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Reply to Comment on “Identity Hydrogen SCHEME 1
Abstraction ReaCtionS, X+H-X — X—H + X' (a) VB structures for reaction (1):
(X =X'= CH3, Sng, GeH3, San, Png) A
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Receied: Navember 27, 2001 a|n keal/mol. Calculated by use of the VB method described in ref

Zavitsas criticized the title papeon the grounds that (a) it L.

inaccurately emphasizes the importance of the “polar” effect, jnitio methods such as CCSD(T). It is well-known that ab initio
(b) its BOVB calculated barriers are far from experimental cajculations, unless they use a very large basis set and a high-
values; and (c) its VB model is deficient because it allegedly |eye| electron correlation treatment, generally overestimate
lacks an important structure. The author of the comment further payrierss It is unreasonable, therefore, to expect that our BOVB
points out that his own modéffor hydrogen abstraction, is far  cajculations would be better than CCSD(T) barriers. In fact, it
more accurate, than the VB model, and advocates its use. Injs gn achievement of the BOVB method to perform as well as
our reply we first respond to the criticism. Subsequently, by it does,with only eight VB structures
Zavitsas (Z), we show that the Z-model: (i) is based on an \hich s, of course, extremely important but beyond the scope
incomplete theory, and as such it leads to a wrong mechanismof our work® Having said that, it is still important to stress
of activation and (ii) that it works due to fortuitous cancellation that the trends in the computed barriers for reaction 1 are the
of errors. Scheme 1 includes a few drawings required for the sgme at all the levels used in our studgnd therefore we are
discussion of the identity hydrogen transfer reaction, eq 1:  quite confident that when experimental quantities will become
available, they will reflect the same trend, naméhat the
X'+ H=-X"—X~-H+ X" (1) barrier decreases down the column, in the order=XCH; >
SiH; > GeH; > SnHy >PbHs. In this respect, the reader is
encouraged to consult the exchange between Roberts and
Zavitsas regarding the barriers for % CHz and Sik.” Also
relevant is the conclusion of Dubey et @&lthat computed

The Polar Effect. Zavitsas rightly argues that Hammett
correlations, used by the community of physical organic
chemists, do not actually prove the importance of ionic structures
in the transition state (TS) of hydrogen abs'gr action reactions. ., rierg for a variety of hydrogen abstraction reactions correlate
However, he goes a step further and questions generally thewith E, values.
contribution of ionic structures to the TS. Our VB study clearly 15" 7_Model vis-avis the VB Model: Which One Is
showd (Table 1 there) that the ionic structures, Scheme 1a :
contribute more heavily to the TS than to the reactant stat
Mere inspection of the calculated (CCSD(T)/6-31G*) charge
on the transferred hydrogen ato@y, in the TS reveals precisely

the same trend, e.g., for % CHs the charge i = +0.11, repulsion (Pauli repulsion) between its end groups in the X- -

and for X=F itis Qu = +0.485. Thus, the ionic structures are "y 15 "and this repulsive energiExx: is the major cause
quite prominent. However, as arguetheir specific influence of the barrier in the Z-modéf,11as well as in the related BEBO

in this set of identity reactions is masked in the sense that _th_ey model?? It should be clear, at the outset, that the VB structure
do not perturb the regular trends set by the other reactivity set in Scheme 1a is a complete valence set for reaction 1, in

factors.vaen i qutehcnons to th? ptqlar te.|f|fECt 'Qalve begn ra'sedtwhich three valence electrons participate in the reorganization
(see references in the comment), it is still a widely used concep of the bond¢. Since this valence set is complete, the question

in radical chemistry. > i - -
. . L then becomes: what kind of structurell$ that figures so
bB.O.YB Ba{rr]le(rjs. Zﬁ\.gfas argues tnattBO\(B, V\Lh'Ch IS a?h prominently in Zavitsas modeling (Z-model) of reaction 1?
a Ilml 10 (Tg od, ec)i( Ibits a ma_Jé)r sbtl)r;:omlnlg, ecause el The structure set used to model the TS in the Z-model is
calculated barriers deviate considerably from the experimental gy, jnj —1v in Scheme 189 Structured andll are the well-

activation energies). The BOVB calculations were aiméd |, canonical Lewis structures in the VB model (a Lewis

at reproducing the classical barriers and trends obtained by abstructure is a mixture of a covalent and two ionic structures, in

T E-mail for S.S.: sason@yfaat.ch.huji.ac.il. The Hebrew University. SCh.eme laji, h.owever.’ IS not .61 prqur Stru.Ctur.e’.bu.t rather
* Xjamen University. a single d_etermlnant with an indefinite spin (it is just an
§ Universitede Paris-Sud. eigenfunction of theéS, operator but not 08?).13 Moreover,li|
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' Actually Right? Zavitsas questions the validity of the VB model

€ because the structure set used in ref 1 (shown in Scheme la
S here) allegedly lacks an important structure, labeledllasn
Scheme 1b. The spin-alternate structuié, suffers triplet
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is redundant since it is part of the wave functions of both
structured andll, as can be easily seen by writing these wave
functions!4 StructurelV cannot stand on its own and is simply
the linear combination + Il 11415 The use of improper

Comments

range repulsion ternfEqx* is an order of magnitude, or so,
larger than the long-rand&xx:* term. It follows therefore that
the dominant factor of the barrier for the identity hydrogen
abstraction is the Pauli repulsion®Enx*, across the short

structures to determine the energy of the TS leads to alinkage of the TSIn contrast, the Z-model which ignores the

fundamental flaw in the Z-model, as discussed below.

dominant repulsive term, ascribes the origins of the barrier to

Both the VB and the Z-model locate the TS at the geometry the small2Exx* term. The Z-model is, therefore, fundamentally

where the Lewis structures have equal energy, ke Ej. In
both models, this is the crossing point&;)(of the canonical

deficient, and so are the related models (e.g., the BEBO rfpdel
that neglect the important short-range repulsive term.

structures of reactants and products. In both models, the barrier since the z-model neglects the large repulsive term, the
is expressed by eq 2, as a balance between the height of thisegsgonance energy terBg* (eq 4), is very small—10.6 kcal/

crossing pointAE;, and the resonance enerdy) (gained by

mol, calibrated to fit the barrier for X= H.1! Further,Eg* is

delocalizing the three electrons over the three centers in X- - taken to be constant for all X’s of the first two rows in the

H- -X". The height of the crossing point is expressed in eq 3,

using labels of the Z-modéf;! as the energy difference of
structurel at the TS E*) and at the reactant statg{). The
resonance enerdy corresponds to negative value of the quantity
in the Z-model, as expressed in eq 4.

AE'= AE—B 2
AE,=E’—E’ 3
B=—E (4)

Periodic Table, and is amended t611.6 kcal/mol for X's
beyond second row.In contrast, the BOVB calculations, which
give reliable resonance energi€sshow that for the identity
series in ref 1, the resonance energy= —Er") is large and
variable. It is 51.1 kcal/mol for X= CH; and decreases down
the column to 31.8 kcal/mol for X PbH; (see Table 2, ref 1).

It follows that the Z-model reproduces experimental barriers
due to a fortuitous cancellation of erroisunderestimates the
repulsive energy at the TS and compensates by the use of a
small and constantalue of resonance energy

The breakdown of this compensation is apparent in the case
of X = F, where the Z-model prediéfsa zero barrier, while

Using VB theory, the correct quantum mechanical expression g| ap initio barriers, including ones that employ extensive basis

for Ef¥ is given by eq 5a, while thAE; is given by eq 5b
E(VB) = "By’ + 050 Exe " + B ] (5a)

AE(VB) = lEXH* —"Ex + 0'5[3EXX'¢ +Epe i
AD" ="Ey" — 'Ey” (5b)

Here Exy* and 1Exy° are respectively the energies of the

singlet coupled X- -H bond in the TS and the reactant state.

sets and high-level electron correlation treatments, are of the
order of 18-20 kcal/mol*1° This failure is due to the fact that
the only repulsive term in the F- -H- - “F'S is the small long-
range®Ers* term of ca. 5.6 kcal/mol (see Table 1 here). Other
cases where the Z-model succe@dslin predicting very low
activation barrier are for X= OH, HS (RS), and Cl. In all these
cases, the resulting small activation energies are fortuitous,
originating in the smalfExx* repulsion and the neglect of the
very large short-range repulsion terfEqx* (Table 1 here).

The difference between these two quantities is given by the loss  Zavitsas criticizes eq 22 of the VB diagram mddfar its

in the bond energy (the bond distortion termp*. 3Exx* and

poor performance for X= HO and HS. The basic barrier

3E* correspond respectively to the nonbonded Pauli repulsions expression in the VB model\E* = AE: — B (eq 2 above),

between theX' and the X and H fragments of the bonded X- -
H moiety.
The corresponding expressions in the Z-m68elre

E(z-model)=""E,,,* + *E,. (6a)

AE(Z-model)= AD* + %, * (6b)

derives from the VB diagram in Figuré &nd is straightforward
and rigorous. It gives rise to eq 21 (and the related eq A.9 that
is identical to Malrieu’'$®). This equation expresses the barrier
in terms of the promotion ga@, G = 0.75AEst(HX), which
accounts for the short-range triplet repulsion. Equation 22, on
the other hand, is derived from eq 21 by approximating both
the gap ) and the resonance enerd)in terms of the bond
energy,D. Equation 22 is very convenient to ubat has a

It is apparent that both expressions (5b) and (6b) share thelimited scope due to the approximations usidvertheless, it

same bond distortion ternAD¥), while they differ in the triplet

repulsion terms. The Z-model, eq 6, contains only the long-

range repulsior’Exx:*, but lacks the short-range repulsiy*
term.

is quite helpful. For example, using the bond energy for the
O—H bond (a UCCSD(T)/6-3t+G** datum), this equation
yields a barrier of 19.6 kcal/mol for the reaction of=XHO,
compared with a barrier of 15.8 kcal/mol calculated with

The short-range repulsion term has a fundamental physical UCCSD(T)/6-34%+G** for a linear TS structure, HO- - -H- - -

origin.»13.16 Consider structuré in the TS, where there is a
bonded X- -H species adjacent to the fragntit Each of the
two electrons in the bonded H- -X species has 50%nd 50%
B spin, while the electron oX' has either or S spin. Thus,
by bringing the’X" and the bonded H- -X to the TS geometry,
the electron ofX' feels half of a triplet repulsion with each of
H and X, and this is the origin of the two repulsive terms in eq
5. The Z-model fails to account for this term, since it does not
use the correct quantum chemical energy terms of strutfure
but instead adds the redundant and improper strudture
Table 1 shows the two ternd&px* and3Exx*, for the series

OH. For X= SH, eq 22 gives a barrier of 14.8 kcal/mol while
the UCCSD(T)/6-3++G** barrier is 11.0 kcal/mol. This is
not a bad performance. It must be recognized, however, that in
both cases, the actual TS’s are not linear (our QCISD/6-31G**
optimization gives an OHO angle of 138.@nd an SOS angle

of 170.0). A nonlinear TS requires more VB structures in the
valence set (in Scheme 1a). These structures will make the
resonance enerdy larger than the value utilized in eqs 21 and
22 (e.g..B = 0.9D).1 In accord, with previous calculations for
the identity reaction of X= HO 2 we find too that there exists

a hydrogen-bonded cluster, HO/HOH, that precedes the TS

of reactions addressed in ref 1. It is apparent that the short- (UCCSD(T)/6-3%-+G** hydrogen-bonding energy: 6.9 kcal/



Comments J. Phys. Chem. A, Vol. 106, No. 19, 2002045

mol). Moreover, the corresponding TS involves internal hydro- G.; Wagner, A. F.; Dunning, T. H., J3. Chem. Phys1983 78, 4400.
gen bonding, where each terminal H is oriented toward the lone _(t7) R?‘}\Jeﬁ, g-h PJ. ghem'-: Sﬁ?-vTPerk'rl‘Egrgg%Pga 2719. (b)
pair of the oxygen in the other terminus. With such features of <3533 A A3 L1€M. S0C,, Ferkin frans. '

. : 8) Dubey, M. K.; Morschladt, R.; Donahue, N. M.; Anderson, J. G.
this reaction, the success of the Z-model to reproduce the smally, p(h)z& Che?/n. A997 101, 1494,

activation energy (ca. 4.2 kcal/nfplfor this reaction, is more (9) See the same set of structures in: (a) Balint-Kurti, G. G.;
likely by chance. Benyworth, P. R.; Davis, M. J.; Williams, I. H.. Phys. Chem1992 96,
In conclusion, the VB model is a physically correct model. gg%(b) Malcolm, N. ©. J.; McDouall, J. J. W. Phys. Cheml994 98,

In contrast, the Z-_mo_del ignores the true origins of the t?ar_rier. (10) (a) Zavitsas, A. A.; Chatgillialoglu, CI. Am. Chem. S0d.995
Even if its quantitative performance appears good within a 117 10645. (b) Zavitsas, A. Al. Am. Chem. S0d.998 120, 6578-6586.
limited (albeit large) set of reactions, we prefer to use a correct  (11) Zavitsas, A. A.; Melikian, A. AJ. Am. Chem. Sod975 97, 2757.

model and continue to improve its quantitative aspects, which gg éor_‘gsmnv,\'/l"- S Pal;r, ||\-|/| IO'- Amj %heg‘- 39a§63h85’\r/|25‘z‘-
HTH ald, ., Maynau, D.; Malrieu, J.-P.; Garcla bacn, JAAM.
at the moment are still inaccurate. Chem. Soc1984 106, 571.

(14) Shaik, S. S. InNew Concepts for Understanding Chemical

References and Notes reactions Bertran, J., Csizmadia, |. G., Eds.; ASI NATO Series, C267;
. ) . . o Kluwer Publishers: Dordrecht, The Netherlands, 1989; p 165.
Chen) roeos 165 aape. DONg: i Song, L Hiberty, P €. Phys. (15) Malrieu, J. PNow. J. Chim.1986 126 61.
(2)' Zavitsas. A. AJ. Am. Chem. S0d.972 94, 2779. (16) Wu. W.; Danovich, D.; Shurki, A.; Shaik, 9. Phys. Chem. A
(3) For discussion of the effect in radical addition see: Fischer, L.; 2000 104, 8744. ) ) . .
Radom, RAngew. Chem., Int. Ed. Eng2001, 40, 1340. (17) For conclusions regarding the failure of BEBO in some hydrogen

(4) For a recent discussion of the importance of ionic structures in abstraction reactions: Dunning, T. Bl. Phys. Chem1984 88, 2469.
hydrogen abstractions, see: Donahue, N. M.; Clarke, J. S.; Anderson, J. G.  (18) Shaik, S.; Shurki, A.; Danovich, D.; Hiberty, P. Chem. Re.
J. Phys. Chem. A998 102, 3293. 2001, 101, 1501.

(5) Hrovat, D. A.; Borden, W. TJ. Am. Chem. S0d.994 116, 6459. (19) (a) Our calculation, which are at the highest level so far,
The paper discusses a beautiful case in which, tertiary butoxy radical UCCSD(T)/6-31#+G(3df,3pd)//RCCSD(T)/6-31t+G(3df,3pd), leads
abstracts the stronger cubyHEl bond, from methyl cubane and not the to a barrier of 17.8 kcal/mol (FHF angle 132.6). At the same level,
weaker methyl GH bond, due to the “polar effect” that has its origins in  the barrier for a constrained linear TS is 20.9 kcal/mol. The barrier
the stability of cubyl cation. calculated at the UCCSD(T)/6-3HG**//QCISD/6-31G** is 19.1

(6) (a) Lynch, B. J.; Fast, P. L.; Harris, M.; Truhlar, D. G.Phys. kcal/mol (FHF angle= 128.3). A barrier of 17.5 kcal/mol, at the
Chem. A200Q 104, 4812. (b) ExperimentdE, values are quite different QCISD(T)/D95++(3df,2p) is reported in: Fox, G. L.; Schlegel, H. B.
from classical barriers. It takes a considerable effort to obtain correct Am. ChemSoc 1993 115 6870. (b) A previous datum of 23.9 kcal/mol
classical barriers and model from them rate constants Efg] which is reported in: O'Niel, S. V.; Schaefer, H. F., lll.; Bender, C.H¥oc.
reproduce the experimental behavior. See, e.g.: Garrett, B. C.; Truhlar, D. Natl. Acad. Sci. U.S.Al974 71, 104.



