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Bond dissociation energies (BDEs) and radical stabilization energies (RSEs) associated with a series of 22
monosubstituted methyl radicakCH,X) have been determined at a variety of levels including, CBS-RAD,
G3(MP2)-RAD, RMP2, UB3-LYP and RB3-LYP. In addition, WAtalues were obtained for a subset of 13

of the radicals. The WIBDEs and RSEs are generally close to experimental values and lead to the suggestion
that a small number of the experimental estimates warrant reexamination. Of the other methods, CBS-RAD
and G3(MP2)-RAD produce good BDEs. A cancellation of errors leads to reasonable RSEs being produced
from all the methods examined. CBS-RAD, Wahd G3(MP2)-RAD perform best, while UB3-LYP performs
worst. The substituents (X) examined include lone-pair-donors=(XH,, OH, OCH,, F, PH,, SH, CI, Br

and OCOCH), w-acceptors (= BH,, CH=CH,, C=CH, GHs, CHO, COOH, COOCHk| CN and NQ) and
hyperconjugating groups (GHCH,CHjs, CF; and CRCFs). All substituents other than Gand CRLCF; result

in radical stabilization, with the vinyl (CHCHy), ethynyl (G=CH) and phenyl (gHs) groups predicted to

give the largest stabilizations of theeacceptor substituents examined and the Nidup calculated to provide

the greatest stabilization of the lone-pair-donor groups. The substituents investigated in this work stabilize
methyl radical centers in three general ways that delocalize the odd eleatracceptor groups (unsaturated
substituents) delocalize the unpaired electron intostksystem of the substituent, lone-pair-donor groups
(heteroatomic substituents) bring about stabilization through a three-electron interaction between a lone pair
on the substituent and the unpaired electron at the radical center, while alkyl groups stabilize radicals via a
hyperconjugative mechanism. Polyfluoroalkyl substituents are predicted to slightly destabilize a methyl radical
center by inductively withdrawing electron density from the electron-deficient radical center.

1. Introduction *CHyX is stabilized relative toCHg, resulting in a smaller EH

The effect of substituents on the stability of free radicals is BDE in C!—IQ,X than in CH‘j )
important in understanding the nature of reactions involving !N Previous worké we investigated the performance of a
radicals as reactantsl products or intermediates. In particu|ar,variety of theoretical methods for the calculation of RSE values
the stabilities of substituted methyl radicai§,X) have been of six substituted methyl and vinyl radicals. We found that the
widely investigated, both experimentdilgnd theoretically:3 commonly used UMP procedure, and to a lesser extent UHF

A measure of the stability of a substituted methyl radical and PMP, performed poorly for radicals with significant spin
("CHoX) is provided by the &H bond dissociation energy ~ contamination in their wave functions. On the other hand, RSEs
(BDE) of the corresponding substituted methane f&HThis calculated with RMP2/6-3G(2df,p) single-point energies on

is given by the enthalpy change of reaction 1: RMP2/6-31G(d) or B3-LYP/6-31G(d) optimized geometries
were found both to be relatively computationally cheap and
CHX — "CH,X +°H 1) generally good (yielding RSE values within 7 kJ mblof
benchmark results).
Stabilization energies relative tGH; are often referred to as Since previous extensive studies of bond dissociation energies

radical stabilization energies (RSEs) and are given by the gand radical stabilization energies have often used methods such

difference between the €H bond dissociation energy in a5 UMP, which do not always perform well, it is of interest to

methane and the-€H BDE in the substituted methane (&X): carry out a systematic study of RSEs with more reliable
procedures. In this paper, we extend our previous investigations
of RSEs by including a discussion of BDEs, by substantially
broadening the range of radicals studied, and by including an
assessment of additional theoretical procedures. We calculate
BDE and RSE values associated with 22 substituted methyl
radicals’CH,X (X = NH,, OH, OCH;, F, CHs;, CH,CHj3, CF;,
CF.CFs, PH, SH, CI, Br, BH,, CH=CH,, C=CH, GsHs, CHO,

| COOH, COOCH, OCOCH;, CN and NQ). The methods used
include UB3-LYP/6-31%G(3df,2p), RB3-LYP/6-311G(3df,2p),
f Current address: Department of Chemistry, University of Ottawa, RMP2/6-311-G(2df,p), G3(MP2)-RAD, CBS-RAD and, for a

Ottawa, K1N 6N5. subset of these radicals, W1
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RSE(CH,X) = BDE(CH,) — BDE(CH,X)  (2)

This is equivalent to the enthalpy change of the isodesmic
reaction 3:

CH, + "CH,X — "CH, + CH,X ©)

Defined in this way, a positive RSE indicates that the radical
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2. Theoretical Procedures antibonding

Standard ab initio molecular orbital theérand density
functional theor§y calculations were carried out with the S
GAUSSIAN 94% GAUSSIAN 987 MOLPRO 98.% and MOL-

PRO 2000.1 computer programs. Calculations on radié¢ls

were performed either with a restricted-open-shell reference

wave function, signified with an “R” prefix, as for RMP2 or 1 .

with an unrestricted-open-shell wave function, designated with 2p(C) +

a “U” prefix. The frozen-core (fc) approximation was employed non-bonding

in all calculations. Bond dissociation energies were calculated

as the enthalpy change for reaction 1, while radical stabilization

energies were evaluated as the enthalpy change of reaction 3. & T
Unless otherwise noted, the calculated BDEs and RSEs were
corrected with scaled (by 0.9806) UB3-LYP/6-31G(d) zero-point )
vibrational energy (ZPVE) valué3. bondmg%/

Recently, DiLabio et a#$tW have successfully applied
restricted-open-shell DFT methods to the prediction of bond e8
dissociation energies. Although it has been argtigtht DFT radical center radical T-acceptor
calculations on open-shell systems should be performed with Figure 1. Orbital interaction diagram showing the net two-electron
spin-unrestricted methods, it is of interest to examine the stabilization resulting from the interaction between the orbitals of a
performance of both the RB3-LYP/6-3+G(3df,2p)//RB3- m-acceptor group and the unpaired electron at a carbon radical center.
LYP/6-31G(d) and UB3-LYP/6-31tG(3df,2p)//UB3-LYP/6-

i\’:.;]lvcggi)gg;%cnedures in evaluating BDEs and RSEs of the presentassociated with the substituted methyl radicals, it is useful to

) examine the broad features of the geometries of the radicals
We have noted previouslythat RMP2/6-31%G(2df,p)

. . i concerned.
single-point energies on RMP2/6-31G(d) or UB3-LYP/6-31G(d) Radicals withz-acceptor substituents (BHCH—=CH,, C=

geometries perform well in predicting RSEs. The assessment~ | CHs, CHO, COOH, COOC
. . i , 5, , , B CN and NQ) all have
of this level was extended to include the calculation of BDEs planar radical centers, while radicals possessing lone pair

and RSEs for the 22 species in the present study. substituents (Nb OH, OCH, F, PHs, SH, CI, Br and OCOCH)
BDEs and RSEs were also determined at the CBS-RAD(B3- )| have pyramidal (nonplanar) radical centers. These observa-
LYP,B3-LYP)!* and G3(MP2)-RAD levels of theory. CBS- tjons can be rationalized by noting that a radical is likely to
RAD(B3-LYP,B3LYP) is a variation of CBS-§which makes  adopt the geometry that maximizes stabilizing interactions
use of B3-LYP/6-31G(d) optimized geometries and scaled (by petween the formally singly occupied orbital corresponding to
0.9806) ZPVEY and replaces the QCISD(T) single-point energy  the unpaired electron at the radical center (and loosely referred
with CCSD(T). The G3(MP2)-RAD procedure closely resembles g as the 2p(€) orbital'®) and the orbitals of the substituent, as
G3(MP2)//B3-LYPS52 except that (a) UMP2 is replaced by etailed below.
RMPZ2 in the basis-set-extension scheme and (b) QCISD(T) is  Eigyre 1 displays the orbital interaction diagram showing the
replaced by URCCSD(T), as implemented in MOLPRO. We jntaraction between the 2p(rbital and ther andz* orbitals
make use of the optimizétiscaling factor for B3-LYP ZPVEs  f 4 unsaturatedt-acceptor substituei?. These orbitals can
(0.9806) and corresponding HLC coefficients< 9.682,B = interact, producing a stabilized doubly occupied bonding orbital,

4.900,C = 9.801 and = 1.996 m?artreeéﬁb rather than those 5 gjngly occupied nonbonding orbital and a vacant antibonding
for standard G3(MP2)//B3-LYF2 The G3(MP2)-RAD level  qhita|” The net result is a stabilizing two-electron bonding

essentially corresponds to URCCSD(T)/G3MP2large//B3-LYP/ inieraction in the substituted methyl radical, which will be

6-31G(d) + ZPVE energies, obtained using additivity ap- fayored by the greater overlap available in a planar structure.
pro>.<|mat|ons. _ ] _ The molecular orbital diagram for the interaction of a
Finally, we have carried out Wtalculation$’in a number  peteroatomic lone-pair-donor group with a carbon radical center
of cases to try to resolve apparent discrepancies between theoryg depicted in Figure 22 In this case, the important orbital
and experiment. The Wlevel of theory attempts to extrapolate  coupling is between the 2p{orbital and a nonbonding orbital
to infinite basis set URCCSD(T) results, again with incorpora- on the heteroatom corresponding to a lone pair. Pyramidalization
tion of ZPVE, and has been found in test calculations to giVe of the radical center lowers the 2p§®rb|ta| energy, which
total atomization enel’gies with a mean absolute deviation from decreases the energy gap between this orbital and the lone pair
experiment of 1.3 kJ mok. orbital and thus increases the stabilization energy. However,
The RMP2/6-31G(d), RB3-LYP/6-31G(d) and UB3-LYP/6- this puckering also decreases the overlap between*Pp(@
31G(d) optimized geometries for the substituted methyl radicals the heteroatom lone pair. It has been ard@¢ldat there is an
("CH.X), and the corresponding substituted methanes;¥QH optimum value of the overlap for stabilization of a methyl radical
can be found in Tables S1, S2 and S3 of the Supporting center by an adjacent heteroatomic lone-pair-donor group.
Information, while relevant total energies are listed in Table Overlap values greater than this optimum lead to decreased

CH, CH—C==CH C==CH

S4. stabilization. The observed pyramidal structures represent a
balance between these various effects. The orientation of the
3. Results and Discussion 2p(C) orbital and the heteroatom substituent is such that the

2p(C) orbital and one of the lone pairs on the heteroatom are
A. Radical Geometries.Before discussing the calculated approximately in an antiperiplanar orientation relative to one
bond dissociation energies and radical stabilization energiesanother.
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Figure 2. Orbital interaction diagram showing the three-electron
interaction between the lone pair of a heteroatom and the unpaired
electron at a carbon radical center.
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Figure 3. Orbital interaction diagram showing the net two-electron
stabilization resulting from the hyperconjugative interaction between
the orbitals of an alkyl group and the unpaired electron at a carbon
radical center.

The alkyl and polyfluoroalkyl radicals@H,CHs, *CH,CH,-
CHjs, *CH,CF; and*CH,CF,CF;) have Cs symmetry, and the
radical centers are slightly puckered. Figure 3 illustrates the
nature of hyperconjugation taking place between a radical 2p-
(C*) orbital and an alkyl substitue&. The 2p(C) orbital can
interact both with pseuda-type bonding and pseudd-type
antibonding orbitals on the alkyl group. As far-acceptor
substituents, this results in two electrons being located in a
bonding molecular orbital and one electron being situated in a
nonbonding orbital. The net effect is a two-electron bonding
interaction. In the case of the ethyl radical, the 2pbital is
oriented antiperiplanar to one of the C—H bonds. For the
1-propyl radical, the minimum energy structure has the 2p(C
orbital positioned antiperiplanar to the—CHs; bond. The
polyfluoroalkyl radicals also have the 2pjrbital oriented
antiperiplanar to g C—F ("CH,CFs) or  C—CF; (*CH.CF,-
CF3) bond.

B. Bond Dissociation EnergiesBond dissociation energies
for substituted methanes calculated at the UB3-LYP/64331

Henry et al.

(3df,2p), RB3-LYP/6-31%+G(3df,2p), RMP2/6-311G(2df,p),
G3(MP2)-RAD, CBS-RAD and Wilevels are compared with
experimental valué82?! in Table 1. Also listed are mean
deviations (MDs) and mean absolute deviations (MADs) from
experimental values (e.g., MAD(Expt)) and from CBS-RAD
values (e.g., MD(CBS-RAD)).

At our highest level of theory, Wlwe note general close
agreement between theory and experiment, particularly for the
BDEs of species that have small error barss5(kJ mof?).
Slightly larger deviations (5:27.3 kJ mot™?) are noted forCH,-

SH, *CH,C=CH and*CH,CHO, but theory and experiment still
agree to within the given experimental uncertainties in these
cases. Cyanomethyl and carboxymethyl radicals show the largest
deviations between theory and experiment, 8.6 and 15.1 kJ
mol~1, respectively. The mean absolute deviation betweeh W1
and experiment, for those species with error bars of less than
+10 kJ mot?, is only 2.9 kJ motl. In light of this close
agreement, and noting the limitations often encountered in
experimental determinations of bond dissociation enef§ies,
have reasonable confidence in the Walues in the remaining
cases.

W1' is unfortunately not accessible for the larger systems
listed in Table 1. We note, however, the excellent agreement
between W1 and CBS-RAD. The mean absolute deviation
between Wland CBS-RAD is only 1.6 kJ mot, while the
largest absolute deviation is 3.3 kJ mblWe therefore consider
CBS-RAD a suitable secondary benchmark level for the present
study. The largest deviations between CBS-RAD or' \Afid
experiment occur foxCH,COOH andCH,COOCH;. Although
it is conceivable that these represent pathological cases for
theory, experimental reexamination would seem desirable for
these two radicals.

Interestingly, with the exception of W,lall the other levels
of theory give BDEs that are smaller than CBS-RAD values,
with the result that the magnitudes of MD(CBS-RAD) and
MAD(CBS-RAD) are identical in all these cases.

G3(MP2)-RAD demonstrates the smallest MAD (4.2 kJ
mol~1) from CBS-RAD, while bond dissociation energies
determined from RMP2/6-3H1G(2df,p) single-point calcula-
tions give the largest MAD(CBS-RAD) (16.7 and 16.8 kJ
mol™1). RB3-LYP/6-311G(3df,2p) and UB3-LYP/6-311G-
(3df,2p) give MADs between these extremes, with values of
8.6 and 14.1 kJ mol, respectively.

Differences in the RMP2 bond dissociation energies, evalu-
ated at RMP2 and UB3-LYP geometries, amount to less than 1
kJ moft in all cases. It is also worth noting that geometries
optimized at UB3-LYP/6-31G(d) and RB3-LYP/6-31G(d) are
generally very similar.

There is an intriguing difference between the RB3-LYP and
UB3-LYP BDEs (R — U) which correlates closely with the
degree of spin contamination, as reflected in[f&expectation
values. In all cases, the RB3-LYP BDE is larger than the UB3-
LYP values, corresponding to a higher total energy for the
*CH,X radical. In the single case whel® = 0.752, the R—

U difference is 3.1 kJ mol. For [$°[in the range 0.7530.754,
R — U lies between 4.0 and 4.4 kJ mél When[$(is 0.755-
0.758, R— U is 4.8-5.1 kJ mof . Finally, for [(%(in the range
0.768-0.781, R— U lies between 7.6 and 10.1 kJ mél

C. Radical Stabilization Energies.As can be seen from eq
2, radical stabilization energies correspond to the difference
between the calculated BDEs for methane and substituted
methanes. If there is systematic cancellation of errors in the
calculated BDEs, methods that perform less well in predicting
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TABLE 1: Comparison of Calculated Bond Dissociation Energies with Experimental Values (0 K, kJ mai?)

UB3-LYP// RB3-LYP// RMP2// RMP2//

radical UB3-LYP? [ RB3-LYP* UB3-LYP! RMPZ2 G3(MP2)-RAD CBS-RAD W1 expt
*CHs 424.6 0.754 428.8 413.0 413.0 426.4 433.0 432.3 4822
*CHzNH; 369.3 0.754 373.4 367.2 367.4 382.1 384.4 383.0 3834
*CH0OH 385.3 0.754 389.4 380.8 381.2 394.8 398.6 397.0 3%B3
*CH,OCH; 384.4 0.754 388.4 382.7 383.1 395.3 398.7 397.1 395.9
*CHF 406.9 0.753 411.1 400.0 400.6 413.9 419.1 4175 484.@
*CH,CH;3 404.4 0.754 408.8 399.3 399.4 412.3 417.3 416.4 4456
*CH,CH>CHz 407.0 0.754 411.3 403.0 413.9 419.9 416261
*‘CHCFs 425.7 0.754 430.0 421.1 421.3 434.1 440.1 4394
CH.CF.CFs 422.6 0.754 426.9 418.4 431.3
CHyPH, 392.4 0.756 397.2 392.4 392.5 403.1 405.9
CH,SH 380.4 0.756 385.4 378.7 378.4 390.3 393.4 3915 35648
CH.CI 398.2 0.755 403.1 392.9 393.0 405.3 410.0 409.2 4423
CH:Br 404.8 0.755 409.6 398.3 399.0 4184.2
*‘CH;BH> 379.4 0.752 382.5 373.1 373.0 386.3 391.4
*CH,CH=CH; 345.4 0.778 355.5 335.9 336.0 355.7 359.3 362.0 3583
*CH,C=CH 358.1 0.771 366.6 362.7 362.9 373.8 377.5 378.6 3F12H
*CH>CeHs 357.3 0.781 365.4 362.8 367.5 377.8 34117
*CH,CHO 379.4 0.768 387.0 380.7 380.6 391.4 393.0 395.6 3D
*CH,COOH 394.5 0.758 399.5 392.8 392.7 405.2 408.4 408.6 3AR3I
*CH,COOCH; 394.0 0.757 398.9 392.4 404.8 407.9 3841@. %
*CH,OCOCH; 396.7 0.754 400.9 395.9 408.3 412.1
*CHCN 380.4 0.768 388.5 381.8 382.1 394.5 395.8 399.1 3904
*‘CH:NO; 403.7 0.757 408.6 401.1 401.1 414.8 419.0
MD(expty™" —11.2 —5.5 —14.8 —15.3 —2.1 25 2.2
MAD(expt)™" 11.2 55 14.8 15.3 3.6 2.7 2.9
MD(CBS-RAD)" —14.1 —8.6 —16.7 —16.8 —4.2 0.0
MAD(CBS-RAD)™ 14.1 8.6 16.7 16.8 4.2 1.6

aUB3-LYP/6-31H-G(3df,2p)//UB3-LYP/6-31G(d)? Spin-squared expectation value at the UB3-LYP/6-BG{3df,2p)//UB3-LYP/6-31G(d) level.
¢ RB3-LYP/6-311G(3df,2p)//RB3-LYP/6-31G(d)! RMP2/6-311#G(2df,p)//UB3-LYP/6-31G(d) RMP2/6-311G(2df,p)//RMP2/6-31G(d). Cal-
culated using experimental bond dissociation energies at 298 K for species in reaction 1 that were obtainedHemmdtibek of Chemistry and
Physic&® (and references therein), unless otherwise noted, and back-core&édusing theoretical temperature corrections (scaled by 0.9989).
9 Calculated using experimental BDE f&€H,OH reported by Dobe et &2 " Calculated using experimental BDE f&tH,CHCH, reported by

Seetul&!® T Calculated using experimental BDE f@H,CCH reported by

Robinson et & | Calculated using experimental BDE f@H,COOH

reported by Wenthold and Squir#é. k Calculated using experimental BDE fe€H,COOCH; reported by Holmes et 8l¢ ' Calculated using
experimental heats of formation fa€H,CN and CHCN reported by Lafleur et & ™MD and MAD are the mean deviation and mean absolute
deviation, respectively, from experiment or CBBAD values." For species with experimental uncertainties of less thaf kJ mot™.

BDEs may still produce acceptable stabilization energies. Tableand UB3-LYP both tend to overestimate the CBS-RAD RSEs

2 presents calculated and experimental RSEs.

As noted earlier, Wlgives very accurate BDEs and this is
further reflected in the RSEs calculated at this level. The MAD
from experiment for Wlis 3.1 kJ mot®. The W1 RSEs tend
to be slightly lower than those determined from experimental
data (MD(Expt)= —2.2 kJ mot?).

At the CBS-RAD level, the MAD from experiment is only
2.4 kJ mof L. Here once again, CBS-RAD tends to give slightly
lower RSEs than experiment (MD(Expt) —1.9 kJ mot™?).

G3(MP2)-RAD compares well with CBS-RAD (MAD(CBS-
RAD) = 2.9 kJ mof?). It can be seen from Table 2 that G3-
(MP2)-RAD systematically underestimates CBS-RAD stabili-
zation energies, with MD(CBS-RAD¥ —2.5 kJ motf™. This
appears to be due to the slightly larger deviation in the BDE
for methane (6.6 kJ mot) than for the substituted methanes
(~4.1 kJ mof?).

Because of a systematic cancellation of errors in the BDEs,
RMP2/6-31H#G(2df,p) single-point calculations also perform
quite acceptably in predicting RSEs (MAD(CBS-RAB)3.8
kJ molY). The slightly greater underestimation of the BDE for
methane (20.0 kJ mol) than for the substituted methanes
(~16.5 kJ mot?) leads to systematically low RSEs (MD(CBS-
RAD) = —3.4 kJ mot?).

RB3-LYP/6-31HG(3df,2p), (MAD(CBS-RAD)= 4.7 kJ
mol~1), performs slightly less well than RMP2 for stabilization
energies, while UB3-LYP/6-3HG(3df,2p) shows the largest
MAD (6.0 kJ mol?) from CBS-RAD. Interestingly, RB3-LYP

(MD(CBS-RAD) = 4.6 and 5.9 kJ mol respectively). This
can be attributed to the fact that both levels underestimate the
BDEs for the substituted methanesg.8 and 14.3 kJ mol)

to a greater extent than for methane (4.2 and 8.4 kJ ol
respectively).

The results in Table 2 indicate that unsaturatedcceptor
substituents (such as€IN, C=CH, CH=CH,, CHO and GH5)
all produce significant radical stabilization. This is a conse-
guence ofr resonance involving the interaction of the radical
2p(C) orbital with the occupiedr and emptysz* orbitals of
ther-acceptor substituent, as discussed above (Figut&The
net result is a two-electron bonding stabilization. Of the
m-acceptor groups, vinyl (CHCH,) is calculated to yield the
highest RSE with a value of greater than 70 kJ mholhile
the *CH,C=CH and*CH,CgHs radicals are predicted to have
stabilization energies of about 580 kJ mofil. The relatively
high RSE value for theCH,BH radical (42 kJ mot?) is due
to a stabilizing one-electron interaction between the radical
carbon 2p(Q orbital and the formally unoccupied p-type orbital
on the boron atom.

It is also clear that lone-pair-donor substituents gN&H,
OCHs, F, PH, SH, CI and Br) all stabilize a methyl radical
center. This stabilization can be explained by the molecular
orbital diagram in Figure 22 The overall result of interaction
between the radical 2p{Corbital and the lone pair orbital of
the heteroatom is a net one-electron stabilization, the magnitude
of which is related to the energy separation of the interacting
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TABIIE 2: Comparison of Radical Stabilization Energies of Substituted Methyl Radicals with Experimental Values (0 K, kJ
mol~1)a

UB3-LYP/I RB3-LYP// RMP2// RMP2//

radical UB3-LYP®  RB3-LYP®  UB3-LYP! RMPZ2  G3(MP2)-RAD CBS-RAD W1 expt
“CH,NH, 55.3 55.4 458 45.7 44.2 48.6 493  4ZBS
“CH,OH 39.4 39.4 32.2 318 316 34.4 353  3%4.7
“CH,0CHs 40.2 40.4 30.3 29.9 31.0 34.3 352  36.3
“CH,F 17.7 17.7 13.0 12.4 12.4 13.9 148 148
“CH,CHs 20.2 20.0 13.7 13.7 14.1 15.7 159 1820
“CH,CH,CHs 17.6 17.5 10.0 12.5 13.1 15625
“CH,CFs -1.1 ~1.2 -8.1 -8.3 -7.7 -7.2 ~7.2+50
“CH,CR,CF; 2.0 1.9 5.4 —4.9
“CH,PH; 323 316 20.6 20.5 23.3 27.1
“CH,SH 44.1 43.4 34.3 34.6 36.1 39.6 409 4588
“CH,CI 26.4 25.7 20.1 20.0 21.1 23.0 231 2a@7
“CH,Br 19.8 19.2 14.7 14.1 141 4.6
“CH,BH, 45.2 46.3 39.9 40.0 40.1 416
“CH,CH=CH, 79.2 73.3 771 77.0 70.7 73.7 704  7XAT
“CH,C=CH 66.6 62.2 50.3 50.1 52.6 55.5 537 6243
“CH,CeHs 67.3 63.4 50.2 58.9 55.1 6142.1
“CH,CHO 45.2 418 32.3 32.4 34.9 40.0 367  42D.6
“CH,COOH 30.1 29.3 20.2 20.3 21.2 24.6 238 38125
“CH,COOCH 30.6 29.9 20.6 215 25.1 48212.6
“CH,0COCH, 27.9 27.9 17.1 18.1 20.9
“CH,CN 44.3 40.3 31.2 30.9 31.9 37.2 332  4x78
“CH,NO, 20.9 20.2 11.9 11.9 11.6 14.0
MD(expty"" 4.0 2.3 —4.8 4.2 4.1 -1.9 2.2
MAD(expt)™" 4.2 3.2 5.4 4.9 4.1 2.4 3.1
MD(CBS-RAD)" 5.9 46 3.4 3.4 25 -0.7
MAD(CBS-RAD)" 6.0 4.7 3.8 3.8 2.9 15

2The RSEs were calculated as the enthalpy change for reactidsBB-LYP/6-31H-G(3df,2p)//UB3-LYP/6-31G(d)c RB3-LYP/6-311G(3df,2p)//
RB3-LYP/6-31G(d)2 RMP2/6-311-G(2df,p)//UB3-LYP/6-31G(d)¢ RMP2/6-31H-G(2df,p)//RMP2/6-31G(d). Calculated using experimental bond
dissociation energies at 298 K for species in reaction 2 that were obtained frdfartidtook of Chemistry and Physitgand references therein),
unless otherwise noted, and back-correcte@ K using theoretical temperature corrections (scaled by 0.9989Talculated using experimental
BDE for *CH,OH reported by Dobe et &2 " Calculated using experimental BDE faCH,CHCH, reported by Seetuf ' Calculated using
experimental BDE forCH,CCH reported by Robinson et #F | Calculated using experimental BDE fdftH,COOH reported by Wenthold and
Squires?! k Calculated using experimental BDE f@H,COOCH; reported by Holmes et 8t¢ ! Calculated using experimental heats of formation
for *CH,CN and CHCN reported by Lafleur et & ™MD and MAD are the mean deviation and mean absolute deviation, respectively, from
experiment or CBSRAD values." For species with experimental uncertainties of less thaf kJ mof™.

orbitals. The difference in energy between the 2p(@bital All substituents other than Gland CRLCF; are calculated to
and the heteroatom lone pair orbital increases across the firststabilize methyl radicals (Table 2). The slight destabilization
row of the periodic table (going from NHo OH to F), which caused by polyfluoroalkyl substitution is presumably due to the
is reflected in decreasing stabilization energies. It should be dominance of the electron-withdrawing fluorine atoms acting
noted that heteroatom substituents also destabilize a radicalon the electron-deficient radical center. This electron-withdrawal
center through theiv-accepting character. For first-row sub- effect apparently exceeds any stabilizing hyperconjugative
stituents, the order of increasimgaccepting ability is NH < interaction between the 2p{(Corbital and thes C—F bonds.
OH < F, which is the reverse of the order of lone-pair-donating The CF; substituent is slightly more destabilizing than is,€F
abilities. Therefore, thes-accepting and lone-pair-donation CFs, the threg3 C—F bonds apparently outweighing the tyio
effects reinforce one another. For the first-row heteroatoms, we C—F bonds and ong C—CF; bond.
can see thatCH;NH,, which has the smallest orbital energy ~ D. Comparison with Other Studies. Theoretical investiga-
gap and the least electronegative substituent, produces the largesions of stabilization effects include that of Pasto e&iho
RSE value of nearly 50 kJ mol. Less effectiver overlap may  performed a study of RSEs at the UHF and ROHF levels with
be responsible for the reduced RSE values for correspondingthe 4-31G-d basis set-£d indicates the addition of a d-function
second-row systems (e.9GHPH,). on second-row atoms). These results are generally lower than
A methyl substituent is predicted to give rise to slight radical our RB3-LYP and CBS-RAD RSEs. Higher RSEs are normally
stabilization. This occurs as a result of hyperconjugation in obtained with the inclusion of electron correlation, as indicated
which the radical 2p(§ orbital interacts with an occupied by the results of Delbecq (CI/STO-3&)and Coolidge and
a-type and a vacant*-type orbital of the methyl group, as  Borden (UMP4/6-31G(d)}i whose values are generally similar
discussed above (Figure B)This orbital interaction is similar ~ to our CBS-RAD stabilization energies except for systems
to that occurring between a 2pjCorbital and az-acceptor displaying considerable spin contamination. Lehd and Jéhsen
substituent, but the resulting stabilization is smaller because theevaluate stabilization energies at the AUMP4/6-31G(d) level
energy difference between the orbitals is larger. Hyperconju- of theory. Their results are also generally similar to our CBS-
gation due to the methyl substituent involves the thte€e—H RAD RSEs, with the exception 0€H,—CH=CH,, *CH,CN
bonds. The ethyl group also stabilizes a methyl radical, this time and*CH,BH,, for which they predict significantly different (by
due to hyperconjugation involving thé C—H and C-CHjs 9.1-21.0 kJ mot?) values. In some of their work, Leroy et
bonds. The stabilization provided by the ethyl group is slightly al2dhave used an alternative definition for stabilization energy,
less than that afforded by the methyl group. defined in terms of the atomization energies and standard bond
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energies. This is a general definition applicable to both open-  For the calculation of radical stabilization energies, we find
and closed-shell species but does not appear to offer anythat G3(MP2)-RAD also compares well with CBS-RAD (MAD
advantages in the present case over the use of the enthalpy.9 kJ mot?). As a result of a systematic cancellation of errors,
change for the isodesmic reaction 3. While the values from this RMP2/6-311%G(2df,p) and RB3-LYP/6-31G(3df,2p) single-
work are not directly comparable to our RSEs, they generally point calculations also give satisfactory performance for RSEs,
indicate the same trends in substituent effects. One notablewith MADs of 3.8 and 4.7 kJ mot, respectively. UB3-LYP/
exception is the Cl substituent, which Leroy etpredict 6-311+G(3df,2p) performs slightly less well with an MAD of
provides almost no stabilization, whereas all of our calculations 6.0 kJ mof™.
indicate significant stabilization. Most of the substituents examined in the present study
The RSEs of Jursic and Timberlakeas well as Brinck et stabilize a methyl radical center. The only exceptions are the
al. 2" determined at the UB3-LYP/6-331G(2d,2p) level, are  perfluoroalkyl substituents, GfFand CRCFs. These two sub-
in close agreement with our UB3-LYP values. Brinck etual. ~ stituents destabilize radicals because of the electronegative
also report UB3-LYP/6-31G(d,p) RSEs that are generally inductive effect of the fluorine atoms which draw electron
slightly higher than our larger basis set UB3-LYP single-point density away from the electron-deficient radical center.
calculations. Their modified G2 (specifically G2MS3)esults, All other substituents are predicted to stabilize a methyl
however, are generally in reasonable agreement with our radical. This can be rationalized in terms of the ability of these
stabilization energies. Korth and Sickiigeport PUMP2(full)/ substituents to delocalize the unpaired electron. Alkyl substit-
6-31G(d,p) and UB3-LYP/6-31G(d,p) results, some of which uents (CH and CHCHa) delocalize the odd electron by the
differ significantly from our values. In particular, the stabiliza- process of hyperconjugation involving groups that/ate the
tion due to the NH substituent is greatly overestimated, while radical centerz-acceptor substituents (BHCH=CH,, C=CH,
for CN the PUMP2 value is significantly lower. CeHs, CHO, COOH, COOCHand CN) all stabilize a methyl

Recently, Vreven and Morokurfiareported theoretical bond ~ radical center significantly by permitting delocalization of the
dissociation energies at a range of levels of theory (UHF and Unpaired electron into the-system. Lone-pair-donor substit-
B3-LYP through to UCCSD(T) and G2MS) for application in ~ Uents st_ablhze methyl rad|c§als through_athree-electron b(_)ndlng
IMOMO methods. Stabilization energies calculated from their interaction between the radical 2pJ@rbital and a nonbonding
BDEs for ethyl radical are generally in good agreement with Pair of electrons on the heteroatom.
our results. For the benzyl radical, however, they note that the ] o
unrestricted methods display considerable spin contamination Acknowledgment. We thank Dr Larry Curtiss for providing
and as such give results significantly different from experiment. Us with the G3 HLC parameters appropriate for our study and
The values that they obtain with restricted-open-shell and higher- Professor Jan Martin for helpful discussions. We acknowledge
level methods (CCSD, CCSD(T) and G2MS) are generally in & generous allocation of time on the Fujitsu VPP_—300 super-
accord with the present work. computer and SGI Power Challenge of the Australian National

The direct gas-phase thermochemical data in Tables 1 and 2University Supercomputer Facility.

generally agree well with our calculated RSEs, as discussed
above. Previous indirect experimental studies of the RSE values

of substituted methyl radicals include that of McKé&in which RB3-LYP/6-31G(d) and UB3-LYP/6-31G(d) optimized geom-

stabilization energies were correlated with CH stretching "~ - . .
frequencies. These are not directly comparable to our RSEs bute'[rles of the substituted methyl radica#SKlX) and substituted

P : . methanes (CEK) considered in this study. Table S4 contains
%?eggﬁdg%oaﬁfjbiiﬂ::x;er;grs.\NEh>i<Cc§ p'\'[/:cC)Ese;cr)wtglrz(z;rgsthethe total energies that lead to the BDEs and RSEs of Tables 1

almost no stabilization, in contrast to the present study that a.nd 2, respectively. This material is available free of charge

indicates that these groups produce significant stabilization. RSEV'2 the Internet at hitp://pubs.acs.org.
values listed by Bordwell and Zhahgtend to be somewhat
higher than those obtained here, especially for the, NH

substituent, which is predicted to yield roughly twice the (1) See, for example: (a) Fisher, T. H.; Meierhoefer, A. WOrg.
stabilization calculated in the present study. Chem 1978 43, 224. (b) Adrbas. H.; Jackson, R. Al. Chem. Soc., Perkin

Trans. 21983 739. (c) Dust, J. M.; Arnold, D. Rl. Am. Chem. S04983

105 1221. (d) Wayner, D. D. M.; Arnold, D. RCan. J. Chem1985 63,

. 2378. (e) Creary, X.; Mehrsheikh-Mohammadi, M.EOrg. Chem1986
4. Concluding Remarks 51, 1110. (f) Merenyi, R.; Janousek, Z.; Viehe, H. G Suobstituent Effects

. . __in Radical ChemistryViehe, H. G., Janousek, Z., Merenyi, R., Eds.;

We have assessed the performance of a series of theoreticageidel: Louvain-la-Neuve, 1986. (g) Ruardt, C.; Beckhaus, H.-op.

methods, for the calculation of bond dissociation energies and Curr. Chem.1986 130, 1. (h) Timberlake, J. W. liBubstituent Effects in

i ilizati i i - Radical ChemistryViehe, H. G., Janousek, Z., Merenyi, R., Eds.; Reidel:
gggal S}ablhze.ll_ttgon Wierglers]’ 3g_alnsht benchmark sl CBfS h Louvain-la-Neuve, 1986. (i) Creary, X.; Mehrsheikh-Mohammadi, M. E.;
values. The W1method Is the most accurate of the cponald, S.J. Org. Chem1987 52, 3254. (j) Bordwell, F. G.: Lynch,

theoretical procedures used in the present study. CBS-RAD T.-Y. J. Am. Chem. Sod989 111, 7558. (k) McKean, D. Clnt. J. Chem.

gives results close to Wand is therefore used as a secondary Kinet.1989 21, 445. () Sustmann, R.; Korth, H.-@dv. Phys. Org. Chem.
benchmark 199Q 26, 131. (m) Bordwell, F. G.; Zhang, X.-MAcc. Chem. Red.993

: 26, 510. (n) Clark, K. B.; Wayner, D. D. M.; Demirdji, S. H.; Koch, T. H.

We find that, for bond dissociation energies, G3(MP2)-RAD J. Am. Chem. Socl993 115 2447. (0) Berkowitz, J.; Ellison, G. B.;

most closely approximates CBS-RAD with a mean absolute Gutman, DJ. Phys. Chen.994 98, 2744. (p) Ponomarev, D.; Takhistov,

L V. J. Mol. Struct 1997, 435 259. (q) Bordwell, F. G.; Liu, W.-ZJ. Phys.
deviation of 4.2 kJ mot. RB3-LYP/6-311-G(3df,2p), UB3- Org. Chem.1998 11, 397. (r) Brocks, J. J.; Beckhaus, H.-D.; Beckwith,

LYP/6-3114-G(3df,2p) and RMP2/6-31G(2df,p) single-point A. L. J.; Richardt, C.J. Org. Chem1998 63, 1935. (s) Rmer, B.; Gatev,
energies perform less well with MADs of 8.6, 14.1 and 16.7 kJ G. G.; Zhong, M.; Brauman, J. 1. Am. Chem. Sod.99g 120, 2919. (f)
mol~1, respectively. All of these levels systematically under- ?g;”'lg'é' Ingemann, S.; Nibbering, N. M. Niat. J. Mass. Spectror200q
estimate the CBS-RAD bond dissociation energies (MDs of (2) See, for example: (a) Pross, A.; RadomTktrahedronL98Q 36,

—4.2 t0—16.7 kJ mot?). 1999. (b) Leroy, G.; Peeters, D. Mol. Struct. (THEOCHEM)L981, 85,

Supporting Information Available: Tables S1, S2 and S3
contain the GAUSSIAN archive entries for the RMP2/6-31G(d),
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