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Deprotonating Molecules and Free Radicals to Form Carbon-Centered Anions:
A G2 ab Initio Study of Molecular and Free Radical Acidity
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Molecules CHX and free radicalsCH,X can be deprotonated to form carbon-centered aniongXCtnd

radical anions HCX, respectively. We have studied the geometric and thermochemical changes that

accompany such deprotonation processes for a variety of substituents X includingitim®r groups Nk
OH, OCH;, PH;, SH, F, CI, and Br and ther-acceptor groups Bl AlH,, CHO, NG, CN, and NC.

Thermochemical properties calculated and discussed include the gas-phase acidities of the molecules and

free radicals, the electron affinities of theH,X free radicals, various dissociation energies, and the heats of
formation of all species. The acidities @WH,X radicals are predicted to be greater than those of)Cldr

s-donor substituents but less foracceptor substituents (except CN and NC). The changes that are predicted
to occur upon deprotonation in-X bond lengths, € X homolytic and heterolytic bond dissociation enthalpies,

C—H homolytic bond dissociation enthalpies, and radical stabilization energies may be understood by examining

the orbital interactions that take place in each species.

Introduction or sometimes being unboufid Deprotonation at the radical
center gives HCYH, the radical anion of a carbene. Carbenes
may also have either positive electron affinities (yielding stable
radical anions) or negative electron affinities (yielding thermo-
dynamically unstable radical anions). However, regardless of
whether the radical anion of a carbene is stable, studying
1) HCYH*~ anions permits the investigation of the effect of
substituents on the stability of radical anions.
The gas-phase acidities of molecules (hereafter simply referred The aim of the present work is to systematically study, at
to as acidities) have been experimentally determined with a the G2 level of theory, the effect of deprotonatiancarbon
variety of techniques ranging from kinetic studies using flowing- on the structure, stability, and thermochemistry of molecules
afterglow and selected-ion flow mass spectrometry, equilibrium and free radicals. We chose for this study a set of prototypical

An important quantity pertaining to the deprotonation of a
molecule in the gas phase is the enthalpy differencgid°)
between a species (AH) and its deprotonation productsA
H):

AH—A +H"

measurements with high-pressure mass spectrometry, andsubstituted methanes, GX¥l and free radicals'CH2X, where

bracketing experiments using FT-ICR mass spectronfeffy.
complement experimentah,.dH°® data, ab initio molecular

X represents a variety of substituents including thxdonor
groups NH, OH, OCH;, PH,, SH, F, CI, and Br and the

orbital calculations have been used to calculate the enthalpiest-acceptor groups BHand AlH, (o-donors) and CHO, N&

of deprotonation of moleculeé’s'! One of the most successful
methods employed has been G2 theowhich has been found
to generally predict acidities in good agreement with experi-
mental values$.

A molecule such as C§YH can, in principle, be deprotonated

CN, and NC §-acceptors). The substituents thus include groups
that are electropositive or electronegative with respect to carbon,
as well as unsaturated groups that permit delocalization of
electron density.

at either the heteroatom or the carbon. The former processComputational Methods

yields an anion centered on Y, while deprotonation of the methyl
group leads to a carbon-centered anion. Typically, the hetero-

Standard ab initio calculatiohsvere carried out using the

atom is the more acidic site (and is characterized by a lower GAUSSIAN 94 and ACESI? packages. Geometries were

AacidH°®; for example, the value foAacdH° corresponding to
deprotonation of the methyl group in GBIH is 1735 kJ moit
(see text), while that for deprotonation of the hydroxy group is
1601 kJ motY).* The anion CHYH™ is nevertheless of interest,
as it allows the effect of substituents on anion stability to be
systematically studied by varying YH.

A free radical,"CH,YH, can also be deprotonated at either
Y or C. Deprotonation at Y typically leads to the radical anion

of a stable, closed-shell molecule (for example, deprotonation

of the hydroxy group irrCH,OH yields the radical anion of
formaldehyde, ChiD*"). These species are usually not very

optimized at the MP2(full)/6-31G(d) level, and zero-point
vibrational energies (ZPEs) (scaled by 0.8929) were obtained
at the HF/6-31G(d) level in accordance with the G2 scheme.
G2 theory effectively corresponds to a QCISD(T)/6-3Q-
(3df,2p)//MP2(full)/6-31G(d) energy calculation, adjusted to 0
K by the zero-point vibrational energy, and includes an empirical
higher-level correction (HLC) to account for residual basis set
deficiencies.

Gas-phase aciditeg\{:igH°) at 0 K were calculated as the
enthalpy change for the deprotonation reaction 1. Since the
HLC in G2 theory is the same for both the reactants and products

stable, the electron generally having a very small binding energy in reaction 1, the G2 acidities are purely ab initio. Heats of
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formation (AsH°) at 0 K were calculated according to the
atomization method outlined by Nicolaides et'&l Acidities
and enthalpies of formation were correcténl 298 K with the
use of the scaled HF/6-31G(d) vibrational frequencies for the
species under consideration and experimehtdlgs — H°%
corrections for the elements in their standard sthte.
Unrestricted open-shell reference wave functions were used
for all open-shell species. A potential problem in calculating
the properties of open-shell systems is spin-contamination in
the reference Hartreg=ock wave function. In a recent stuéf,
we found that for free radicals exhibiting only moderate spin-
contamination (8= 0.8), G2 theory can typically be expected
to provide an adequate description of their thermochemistry.
Most of the radicals and radical anions discussed in this paper
fall into this category. However, for the few highly spin-
contaminated species (HCBH, HCAIH»*~, *CH,CHO, *CH,-
CN, HCCN~, *CH:NC, and HCNC"), the G2 results may be
less accurate than normal. The G2 total energies of the
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TABLE 1: Comparison of Calculated and Experimental
Electron Affinities of CH ,, CH, and Substituents >

species G2 experimertt
CH, 0.66 0.652+ 0.006
CH 1.13 1.238+ 0.008
NH, 0.77 0.75+ 0.06
OH 1.87 1.828

OCHs 1.62 1.62+0.14
PH, 1.25 16

SH 2.30 2.32£ 0.10

F 3.48 3.399+ 0.003
Cl 3.60 3.617+ 0.003
Br 3.10 3.365+ 0.003
BH. 0.34

AlH, 1.15

CHO 0.34 0.313t 0.005
NO, 2.34 2.30+0.10
CN 3.97 3.74:0.17

aEAvalues in eV at 0 KP Some of these values may also be found
in Curtiss et aP? ¢ Lias et al**

substituted methanes, methyl radicals and their deprotonated

counterparts at 298 K, along with values f&[for the radicals,
can be found as Supporting Information (Table S1). The
complete MP2(full)/6-31G(d) geometries for all species in this
study are presented in the form of GAUSSIAN archive entries
in Table S2 of the Supporting Information.

It has often been stated that the calculation of accurate

1) is typically much smaller than the IE of GH9.84 eV)4
and thus the bonded resonance structiigedominates the
description of the €X bond. When CHX is deprotonated at
carbon to produce CEX~, the EA of X is generally greater
than the EA of CH (Table 1), and thus the no-bond structure
2b begins to become more significant in describing thexC

geometries and energies of anions requires the incorporationbond. This is in some ways similar to what happens when a

of diffuse functions in the basis setln a recent paper, Grondirt
examined the adequacy of the G2 computational scheme for
small anions and explored the effect on the results of the addition
of both a single and double set of diffuse functions. He
concluded that for very small anions such asdnd HO', the
striking quantitative success of G2 theory is mainly due to a
fortuitous cancellation of errors. An alternative method was
proposed (G2(DD)) corresponding to a G2 calculation in which
(a) geometry optimizations are carried out at the MP2(full)/6-
31+G(d) level and (b) single-point calculations are carried out
with basis sets having two sets of diffuse functions. For his
test set, Gronert found that the difference between theory and
experiment for standard G2 theory was at most 8 kJfn@or
AacidH® of CH,), the other discrepancies being less than 4 kJ
mol~1. The G2(DD) level of theory performed better, the
maximum deviation being 4 kJ n1dl. While recognizing the
superior performance of G2(DD), we did not believe that the
extra computational costs of using G2(DD) rather than G2 were

CHsX molecule is protonated: the-€X bond in CHXH™ takes
on*tC: XH character, this character increasing with increasing
ionization energy of XH>16 |n the case of the anions, the
importance of the no-bond structure will increase as the EA of
X increases, being most prominent for the halogens and least
prominent for the groups BEINH,, and CHO (see Table 1).

There will be additional conjugative and hyperconjugative
interactions in the neutral and deprotonated species that may
act in the same or opposite direction to the effects resulting
from no-bond resonance contributions.

When X is am-donor substitutent (%= NH;, OH, OCH;,
PH,, SH, F, CI, or Br), hyperconjugative electron donation in
CHsX can take place from a lone pair on X (n(X)) to a pseudo-
s*-orbital of the methyl group #*(CHz)).2617 When X is a
m-acceptor,o-donor group (BH or AlH»), hyperconjugative
electron donation can take place from a pseudurbital on
CHs (7(CHg)) to the vacant p-orbital on the heteroatom in
CHsX, 2p(X). For X= CHO, NG, CN, and NC f-acceptor,

warranted in the present study, especially as the species in thes-donor groups), hyperconjugative donation occurs frc@H;)
present work are much larger than the problem cases discussed0 7*(X) in CH3X.

by Gronert (and may therefore be better behavéd).

Results and Discussion

It is useful to begin by considering in qualitative terms the
effects of deprotonation on the bonding in §Hand *CH,X.
This then forms a basis for understanding our quantitative
structural and thermochemical results.

1. Effects of Deprotonation on CHX. A molecule CHX
or anion CHX~ can be described as having two resonance
contributors, a single-bond (covalent) structuag énd a no-
bond (ionic) structureh):

CHy—=X < "CH,:X"

la 1b
"CH,—X <> CH, :X~
2a 2b

In a neutral species G, the electron affinity (EA) of X (Table

For z-donor substituents X, the preferred structure obEH
attempts to minimize the unfavorable four-electron interaction
between the lone pair on C with the lone pair on X through
appropriate rotation about the-X bond (Figure 1). Intrigu-
ingly, the observation that the-H bonds in the anions are
lengthened relative to those in @kland the N-H and O-H
bonds are relatively unchanged (see Supporting Information)
suggests a weak n(X)y 7*(CH) interaction for the NHand
OH substituents. For second-row substituents such astRisl
donation appears to be reversed, resulting in a two-electron
donation from n(C) to #*(PH,) (lengthening the PH bonds
relative to CHX, while leaving the C-H bonds relatively
unchanged).

When X is ar-acceptorp-donor group (BH or AlH»), there
is a favorable two-electron interaction in &k between the
lone pair on carbon, n(@, and the vacant 2p(X) orbital on the
heteroatom (Figure 1). TheCH,X anions with ther-acceptor,
og-acceptor substituents % CHO, NG, CN, and NC exhibit a
similar donation tar*(X).
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X = NH;, PH, X = OH, SH X =F,Cl, Br X = BH,, AlH, X = CHO X=CN,NC
(NO»)
Cy
) 0
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Figure 1. Schematic orbital diagrams for the @k anions,"CH,X radicals, and HCX radical anions.

2. Effects of Deprotonation on*CH,X. Like the closed-  TABLE 2: C—X Bond Lengths? in Substituted Methanes,

shell species, the bonding i6H,X radicals and HCX radical Methyl Radicals, and Their Deprotonated Forms
anions can be described by two resonance structures: r(C—X)
"CH.—X < " CH. X~ X CHsX CHoX~ "CHzX HCX"~
32 3é‘ NH, 1.465 1.520 1.402 1.516
a OH 1.424 1.544 1.373 1.522
— ERVIPI v OCHs 1.414 1.504 1.363 1.498
Cra X Ctl'bX PH, 1.860 1.739 1.807 1.773
SH 1.816 1.805 1.728 1.856
. - . . F 1. 1.51 1. 1.4
The _degree to whicBb and4b part_lc_|pate is a functlo_n qf th_e cl 1;’?8 1.368 1_??2 1_923
relative values of the electron affinity of X and the ionization Br 1.949 2.135 1.863 2.136
energies of Chl and CH (Table 1), being greatest for BH, 1.561 1.451 1.530 1.411
substituents X with large EA values. AlH 1.961 1.848 1.930 1.802
There are additional orbital interactions in both the neutral Cgo 11'4?1(3); 115’582 11'23?5 11-2’843
and anionic free radicals. The radical3H,X with zz-donor N2 1461 1398 1412 1405
groups are stabilized by a three-electron interaction between yc 1.423 1.411 1.360 1.411

p(C) and n(X)t%17 When X= BH, or AlH, the formally singly
occupied orbital on carbon, p(C), can be delocalized to the
vacant 2p(X) orbital on the heteroatom. The othesicceptor
groups also allow delocalization of the unpaired electron.
The three-electron interaction between p(C) and n(X) in
HCX*~ (when X is arz-donor group) is less favorable than it is
in the neutral radical¥CH,X since it would result in an increase . . )
in electron density at an already formally negatively charged (PH2) interaction leads to an overall shortening of theXC
carbon atom. When X is BHor AlH,, the 2A’ ground state bond. )
allows favorable two-electron donation from the lone pair on ~_The C-Xbond becomes shorter upon deprotonation ofXCH
C, n(C), to 2p(X) in HCX~. The unpaired electron in these when X_|s ar-acceptor substituent du_e to the interaction of_the
radical anions resides in an orbital that lies in the molecular lone pair on C with ther-acceptor orbital on X, as outlined in
plane (Figure 1). A similar situation exists when=X CHO section 1.
and NQ, with delocalization of the lone pair on carbon taking ~ The HCX™ radical anions generally exhibit longer-&X
place to ther-system of X. However, unlike the situation for bonds thanCHX when X is az-donor substituent. This may
the HCX~ radicals anions with the other-acceptor groups,  also be attributed to the enhanced contribution of the no-bond
HCCN~ and HCNC~ have a?A" ground state in which the  resonance structurdb and the diminished n(X)— p(C)
orbital containing the unpaired electron, rather than the lone interaction. The €&X bond in HCPH~ is shorter than inCH,-
pair, is orthogonal to the molecular plane (Figure 1). We have PH;, as was also observed for the gHtb~/CHsPH, pair.
investigated the?A’ state of HCCN- (which would allow ~ When X= SH and Cl, however, the high EAs of SH and ClI
maximum delocalization of the lone pair to CN) and found it mean that4b dominates the description of the-&X bond,
to lie 70 kJ mot? higher in energy than the groud’ state resulting in longer €X bonds in HCSH™ and HCC1™ than in

aBond lengths in A.

s-donor groups, the €X bonds in CHX ™ are generally longer
than in CHX due to an increased contribution of the no-bond
resonance structur@b. A notable exception is the RH
substituent, where it appears that the competing W€ x*-

(at the G2 level of theory). *CH,SH and*CH,CI.
3. Effects of Deprotonation on the C-X Bond Lengths The HCX~ anions withs-acceptor groups exhibit shorter
in CH3X and *CH.X. The C-X bond lengths in ChX, C—X bonds than in theCH.X free radicals (except for X=

CHoX~, *CHxX, and HCX~ are listed in Table 2. For the NC). For BH, AlH,;, CHO, and N@, this is due to the



Molecular and Free Radical Acidity J. Phys. Chem. A, Vol. 102, No. 25, 1998921

TABLE 3: Calculated Homolytic and Heterolytic BDEs for TABLE 4: Calculated Stabilization Energies for *CH,X and

Substituted Methanes, Methyl Radicals, and Their HCX*~ and Homolytic C—H Bond Dissociation Enthalpies

C-Deprotonated Counterparts? for CH3X and CH,X~

homolytic BDE heterolytic BDE RSE RASE C—H BDE®
Cc—X -C—X C—X -C—X X *CHX HCX~ CHsX CH.X~

CHz—NH; 358.2 322.2 1226.4 311.4 H 0 0 442.6 408.4
*CH,—NH, 429.8 321.4 1350.3 355.6 NH; +46.9 +37.0 395.7 371.3
CH;—OH 391.6 373.1 1153.5 256.1 OH +33.9 +42.6 408.7 365.7
*CH,—OH 450.2 377.9 1264.4 306.0 OCH; +34.1 +33.7 408.5 374.7
CH;—OCH; 359.3 348.4 11454 255.4 PH, +25.6 +3.5 417.0 404.9
*CH,—OCHs 418.4 344.3 1256.7 296.4 SH +38.1 +27.9 404.5 380.4
CH;—PH; 302.3 370.6 1124.7 314.0 F +12.7 +38.5 429.9 369.9
*CH—PH, 352.7 336.2 1227.4 324.7 Cl +20.7 +29.3 421.9 379.1
CH;—SH 3135 366.3 1034.1 207.9 Br +15.5 +27.6 427.0 380.7
*CH,—SH 376.3 356.4 1149.2 243.1 BH> +42.2 —42.0 400.3 450.4
CH;—F 470.1 469.2 1077.3 197.5 AlH, +28.0 —27.7 414.5 436.0
*CH,—F 507.6 469.9 1167.1 243.2 CHO +36.7 —60.4 405.9 468.7
CHz;—ClI 353.6 405.0 948.8 121.2 NO; +12.0 —48.6 430.6 456.9
*CH,—Cl 399.1 396.5 1046.6 157.7 CN +33.0 +14.2 409.6 394.2
CHs—Br 292.8 362.8 936.7 127.8 NC +36.1 +33.8 406.5 374.6
*CH,—Br 333.1 352.6 1029.3 162.6

a Enthalpy change for the reacti®@H,X + CH; — CHzX + *CHa,

%ﬁz__BBT_fz ‘511‘111 gg%g ﬁg’g‘; g;gé in kJ mol* at 298 K.? Ent_halpy change for the reaction HEX+
CHs—AIH, 3502 297.9 1182.2 450.9 CH; — CHg_X‘ + CHy~, in kJ mol? at 298 K.f Enthalpyﬁchange
“CHy—AlH > 403.0 4325 12873 4305 for the reactions CEK — *CH.X + H* and CHX~ — HCX*~ + H°,
CHy—CHO 357.0 536.3 1267.2 567.4 respectively, in kJ mof at 298 K.

*CH,—CHO 418.5 438.1 1380.9 514.3 .
CHs—NO, 263.6 480.4 080.2 317.9 as noted above. As was observed for the closed-shell species,
*CH,—NO, 300.4 394.0 1069.2 276.6 there is an increase in homolytic BDE in HCXrelative to
CH3;—CN 520.3 667.4 1079.6 347.8 *CH.X when X is am-acceptor substituent.

“CH—CN 578.0 643.8 1189.7 369.2 5. Effect of Deprotonation on the Radical Stabilization
CC"SZ__'\,‘\ICC 23;:3 ggg:g 1?)3%,; géi% Energies of*CH>X. There have been many publications dealing

with the question of free radical stability, and many of the factors
2In kJ mol™* at 298 K. that influence the stability of radicals have been discussed in
detail1618 The radical stabilization energies (RSEs) for substi-

delocalization of the lone pair to X. Although, as noted above, tuted methyl radicals may be defined as the calculated enthalpy
the preferred geometric structure of HCCNloes not allow changes for reaction 2 (Table 4):

an optimium interaction of this type, delocalization of the lone
pair may still take place to the second-orbital (Figure 1). *CH,X + CH,— CH,X + "CH, (2)
The interaction is reduced when X NC, perhaps due to the

partial negative charge on the terminal carbon of the isocyano while the radical anion stabilization energies (RASES) for their

group. deprotonated forms, the substituted methylene radical anions,

4. Effects of Deprotonation on the C-X Bond Dissocia- may be defined as the enthalpy changes in reaction 3 (Table
tion Enthalpies in CH3X and *CH,X. The heterolytic and 4):

homolytic C—X bond dissociation enthalpies for G, CHxX ",

*CH,X and HCX~ are listed in Table 3. HCX'™ + CH,  — CH,X™ + CH,™ (3)
The most striking observation in Table 3 is the dramatic drop

in the heterolytic BDEs in the anions relative to the neutrals.  The RSEs forr-donor andr-acceptor substituents have been

The reductions in heterolytic BDEs follow the trend in the discussed in detail in a previous publicatin.Briefly, the

electron affinities of X (Table 1). As the EA of X increases, +CH,X radicals withz-donor groups such as NHre stabilized

the contributions from the no-bond resonance struct2ioeend by the n(X) — p(C) interaction, while the radicals with

4b will also increase, facilitating heterolytic cleavage. m-acceptor groups such as Bhor CN are stabilized by
The homolytic BDEs do not follow the same pattern as the delocalization of the unpaired electron to X.

heterolytic BDEs. The CEX~ anions with first-rowsz-donor The z-donor groups all stabilize HCX relative to CHX ™,

substituents (%= NH, OH, OCH, or F) have smaller homolytic  due to the n(X)— p(C) interaction in the radical anions, which
BDEs than their CkX counterparts. The four-electron repulsion  is absent in the closed-shell anions. The RASE values of the
between n(C) and n(X) weakens the-€X bonds in these cases.  radical anions substituted by BHAIH,, CHO, or NG groups
The anions with the second- and third-ramdonor substituents  are negative; that is, the HCXradical anions are destabilized
(X = PH,, SH, CI, or Br) all have stronger homolytic BDEs  relative to CHX~, while CN and NC both are found to stabilize
than their CHX analogues. the radical anions.

The CHX™ anions withsr-acceptor substituents all display The stabilization energies defined by reactions 2 and 3
larger C-X homolytic BDEs than CBX. This is due to the  correspond to values of-€H bond dissociation enthalpies for
favorable interaction between the lone pair on C and 2p(X) (for CHzX and CHX "~ relative to CH and CH™, respectively. For
BH; and AlH,) or z(X) and z*(X) (for X = CHO, NG,, CN, completeness, the absolute values of theHIBDEs in CHX
and NC). and CHX™ are also included in Table 4.

The *CHxX radicals with zz-donor groups (except for Br) 6. Gas-Phase AciditiesAacigH®) of Molecules CHX and
exhibit a decrease in homolytic BDE upon deprotonation (Table Free Radicals*CH,X. The G2 values ofA,dH® for CHsX
3) due to the reduction in the n(X} p(C) interaction in HCX", and *CHyX are listed in Table 5 along with values from the
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TABLE 5: Comparison of Calculated and Experimental TABLE 6: Comparison of Calculated and Experimental
C-Centered Gas-Phase Acidities Heats of Formatior?
G2 literatureAacigH°® values G2 experimentalAsH®5gg

species  AgcidH® experiment theo®y species  AfHO%gg Lias et alP other data
CH3NH> 1752.3 1754.9,1755! CH3NH; —22.8 —23.0+04
*CH2NH> 1727.9 CHNH2~ 198.7
CH3zOH 1734.7 1730.311736.3 *CH;NH3 154.8 15948 150.6
*CH,OH 1691.8 HCNHz>*~ 352.1
CH3OCH; 1727.3 1703t 8¢ CH3OH —206.7 —201.6+0.2
*CH,OCH; 1693.6 CH,OH~ -2.7
CH3PH, 1648.1 1663.8 *CH,OH —16.0 —26+6 —16.6+0.99-16.6+ 1.3
*CH:PH, 1636.0 HCOH~ 145.0
CHsSH 1663.5 1671.41675.2 CH3OCH; —192.4 -184.0+0.5 f
*CH,SH 1639.4 CH,OCHs~ 42 —-11+9
CHzF 1717.2 1709.4171811720.4 *CH,OCH;s —-20 —-13+4 —5.4+ 89f
*CHaF 1657.2 1668k 16" 1657 HCOCH~ 160.8
CHsCI 1666.0 165# 15° 1675.7¢ 1667 CHsPH; —19.4 -18
*CH.CI 1622.2 161Gt 10° 1630 CH,PH,~ 98.0
CH3Br 1646.3 1643t 16° 1645.5 *CH,PH, 179.6
*CH.Br 1600.0 1593t 8" HCPH~ 284.8
CH3BH3 1518.6 15248 CHsSH —20.5 —22.94+0.6
*CH,BH; 1568.7 CH,SH~ 112.3
CHzAIH, 1568.7 1564 *CHSH 166.1 150.0t 8.4"
*CHAIH,  1590.1 HCSH~ 274.7
CH3CHO 1540.1 1533 1221533+ 122 CHsF —244.4 247 i
*CH,CHO  1599.9 CHF~ —58.0
CH3NO;, 1499.6 1494 12 *CHF —32.6 —33+8 —31.8+ 8.4
*CH,NO, 1525.9 HCPF~ 93.9 <116 106!
CH3CN 1569.2 1560k 1121559+ 13 1605.29 1574} 1567.% CHgCI —85.5 —82.0+0.5
*CH.CN 1553.7 1569 1881563+ 3 CH.CI~ 48.7 45+ 16
CH3NC 1604.8 158% 8 1605.F *CH.CI 118.4 130 117.3F 3.1M116+ 8"
*CH,NC 1572.9 1582 10 HCCI~ 209.8 19%!

2|n kJ mol* at 298 K. Some of the G2 values have also been quoted g:gg; gig 722?[1125 13
by Smith and Radorf.? If 0 K values were reported, they have been *CH,Br 1751 174 168 8"
corrected to 298 K using the thermal correction factors obtained in the ycpr— 244.3 237
present study: EI-Nahas et at®® 9Downard et af° ©Lias et al* CH3BH, 22.9
fRodriquez et at® 9 Edgecombe et & "Born et al?® I Matimba et CHyBH,~ 10.9
al2%a i Jorgensen et &2 kK Wiberg et aPh *CH,BH> 205.3

HCBHy~ 243.2

literature3a.c.e.n4.14.19.20There is a paucity of experimental data CHsAIH: 56.4

_ ) L CHAIH ™ 94.3
available for carbon-centered acidities of molecules, partly CHAH, 2520

because deprotonatio_n of @¥lgenerally occurs prefere_ntially HCAIH— 3123
at the heteroatom (as in GBH, see above). The experimental CH,CHO —-174.3 —165.8+0.4
data that are available are thus almost exclusively for systems CH.CHO~  —164.9 —165+ 13
bearing substituents that do not contain hydrogen (F, CN, etc.). ﬁgéﬂﬂoq ég-g
Experimental determination of the carbon-centered acidities of CHNO, _86.7 —74.8410
radicals is a more difficult problem, but Nibbering and co- cH,NO,- -117.8 —114+13
workerg? have measured the acidities of the halo-, cyano-, and *CH,NO; 125.9
isocyano-substituted free radicals using the bracketing method E(H:'\lc(r)\lf 1%% ;ii )
- iditi 3 .
and FT IQR mass spectrometry. Our calculated gmdltles are &\ on- 1141 105t1220419 101+ &
generally in good agreement W|th the quoted experimental data .cp,cn 2670 245+ 10 243+ 139250+ 8
for both molecules and free radicals. HCCN~ 290.3 <422,309+ 19 287+ 11°
The relative acidities of CgX and*CH,X reflect the relative CH3NC 1746 1731

ilities of CHX~ and HCX™: the greater th ility of ~ CHNC- 2487 232 8

stabilities of CHX~ and HC the greater the stability o NG 3631 200% 139334 8

the anions, the greater the acidity (and the smalleAth@H 298
value). For ther-donor groups (X= NH,, OH, OCH;, PH,, . ) . e o
SH, F, Cl, and Br), th&HzX radicals exhibit Sma”eAacid"oZQB In kJ mol! at 298 K.?Lias et al Griller and LOSSIan.

. : : e 4 Ruscic and Berkowit?!? ©Dobe et al?'® G2 value of—184.1 kJ
values '[?"?‘“Ve o CBX, reflecting thg greater rglgtlve stability mol~* for CH;OCH; and+3.8 kJ mot* for *CH,OCH; using isodesmic
of HCX*™ in these cases (see section 5). This is also the caseyeactions (Good and Francis@y. s Holmes and Lossing® " Ruscic
for CN- and NC-substituted radicals. ThgcidH29s values for and Berkowit2l | Theoretical value of—240 + 5 kJ mof? by

the free radicals with the other-acceptor substituents (> Espinosa-Garcid? 1 Pickard and Rodgef" k Using AacidH208 and
BH,, AlH,, CHO, and NQ) are larger than for their C#X AfH®2gg values forCH,X from Born et a2 and this table, respectively.
counterparts due to the destabilization of the resultant radical' Theoretical value of 94.1 kJ mdiby Rodriquez et af! ™ Seetule"
anions. "Holmes and I_fo:ssm«f;l:J °Theoreg;cal value of 21(1)129 kJ n1dl by

7. Heats of Formation of CHX, CH,X~, “CH,X, and Rodriquez et aff P Matimba et af’ 9Holmes et aF
HCX*~. The heats of formation at 298 K for all of the species radicals has been discussed in a previous publicatiohgree-
discussed in this paper can be found in Table 6, where they arement with the values listed by Lias etlis generally fairly
compared with recent experimental and theoretical vafigd2 good and becomes better when more recent experimental values
The comparison of the calculated and experimental values for for the free radicals are considered (Table 6). Experimental
many of the closed-shell neutral molecules and neutral free values for the carbon-centered anions are less readily available.

HCNC- 405.3 386+ 18



Molecular and Free Radical Acidity

TABLE 7: Comparison of Calculated and Experimental
Electron Affinities of *CH,X Radicals®

X G2 experiment
NH> —0.46
OH -0.14
OCHs —0.07
PH, 0.84
SH 0.55
F 0.26
Cl 0.73 0.80+ 0.24
Br 0.97 1.0+ 0.2
BH, 2.01
AlH, 1.64
CHO 1.88 1.817 0.02%
NO, 251 <2.3@
CN 1.58 1.54+ 0.0¢
NC 1.17 1.06+ 0.02

2ln eV at 0 K.PLias et al** ©See also Ma et &2 9 Moran et
al??® eMoran et aP?°
The G2 values for the radical anions compare favorably with
those obtained by combining the recent acidity values for the
free radicals of Nibbering and co-workétswith the experi-
mental AsH°,g5 values for the free radicals in Table 6.

8. Electron Affinities of *CH,X. Table 7 lists the EAs of
the *CH,X radicals discussed in this study. In general, agree-

J. Phys. Chem. A, Vol. 102, No. 25, 1998923

for the MP2(full)/6-31G(d) optimized geometries (Table S2),
and the geometric and energetic effects of optimizing the HCF
and HCCN radical anions with a basis set incorporating a set
of diffuse functions (Table S3) (11 pages). See any current
masthead page for ordering and Internet access instructions.
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