6-31G(d,p) level. A similar ring
structure 9) was also found to be stable for HCOCH(O®H..
However, this structure is 0.9 kcal/mol higher in energy than
the lowest nonring conformation. It should be noted that this
type of ring structures is well-known in peroxide chemistry,
and that hundreds of 1,2-dioxetant0)( and 1,2-dioxetanone
(11) derivatives have been isolated and charactefizdd.
addition, anionic dioxetanes of the same typ2) @s those we
have found to be formed by rearrangement of HCOC(pPO
CH3NH; and HCOCH(OO)NH; have been postulated as

strengths (see Table 4). Since we found the G2MS level to
predict both the @H BDE of HOOH and EA of HOOin good
agreement with experiment, we expect the G2MS result to be
the most reliable. The agreement in relative DPEBRE) is
very good between the different levels. In no case is the
difference between two levels larger than 1.1 kcal/mol. The
general trend in th\DPEs is that all substituents lower the
DPE. However, the effects of electron-withdrawing substituents
are clearly much larger than the effects of electron-donating
substituents. From comparing Table 5 and Table 6, it is clear
that the substituent effect on the DPE is dominated by the
stabilization of the peroxide anion.

intermediates in base-catalyzed auto-oxidation of aromatic Summary and Conclusions

ketones and some pyruvic acits.

Ry

R
Rowd__ AuRq
0

10 1 12
Not surprisingly, the conversion of NEH(OO)COOH to
NH,CH(OOH)COO is a highly exothermic process; the

enthalpy change is-28.4 kcal/mol. However, this process is

Performance of Computational Methods.Our results show
that the B3LYP method is not generally reliable for predicting
absolute bond dissociation enthalpies (BDES). In particular, we
have found the B3LYP/6-31G(d,p) method to consistently
underestimate ©H BDEs of hydroperoxides by around 8 kcal/
mol. The use of the considerably larger 6-313(2df,2p) basis
set improves the results slightly. However, this basis set
performs worse than 6-31G(d,p) for-& BDEs in substituted
methanes and for-€0 BDEs in peroxyl radicals. The B3LYP
method has been found to be generally reliable for predicting
substituent effects on BDEs, i.ABDEs. Only in a few cases

far from barrierless, since it requires the internal hydrogen bond have we found deviations from experiment that are larger than

(OH---OC) in the COOH group to be broken before the proton
transfer can occur.
Deprotonation Enthalpies of Peroxides Finally, in Table

2 kcal/mol. Again, there are no clear indications that the
6-311+G(2df,2p) basis set works significantly better than
6-31G(d,p). The B3LYP method has also been found to work

7 we have listed the computed deprotonation enthalpies (DPE)well for prediction of ionization energies (IEs) and electron

for the hydroperoxides investigated in this study. The chemical

affinities (EAs). Absolute IEs and EAs are generally accurate

species taking part in the deprotonation process have alreadyto within 0.2 eV and relative value&({Es andAEAS) to within

been discussed in relation to the-8 BDEs of the hydroper-

0.1 eV. The results are not improved by the use of the 6+&3-1

oxides and the EAs of the peroxyl radicals. Thus, there is no (2df,2p) basis set.

reason for us to analyze the results of Table 6 in detail. However,

The G2MS method has been found to work consistently well

a few general remarks can be made. First of all, we note that for predicting the thermochemistry of alkyl and peroxyl radicals.
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Absolute bond dissociation enthalpies are generally accurate tolargest substituent effects are found for electron-withdrawing
within 3 kcal/mol, and the prediction of substituent effects on substituents, which strengthen the-8 bond. Donating sub-
BDEs, i.e., ABDEs, is even more accurate. The G2MS methods stituents have the opposite effect. The ability of the substituents
has also been found reliable for prediction of IEs and EAs with to form intramolecular hydrogen bonds with the G®d OOH

an accuracy equal to that for BDE prediction. The only cases groups is also of vital importance for the-® bond strength.
where we have found the G2MS to have problems involves the  Electron-donating substituents have rather small effects on
thermochemistry of capto-dative stabilized alkyl radicals. Our the EA of peroxyl radicals. The ability of the substituent to form
results show that G2MS consistently underestimates the stabilityan internal hydrogen bond with the OQ@roup is of greater

of these radicals, which leads to overestimateeHCBDES of importance for the EA than its donating ability. On the other
alkanes and €0 BDEs of peroxyl radicals. The B3LYP hand, electron-withdrawing substituents stabilize the peroxide
method has the opposite problem and overestimates the stabilityanion strongly, which give rise to EAs that are significantly
of capto-dative stabilized alkyl radicals. However, this problem lowered.

is less severe. The general conclusion is that the B3LYP/6-31G-
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Observations Regarding the Thermochemical DataOur
calculations show that there are very large substituent effects
on the C-H BDEs in substituted methanes. In particular, (1) Fossey, J.; Lefort, D.; SorbaRree Radicals in Organic Chemistry
methanes that contain both a resonance-accepting substituenW"e()éi) PHaFI'I_S: 1|?9§- Gutteridae. J. M. CEree Radicals in Biol §

_ . . . alliwell, B.; Gutteriage, J. . ree Radicals In blology an
fand afesonance don"’_‘tmg Sub_StltL_jent have very IOW_ BDEs. ThlsMedicine 2nd ed.; Oxford University Press: Oxford, Great Britain, 1989.
is due to the capto-dative stabilization of the alkyl radical formed (3) Davies, M. J.; Fu, S.; Dean, R. Biochem. J1995 305, 643.
in the bond dissociation. The capto-dative stabilization is (4) Dean, R. T, Fu, S.; Stocker, R.; Davies, MBlochem. J1997,
distinctly nonadditive; i.e., the effect of the two substituents 324 1.
to ethe?/is larger than the sum of the effects of the substituents (5) Armstrong, D. A.; Yu, D.; Rauk, ACan. J. Chem1996 74, 1192.

g g € SL (6) Rauk, A.; Yu, D.; Armstrong, D. AJ. Am. Chem. Sod.997, 119,
taken separately. Surprisingly, we found a nonadditive capto- 20s.
dative stabilization also in molecules in which a £3tibstituent ch (7) S#rtiig,gll--gﬁ-;7F§ezlc{havachari. K.; Trucks, G. W.; Pople, JJA.
f f P f ; em. Phys , .
is comb_lned with a resonance electron accept_or. Spin density (8) Ochterski, J.: Petersson, G. A.: Montgomery, JJAChem. Phys.
calculations show that there is a clear correlation between theggg 104 2598.
degree of spin delocalization in the alkyl radicals and their (9) Stephens, P. J.; Devlin, F. J.; Chablovski, C. F.; Frisch, M. J.
relative stabilization. However, the linear relationship between th/lsé)cgemklggﬁ %8'3 1(1:?]23- Phys1993 98, 5648

. . . . . ecke, A. D.J. Chem. Phy , .
Fhe_ radical spin density and the BDE is not perfe_ct, _Wh|ch (11) Becke, A. D.J. Chem. Phys1988 96, 2155.
indicates that also other effects than spin delocalization are (12) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 33, 3098.

important for determining the BDE. (13) Martin, J. M. L.; EL-Yazal, J.; Francois, J.-Rlol. Phys.1995

. 86, 1437.

T_here are very Iarge substituent effe_cts on tht=T IEs of the alkyl (14) Bauschlicher, C. W., Jr.; Partridge, Ehem. Phys. LetL995 240,

radicals. Radicals with electron-donating substituents have IEss33.

that are up to 3.6 eV lower than the IE of @HWith the (|15)|Hehr%, V\Il JH; Radorp], L. IS»chIeygr, P.v.R; Poplei,(AIA\lnitio
; ; ; ; ; Molecular Orbital Theory John Wiley and Sons: New York, 1986.

exception of N(.:CH’ all Fhe investigated alkyl radicals with (16) Froese, R. D. J.; Humbel, S.; Svensson, M.; Morokuma,Bhys.

electron-accepting substituents also have lower IEs thag CH chem. A1997 101 227.

However, it should be noted that for the monosubstituted radicals  (17) Mayer, P. M.; Parkinson, C. J.; Smith, D. M.; Radom,JLChem.

the ionization process is generally accompanied by a substantialPhys.1998 108 604.

ati - ; : (18) Ayala, P. Y.; Schlegel, H. Bl. Chem. Phys1998 108, 7560.
reorganization of the nuclear configuration. In particular, several (19) Svensson, M. Personal communication.

of the primary cations formed by ionization rearrange without  (20) Bader, R. F. W.; Carroll, M. T.; Cheeseman, J. R.; Chang].C.

barriers to three-membered rings. Am. Chem. Sod987, 109, 7968.

The substituent effects on the-© BDE in peroxyl radicals 11é2i)23%r.'”°‘k' T.; Haeberlein, M.; Jonsson, NI. Am. Chem. S0d.997

are of similar magnitude to the substituent effects on thedC (22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
BDE in sub_stituted methanes. Anal_ogous to the methane_s, the(JBOT.sT\)An, ?'o?ﬁ;e RogbAMhQ.;hg\?;fhsaerTﬁq, A%L%ﬁaﬁit& L. ~Az'é1 lgggziion,
peroxyl radicals that form capto-dative stabilized alkyl radicals - iy O‘r’t’i‘f 7 V.r;y’Fdre's'mar?, 5 B Peng. C. Y . Ayala, P. ¥ : Chen. Wi
upon bond breakage have the lowest BDEs. However, ouryong M. W.: Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L..
calculations show that the substituent effects on thédBDE Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Gonzalez, C.; Stewart,
are not only determined by the relative stabilization of the alkyl J: J: P.; Head-Gordon, M.; Pople, J. Baussian 94, Re B.3 Gaussian,

. S0 . * . Inc.: Pittsburgh, PA, 1995.
radical but that the stabilization of the peroxyl radical also is (23) Pasto, D. J.; Krasnansky, R.; ZercherJCAm. Chem. Sod.987,

of importance. Electron-donating substituents stabilize the 52 3062.
peroxyl radical rather strongly. For example, our calculations  (24) Lehd, M.; Jensen, R. Org. Chem199], 56, 884.

show that the stabilizing effect of the Nigroup is around 13 195215)23';192’8% G.; Sana, M.; Wilante, Q. Mol. Struct. (THEOCHEM)
kcal/mol. Electron-withdrawing substituents generally have an (26) Jursic, B. S.: Timberlake, J. Wetrahedron Lett1996 37, 6473.
opposite but smaller effect on peroxyl radical stability than  (27) mMayer, P. M.; Glukhotsev, M. N.; Gauld, J. W.; Radom,JLAm.

donating substituents. Ch?zngj ScohClgg\Z\'/llsia r:1LI288I9.H Bl Chem. Physl994 101 5957
. . . . en, ., ©Chlegel, H. . em. .
The O—-H BDE in hydroperoxides varies to lesser extent with (29) Bauschlicher, C'gW' J.: Partridge, H{_)(/;hem_ Phys1994 100,

the substituents than the<© BDE of peroxyl radicals. The  4329.
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