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Abstract: High-level ab initio molecular orbital calculations at the &2(evel of theory have been carried out for

the six non-identity nucleophilic substitution reactions, ¥ CHzX — YCH3 + X—, for Y, X = F, Cl, Br, and .

Central barrier heightsAH*.e,) for reaction in the exothermic direction vary from 0.8 kJ midior Y = F, X = |

up to 39.5 kJ moit for Y = CI, X = Br (at 0 K), and are in most cases significantly lower than those for the set

of identity Sy2 reactions X + CHgX — XCHs + X~ (X = F—I). Overall barriers AH*,,) for reaction in the
exothermic direction are all negative (varying frea68.9 kJ mot! for Y = F, X = 1to —2.3 kJ mof® for Y = Br,

X = 1), in contrast to the overall barriers for the identity reactions where only the value ferFXis negative.
Complexation enthalpief\Hcomp of the ion—molecule complexes Y---CHsX vary from 30.4 kJ mot! for Y = F,

X =110 69.6 kI mot!forY =1, X = F (at 298 K), in good agreement with experimental and earlier computational
studies. Complexation enthalpies in the reaction seriestYCH3X (Y = F—I, X = F, Cl, Br, I) are found to

exhibit good linear correlations with halogen electronegativity. Both the central barriers and the overall barriers
show good linear correlations with reaction exothermicity, indicating a—edggilibrium relationship in the Y +

CHsX reaction set. The data for the central barriers show good agreement with the predictions of the Marcus equation,
though modifications of the Marcus equation that consider overall barriers are found to be less satisfactory. Further
interesting features of the non-identity reaction set are the good correlations between the central barriers and the
geometric looseness (%, geometric asymmetry (%AS), charge asymmeng(K —Y)), and bond asymmetnAWBI)

of the transition structures.

Introduction interpreted and rationaliz&-14-16 within models based on
statistical theories, in particular Rie®RamspergerKasset
Marcus (RRKM) theor}” or phase space theol. Assuming
that ion—molecule complexes are long-lived and their internal
_ _ energy distributed statistically, RRKM theory has been widely
X 4+ CHX—XCH;+ X (X=F,Cl,Br,andl) (1)  ysedto calculate the rate constants foriamlecule complexes
crossing over the central barrier or dissociating back into
Y +CHX—YCH;+ X (Y,X=F,ClBr,andl) (2) reactants. However, experimental d8td¢18and theoretical
trajectory calculatiorfé111%have recently provided evidence for

have attracted considerable interest, both experimeftalyd non-statistical behavior in gas-phasg2Sreactions 1 and 2
theoretically24-11 because of their fundamental nature. Yet (particularly for the groups H, OH, F, Cl, and Br) so that the
despite this great interest, it is remarkable that considerable RRKM model may give rise to incorrect estimates of the
uncertainty still exists regarding the barrier heights for these reaction rate constants and, therefore, of barrier heights. At
reactions. On the one hand, due to the limitations of current . .

experimental techniques, direct experimental data are available (j’) Fé?é’ﬁ)';tu%?,pﬁfsﬁﬁ‘,"Eﬂ‘;ﬁ"é;ﬂmgg:gé‘j‘)l\l’gc”)_E(’S)r%”éégy“f";cf)ﬁf“y’
only for very few reactions and even here the results have beengonert, s.: Mullin, A.: Bierbaum, V. MJ. Am. Chem. Sod99q 112

the subject of continuing debat®3*k On the other hand, the  8650. (c) Gronert, S.; DePuy, C. H.; Bierbaum, V. #.Am. Chem. Soc.

i iti 1991 113 4009. (d) VanOrden, S. L.; Pope, R. M.; Buckner, S.Qwganic
computational data have been found to be very sensitive to theNIass Spectromloo1, 26, 1003, (¢) Graul S, T. Bowers, M. T Am.

level of theory employed so that theory also has not been a cpem Soc1991 113 9696. (f) Cyr, D. M. Posey, L. A.; Bishea, G. A.;
definitive source of information. Han, C.-C.; Johnson, M. AJ. Am. Chem. Socl991 113 9697. (g)

The possible effect of reaction dynamics in gas-phagz S \éVladlfggV;klhli- gll;3|_6lm(’h|§.g.; AgenMW-BD-%BFaUgaR. Jé'- Atm- Cfl\l/lemé
i ab,5,1+13 i ; ; oc. , . yr, D. M.; Bishea, G. A.; Scarton, M. G;

reactlonsl,_ and their influence on the |nt§rpretat|0n of Johnson, M. A.J. Chem. Phys1992 97, 5911. (i) Wilbur, J. L.
the experimental data, has recently been discussed. MoStyladkowski, B. D.: Brauman, J. I. Am. Chem. Sod.993 115, 10823.
experimental kinetic data on gas-phas@ Bactions have been  (j) Knighton, W. B.; Bognar, J. A.; O'Connor, P. M.; Grimsrud, E. P.
Am. Chem. Sod.993 115 12079. (k) Wladkowski, B. D.; Brauman, J. I.

® Abstract published idvance ACS Abstractgune 15, 1996. J. Phys. Chem1993 97, 13158. (l) Giles, K.; Grimsrud, E. Rl. Phys.

(1) (@) University of Sydney. (b) Present address: Department of Chem.1993 97, 1318. (m) Cyr, D. M.; Scarton, G.; Johnson, M. A.
Chemistry, Wayne State University, Detroit, Michigan 48202. (c) Ben- Chem. Phys1993 99, 4869. (n) Strode, K. S.; Grimsrud, E. IRt. J. Mass
Gurion University of the Negev. (d) Australian National University. Spectrom. lon Processd994 130, 227. (0) Viggiano, A. A.; Morris, R.

(2) Comprehensive collections of both experimental and computational A.; Su, T.; Wladkowski, B. D.; Craig, S. L.; Zhong, M.; Brauman, JJ.I.
data up to 1991 may be found in the monographs: (a) Shaik, S. S.; Schlegel,Am. Chem. Socl994 116, 2213. (p) Wladkowski, B. D.; Wilbur, J. L.;
H. B.; Wolfe, S.Theoretical Aspects of Physical Organic Chemistry, The Brauman, J. 1.J. Am. Chem. Sod994 116, 2471. (q) Morris, R. A;;
Sv2 MechanismWiley: New York, 1992. (b) Minkin, V. I.; Simkin, B. Viggiano, A. A. J. Phys. Chem1994 98, 3740. (r) Viggiano, A. A,;
Y.; Minyaev, R. M.Quantum Chemistry of Organic Compoundgechanisms Paschkewitz, J. S.; Morris, R. A.; Paulson, J. F.; Gonzalez-Lafont, A.;
of ReactionsSpringer Verlag: Berlin, 1990. Truhlar, D. G.J. Am. Chem. S0d.99], 113 9404.
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saturated carbon in the gas phase
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the present time the generality of these non-statistical effects The present work represents the first uniform computational

and their importance in N2 reactions remains an open
guestiontk16

We have recently studié€dhe identity methyl-transfer reac-
tions (eq 1) using a modification of G2 theory termed GR(
theory. At this level of theory, the results appear to agree with

study of this fundamental reaction for all the halogens at such
a high level and will hopefully provide more reliable energy
parameters. We use the results to assess the role of reaction
thermodynamics in governing barrier heights and thereby test
the applicability of Marcus theof§2! and the additivity

the limited available experimental data and suggest (to the extentpostulate for intrinsic energies, as applied to gas-phage S
that the selected experimental data are themselves reliable) thahalide-exchange reactiofs. In addition, this data set may be

meaningful barrier heights can be obtained computationally.

useful for further dynamics modeling studies that consider non-

That study led to the surprising conclusion that central barrier statistical effects.

heights for the reaction X+ CHzX vary only slightly (over a
range of just 13.0 kJ mot for X = F—1), and that only for X
= F is there a negative overall barrier. We now extend our
G2(+) study to non-identity methyl-transfer reactions (eq 2).

(4) Recent papers include the following: (a) Vande Linde, S. R.; Hase,
W. L. J. Phys. Cheml99Q 94, 2778. (b) Vande Linde, S. R.; Hase, W. L.
J. Phys. Chem199Q 94, 6148. (c) Wolfe, S.; Kim, C.-KJ. Am. Chem.
So0c.1991, 113 8056. (d) Zhao, X. G.; Tucker, S. C.; Truhlar, D. EAm.
Chem. Soc199], 113 826. (e) Kabbaj, O. K.; Lepetit, M. B.; Malrieu, J.
P.; Sini, G.; Hiberty, P. CJ. Am. Chem. S0d991 113 5619. (f) Gronert,
S.J. Am. Chem. So4991, 113 6041. (g) Shi, Z.; Boyd, R. J. Am. Chem.
So0c.199], 113 1072. (h) Jensen, Ehem. Phys. Letfl992 196, 368. (i)
Sini, G.; Shaik, S.; Hiberty, P. Cl. Chem. Soc., Perkin Trans.1892
1019 (j) Shi, Z.; Boyd, RCan. J. Chem1992 70, 450. (k) Barnes, J. A,;
Williams, I. H. J. Chem. Soc., Chem. Comma@93 1286. (I) Gronert, S.
J. Am. Chem. S0d.993 115, 652. (m) Bickelhaupt, F. M.; Baerends, E.
J.; Nibbering, N. M. M.; Ziegler, TJ. Am. Chem. S0d.993 115 9160.
(n) Boyd, R. J.; Kim, C-K.; Shi, Z.; Weinberg, N.; Wolfe, $. Am. Chem.
So0c.1993 115 10147. (o) Shaik, S.; loffe, A.; Reddy, A. C.; Pross,JA.
Am. Chem. Socl994 116, 262. (p) Hu, W.-P.; Truhlar, D. GJ. Phys.
Chem.1994 98, 1049. (g) Anh, N. T.; Maurel, F.; Thanh, B. T.; Thao, H.
H.; N'Guessan, Y. TNew J. Chem1994 18, 473. (r) Hu, W.-P.; Truhlar,
D. G.J. Am. Chem. Sod994 116, 7797. (s) Shaik, S.; Reddy, A. Q.
Chem. Soc., Faraday Tran$994 90, 1631. (t) Zahradnik, RAcc. Chem.
Res.1995 28, 306.

(5) Basilevsky, M. V.; Koldobskii, S. G.; Tikhomirov, V. /Russ. Chem.
Rev. (Engl. Transl) 1986 55, 948.

(6) (a) Shi, Z.; Boyd, R. JJ. Am. Chem. S0d.989 111,1575. (b) Shi,
Z.; Boyd, R. J.J. Am. Chem. S0d.99Q 112,6789. (c) Shi, Z.; Boyd, R.
J.J. Am. Chem. S0d.99], 113 2434.

(7) Hu, W.-P; Truhlar, D. GJ. Am. Chem. Sod.995 117, 10726.

(8) Poirier, R.; Wang, Y.; Westway, K. @. Am. Chem. S04994 116,
2526.

(9) Glukhovtsev, M. N.; Pross, A.; Radom, I. Am. Chem. S0d.995
117, 2024.

(10) Hirao, K.; Kebarle, PCan. J. Chem1989 67, 1261.

(11) () Wang, H.; Zhu, L.; Hase, W. L. Phys. Cheml994 98, 1608.
(b) Wang, H.; Peslherbe, G. H.; Hase, W.J.Am. Chem. S04994 116,
9644.

(12) (@) Truhlar, D. G.; Steckler, R.; Gordon, M. Shem. Re. 1987,
87, 217. (b) Friedrich, B.; Herman, Z.; Zahradnik, R.; Havlas,Atl.
Quantum. Chenl988 19, 247. (c) Truhlar, D. G.; Gordon, M. Science,
199Q 249, 491.

(13) Tucker, S. C.; Truhlar, D. Gl. Phys. Chem1989 93, 8138.

(14) (a) Olmstead, W. N.; Brauman, J.J.. Am. Chem. S0d.977, 99,
4219. (b) Pellerite, M. J.; Brauman, J.J. Am. Chem. Sod98Q 102
5993. (c) Pellerite, M. J.; Brauman, J.J. Am. Chem. Sod 983 105,
2672. (d) Pellerite, M. J.; Brauman, J. I.Mechanistic Aspects of Inorganic
ReactionsRorabacher, D. R., Endicott, J. F., Eds.; ACS Symposium Series;
American Chemical Society: Washington, DC, 1982; Vol. 198, p 81. (e)
Barfknecht, A. T.; Dodd, J. A.; Salomon, K. E.; Tumas, W.; Brauman, J.
I. Pure Appl. Chem1984 56, 1809.

(15) (a) Dodd, J. A.; Brauman, J.J. Am. Chem. S0d984 106, 5356.
(b) Dodd, J. A.; Brauman, J. 0. Phys. Chem1986 90, 3559.

(16) Graul, S. T.; Bowers, M. TJ. Am. Chem. Sod.994 116, 3875.

(17) See, for example: (a) Gilbert, R. G.; Smith, S. Theory of
Unimolecular and Recombination Reactipn®8lackwell Scientific
Publications: Oxford, 1990. (b) Forst, Wrheory of Unimolecular
ReactionsAcademic Press: New York, 1973. (c) Robinson, P. J.; Holbrook,
K. A. Unimolecular ReactionsWiley-Interscience: New York, 1972. (d)
Pechukas, P. IDynamics of Molecular Collisiondart B; Miller, W. H.,
Ed.; Academic Press: New York, 1976. (e) Chesnavich, W. J.; Bowers,
M. T. In Gas Phase lon ChemistrBowers, M. T., Ed.; Academic Press:
New York, 1979.

(18) Viggiano, A. A.; Morris, R. A.; Paschkewitz, J. S.; Paulson, J.F.
Am. Chem. Sod992 114, 10477.

(19) (a) Vande Linde, S. R. V.; Hase, W. I. Am. Chem. S0d.989
111, 2349. (b) Vande Linde, S. R. V.; Hase, W. L.Chem. Phys199Q
93, 7962. (c) Cho, Y. J.; Vande Linde, S. R.; Hase, WJLChem. Phys.
1992 96, 8275.

Computational Methods

Itis clear from the very large number of calculations already carried
out on $2 reactions at carb8fi-'! that the computational data are
very sensitive to the level of theory employed. For this reason, in our
earlier study of identity & halide-exchange reactions at carlSame
used a level of theory, specifically a modification of G2 the®rhat
is higher than the levels®191lysed previously in comparative studies,
and which appeared to be able to reproduce quite well the (albeit
limited) experimentally available data. In the present study, we apply
this same level of theory to the set of non-identity reactions.

Standard ab initio molecular orbital calculati6hwere carried out
using a modified form of G2 theot§with the GAUSSIAN 92 system
of programs?* G2 theory corresponds effectively to calculations at
the QCISD(T)/6-311G(3df,2p) level with zero-point vibrational energy
(ZPE) and higher level corrections. It has been shé#nt°to perform
well for the calculation of atomization energies, ionization energies,
electron affinities, bond energies, proton affinities, acidities, and reaction
barriers.

Our modifications to G2 theory have been introduced to allow a
better description of anions and for computational simplification. In
the first place, geometries are optimized and vibrational frequencies
determined with a basis set that includes diffuse functions, specifically

(20) (a) Marcus, R. AJ. Phys. Chem1968 72, 891. For further
applications of Marcus theory to methyl-transfer reactions, see: (b) Lewis,
E. S.; Hu, D. D.J. Am. Chem. Sod984 106, 3292. (c) Lewis, E. S.;
Douglas, T. A.; McLaughlin, M. Lisr. J. Chem1985 26, 331. (d) Lewis,

E. S.J. Am. Chem. S0d.986 90, 3756.

(21) (a) Marcus, R. AAnnu. Re. Phys. Cheml964 15, 155. (b) Pross,

A. Theoretical and Physical Principles of Organic Reaityi; Wiley: New
York, 1995.

(22) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
Chem. Phys1991, 94, 7221.

(23) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory;Wiley: New York, 1986.

(24) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.; Baker, J,;
Stewart, J. J. P.; Pople, J. A. GAUSSIAN-92; Gaussian Inc.: Pittsburgh,
PA, 1992.

(25) See, for example (a) Smith, B. J.; RadomJLPhys. Cheml991
95, 10549. (b) Ma, N. L.; Smith, B. J.; Pople, J. A.; RadomJLAm.
Chem. Soc1991 113 7903. (c) Nobes, R. H.; Radom, Chem. Phys.
Lett. 1992 189, 554. (d) Yu, D.; Rauk, A.; Armstrong, D. Al. Phys. Chem.
1992 96, 6031. (e) Wong, M. W.; Radom, L1. Am. Chem. Sod993
115 1507. (f) Smith, B. J.; Radom, lJ. Am. Chem. S0d993 115,4885.

(g) Schlegel, H. B.; Skancke, Al. Am. Chem. S0d.993 115 7465. (h)
Goldberg, N.; HruSa J.; Iragi, M.; Schwarz, HJ. Phys. Cheml993 97,
10687. (i) Armstrong, D. A.; Rauk, A.; Yu, DJ. Am. Chem. Sod 993
115 666. (j) Wiberg, K.; Rablen, P. R. Am. Chem. S04993 115 9234.
(k) Wiberg, K.; Nakaji, D.J. Am. Chem. S0d.993 115 10658. (I) Su,
M.-D.; Schlegel, H. BJ. Phys. Cheml993 97, 8732. (m) Darling, C. L.;
Schlegel, H. BJ. Phys. Cheni993 97, 1368. (n) Su, M.-D.; Schlegel, H.
B. J. Phys. Chem1993 97, 9981. (0) Lammertsma, K.; Prasad, B. X.
Am. Chem. S0d.994 116 642. (p) Gauld, J. W.; Radom, . Phys. Chem.
1994 98, 777. (q) Chiu, S.-W.; Li, W.-K.; Tzeng, W-B.; Ng C-YJ. Chem.
Phys.1992 97, 6557. (r) Durant, J. L.; Rohlfing, C. Ml. Chem. Phys.
1993 98,8031. (s) Glukhovtsev, M. N.; Pross, A.; Radom,JLAm. Chem.
So0c.1994 116 5961. (t) Glukhovtsev, M. N.; Szulejko, J. E.; McMahon,
T. B.; Gauld, J. G.; Scott, A. P.; Smith, B. J.; Pross, A.; RadomJ.L.
Phys. Chem1994 98, 13099.

(26) For a recent review, see: Curtiss, L. A.; Raghavachari, K. In
Quantum Mechanical Electronic Structure Calculations with Chemical
Accuracy Langhoff, S. R., Ed.; Kluwer Academic Publishers: Amsterdam,
1995.



S\2 Reactions of Halide Anions with Methyl Halides J. Am. Chem. Soc., Vol. 118, No. 26, 62256

6-31+G(d) in place of 6-31G(d) for first- and second-row atoms. In Y~ +CH;X

addition, the MP2/6-31G(d) optimizations are carried out with the =~ =~ 7777

frozen-core approximation rather than with all electrons being included

in the correlation treatment. Finally, harmonic vibrational frequencies AH, 1y

are calculated at the HF/6-3G(d) level rather than HF/6-31G(d). This h

level of theory is termed GZ(). We note that geometry optimizations

in some of the previous comparative studies have been performed at

higher levels of theory than the MP2/6-BG(d) level used heré&.’

However, the energy comparisons were carried out at levels lower than

QCISD(T)/6-311G(3df,2p). Y
For bromine- and iodine-containing species, our-§2talculations

were carried out with the use of the effective core potentials (ECP)

developed by Hay and Wadft. Full details of the basis sets and

procedures used are presented elsewderdlote that we have

recommended alternative ECP basis sets for bromine and iodine for

use instandard G2(ECPcalculations. Figure 1. Schematic energy profile for the”Y+ CHsX non-identity
Geometries were optimized using analytical gradient technifues. exchange reaction (Y, X F—I).

The eigenvalue following methdd was employed for transition

structure optimizations. The stationary points on the potential energy relative to separated reactants, which then must overcome an

surfaces were characterized by calculations of vibrational frequencies, gctivation barrier that we term theentral barrier, AH¥ ey t0

yvhich were carri_ed out analyt_ically for Y)é F and Cl and numerically reach the transition structur, The energy then drops as the

B uncions cal. PGt o molecte complex3 s produced and th It

lated at the MP2/6-312G(3df.2p) level on MP2/6-3G(d) geom.  can finally dissociate into separated produ€tsThe overall

activation barrier relative to separated reactants (as opposed to

etries, employing natural population analysis (NPAY . i :
In order to obtain enthalpies for the various species involved in complexl) is denotedAH%,.. Theoverall enthalpy change in

reaction 2 at 298 K, enthalpy temperature corrections were derived the reaction is denoted\Ho: while the central enthalpy
using the harmonic frequencies computed at HF/-3(d) and scaled  difference between product and reactant-iamlecule com-

by 0.8929%2 and standard statistical thermodynamics forméiasn plexes3 and 1 is denotedAH¢: The existence of pre- and

the case of the F+ CHjl reaction, the central barrier exists only at  post-reaction complexes has recently been established experi-
the MP2 level (see below), so the vibrational frequencies were mentally for the systems Cl+ CHsBr3e and - + CHsBr.3h
calculated at MP2/6-31G(d) and a scaling factérof 0.9427 was used

AH,,,

YCH; + X~

to calculate the zero-point vibration energies and the vibrational -1-

contributions to thermal corrections. Unless otherwise stated, we have H H H

used the results of G2( all electron (AE) calculations for F- and ST \C—X _ I X . / __________ _
Cl-containing molecules and G2J-ECP calculations for Br- and H-“‘ %H Y C(,.H X
I-containing molecules in our analysis. Throughout this paper, relative H H H

energies are presented as enthalpy changel &t 0 and/or 298 K. 1(Cav) 2(Cay) 3(Cav)

Bond lengths are in angstroms and bond angles in degrees. Calculated @ Y=F,X=CL b:Y=F,X=Br; ¢ Y=F,X=1];

total energies for all species involved in the non-identity reactions of d:Y=CLX=Br; & Y=CLX=] £Y=Br,X=1I)

Y~ and CHX may be found in the supporting information (Table S1).

_ ] A. CH3X Structures (X = F, Cl, Br, and I). Calculated
Results and Discussion CHsX geometries and NPA charge distributions were presented
in our previous papet. Geometries were found to be in
ffeasonable agreement with experiment. The computational data
indicated that the fluorine atom in GH bears considerable
negative charge, in contrast to the otherg&Hholecules where
chlorine and bromine have near-zero charges, while iodine
actually bears a positive charge.
(27) Wadt, W. R.; Hay, P. JI. Chem. Phys1985 82, 284. B. lon—Molecule Complexes.As we discussed previously,

Ph§258)1ggk£‘8§t51%"7'§/" N.; Pross, A.; McGrath, M. P.; RadomJLChem. there are various conceivable geometries for these complexes.

(29) (a) Schlegel, H. BJ. Comput. Cheml982 3, 214. (b) Schlegel,

The energy profile for an exothermic non-identity2S
reaction (eq 2) in the gas phase may be represented by a
asymmetric double-well potentitl3*as shown in Figure 1. The
reaction involves the initial formation of a pre-reaction ion
molecule complex}l, with a complexation enthalpyAHcomp

H. B. In Ab Initio Methods in Quantum Chemistrizawley, K. P., Ed.; H X

Wiley: New York, 1987; p 249. = H, /s - /
(30) (a) Simons, J.; Jgrgensen, P.; Taylor, H.; Ozmedt,Bhys. Chem. /C\ Yoreeoe H C/'"'H

1983 87, 2745. (b) Taylor, H.; Simons, J. Phys. Chem1985 89, 684. "H X H

(c) Baker, JJ. Comput. Chen1986 7, 385. For a recent review, see: (d)

McKee, M. L.; Page, M. InReviews in Computational Chemistry; 4G 5@
Lipkowitz, K. B., Boyd, D. B., Eds.; VCH: New York, 1993; Vol. 4; p 35. H H
(31) (a) Reed, A. R.; Weinstock, R. B.; Weinhold, F..Chem. Phys. N X_C/ ____.—-X»,,C/
1985 83, 735. (b) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. (H Y 4 \
1988 88, 899. (c) Weinhold, F.; Carpenter, J. E.The Structure of Small H H H
Molecules and londNaaman, R., Vager, Z., Eds.; Plenum Press: New York, 6(Cav) 7(C, orCy)
1988; p 227. (d) Reed, A. E.; Weinhold, B. J. Chem1991, 31, 277. 3 sort
(32) For recent NPA applications, see, e.g.: (a) Reed, A. E.; Schleyer,
P. v. R.J. Am. Chem. Sod99Q 112, 1434. (b) Glukhovtsev, M. N.; (35) Of course this reaction profile providestaticpicture for reactions
Schleyer, P. v. RChem. Phys. Letl992 198,547. (c) Mestres, J.; Duran, 1 and 2 which does not take into account the possible influendgrafmic
M.; Bertran, J.Theor. Chim. Actal994 88, 325. (d) Nemukhin, A. V.; effects. For example, as was computationally found by Basilevsky and
Grigorenko, B. L.Chem. Phys. Lettl995 233 627. Ryaboy-3% and confirmed in detailed trajectory calculations by Hase and
(33) Pople, J. A.; Scott, A. P.; Wong, M. W.; Radom, I&t. J. Chem. co-workers® it is possible that some identity and non-identity23nethyl-
1993 33, 345. transfer reactions may proceed via a direct substitution mechanism without
(34) (a) Lieder, C. A.; Brauman, J.J. Am. Chem. Sod974 96, 4029. the intermediate formation of the reactant-+amolecule complex.
(b) Brauman, J. I.; Olmstead, W. N.; Lieder, C. AAm. Chem. Sod974 (36) (a) Basilevsky, M. V.; Ryaboy, V. MChem. Phys. Letfl986 129,

96, 4030. 71. (b) Ryaboy, V. MChem. Phys. Lettl989 159, 371.
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Table 1. Complexation EnthalpiesAHcomp Of the lon—Molecule
Complexes,1 and3, Calculated at the G2Z() Level (kJ mot?)2

F cl- Br- I-
CHF 57.1(56.5) 39.3(39.3) 34.5(34.6) 30.4(30.7)
CH,Cl 64.6(64.4) 43.7(44.0) 38.6(39.0) 33.9(34.4)
CHBr 68.9(68.9) 45.9(46.8F 40.5(41.1) 35.7 (36.3)
CHsl  69.6(69.6) 45.3(45.8) 40.0(40.7) 35.3(36.0)

a Calculated enthalpies at 298 K, Wwit0 K values given in
parenthesed.Very recent experimental valuésare 50.2 (F--CHsF),
43.5 (Cf---CHgCI), 46.9 (Br---CHzBr), 38.9 (I---CHsl), 52.3
(Cl=+-+CHj3Br), and 45.6 (Br---CH3Cl) kJ mol*. ¢ An experimental
estimaté®®c is 48.1 + 8.4 kJ mofk ¢The G2@) complexation
enthalpies were calculated using the MP2/6-&Kd) zero-point
energies and harmonic frequencies, see fekh experimental esti-
matetis 41.8+ 4.2 kI moft. An earlier experimental valtgis 45.6
+ 2.1 kJ mof™. f An experimental valu® is 41.04 0.8 kJ mot™.

Previous studie€—3° have suggested that complexes in which
the halide ion coordinates with both the carbon and the three
hydrogensY) are lower in energy than those in which the halide
ion coordinates with just two hydrogend)( or with just one
hydrogen §). A further possible structure§, corresponds to
the pre-reaction complex for the so-called X-philic reaction
which results in nucleophilic attack at halog€nFor the F

+ CHjsl system, our calculations actually indicate tBais 30.3

kJ mol* lower in enthalpy tharic at 0 K. However, the two
possible halophilic reactions

CHyl + F —(CH,—I-F)" — CH; +IF"™  (3a)

CHyl + F — (CH;—I-F) —CH; +1IF (3b)

are strongly endothermic (by 110.0 and 291.1 kJ Thol
respectively, at the GZ) level at 298 K), in contrast to the
Sn2 substitution pathway (eq 2) which is strongly exothermic
(by 178.1 kJ moti! at 298 K at the G2f) level). Therefore,
formation of 6 does not appear to lead to a viable reaction
channel, and accordingly is not considered further. Complex
7, which might correspond to a pre-reaction complex for front-
side attack, is also not considered here.

1. Complexation Enthalpies. Calculated G2{) complex-
ation enthalpies AHcomp See Figure 1) are compared with
available experimental data in Table 1. The theoretical results
confirm the experimental observation that the complexation
enthalpies for Ct---CH3zX complexes lie in a fairly narrow
range. The calculated complexation enthalpy of-€CH3Br
(1d) at 298 K (45.9 kJ mol') lies within the range of the
experimental values of 418 4.2 45.64+ 2.1*2and 52.3 kJ
mol~1.43%2 The G2(+) complexation enthalpy of Ct--CHsl (1€
(45.3 kJ mot? at 298 K) is in good agreement with the HPMS
experimental valu® of 41.0+ 0.8 kJ mott. G2(H) calcula-
tions on Cf---CHsF (3a) lead to a complexation enthalpy of
39.3 kJ mot? (298 K), which almost falls within the experi-
mental range of 48.% 8.4 kJ moi™ obtained from ion cyclotron

(37) Schlegel, H. B.; Mislow, K.; Bernardi, F.; Bottoni, &Aheor. Chim.
Acta 1977, 44, 245.

(38) Mitchell, D. J. Ph.D. Thesis, Queen’s University, Kingston, Canada,
1981.

(39) Cremer, D.; Kraka, E). Phys. Chem1986 90, 33.

(40) zefirov, N. S.; Makhon’kov, D. IChem. Re. 1982 82, 615.

(41) Caldwell, G.; Magnera, T. F.; Kebarle, P.Am. Chem. S0od984
106, 959.

(42) (a) Dougherty, R. C.; Roberts, J. Org. Mass Spectronl974 8,

81. (b) Dougherty, R. C.; Dalton, J.; Roberts, J.@rg. Mass Spectrom.
1974 8, 77.

(43) (a) McMahon, T. B. Private communication. (b) Larson, J. W.;
McMahon, T. B.J. Am. Chem. Sod984 106, 517. (c) Larson, J. W.;
McMahon, T. B.J. Am. Chem. S0d.985 107, 766.

(44) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Datt988 17, Suppl. 1.

Glukbe et al.

Table 2. Geometries (MP2/6-3tG(d)) of lon—Molecule
Complexes Y---CHsX (1) and YCH;:--X~ (3) (Y, X = F, CI, Br,
and 1)

complexest  r(Y---C), A r(C—X), A r(C—H), A OHCX, deg
F~+--CHzCl (1a) 2.616 1.832 1.083 108.5
F~---CH3Br (1b) 2.528 2.028 1.081 106.8
F~+--CHal (10 2.478 2.231 1.081 106.1
Cl---CHBr (1d)  3.199 1.992 1.084 107.7
Cl=---CHgsl (1€ 3.175 2.180 1.084 107.6
Br—---CHjl (1) 3.367 2.175 1.085 107.7

complexe8  r(C+-X), A r(Y—C), A r(C—H), A OYCH, deg
FCHs---Cl~ (33) 3.255 1.438 1.086 108.0
FCHs++-Br~ (3b) 3.457 1.435 1.087 108.0
FCHg+-1- (30) 3.738 1.431 1.087 108.0
CICHgz:--Br~ (3d) 3.457 1.807 1.085 108.9
CICHyI- 38  3.741 1.803 1.086 108.9
BrCHa:-1~ (3f) 3.668 1.983 1.085 107.8

resonance chloride-transfer equilibrium measurenm@hes Fi-
nally, the G2¢) complexation energy for Br--CHsCl (3d) of
38.6 kJ mot! at 298 K may be compared with an experimental
value of 45.6 kJ mait.43a

The set of G2¢) complexation enthalpies (Table 1) indicates
that complexation enthalpies forY--CH3X depend primarily
on the identity of Y-, and only to a smaller extent on the identity
of CH3X, and tend to decrease in the following orderr &
Cl= > Br~ > I7. Thus, the complexation enthalpies for F
range between 57.1 and 69.6 kJ miglthose for Ct range
between 39.3 and 45.9 kJ mé) those for Br range between
34.5 and 40.5 kJ mot, while those for T range between 30.4
and 35.7 kJ mot* (Table 1). For a given CEX, the complex-
ation enthalpy is found to correlate with the electronegatt®ity
of Y (e.g.,r2 = 0.983 for CHBr and correlation coefficients
are even greater for the other methyl halides). This observation
is in agreement with our earlier findifgthat the G2¢)
complexation enthalpies forX--CHzX (X = F, CI, Br, and I)
also decrease in the order+Cl > Br > | and show a good
linear correlation with electronegativity. The complexation
enthalpy-electronegativity correlations may be found in the
supporting information (Figure S1).

The pattern of complexation enthalpies for-Y-CHzX as a
function of X shows the following ordering: GH < CH;ClI
< CHsBr ~ CHsl. The fact that CHBr and CHl form the
strongest complexes with a given halide ion signifies thation
dipole interactions (which would favor GH) do not dominate
the complexation enthalpies, and suggests that methyl halide
electron affinity and/or polarizability (which would favor GHi
contribute most significantly.

2. Geometries. Calculated geometries of complexts—f
and3a—f are presented in Table 2. The geometries of the)CH
moieties within the Y---CH3X complexes differ only slightly
from those in unperturbed GM. The Y~---C distances in
Y ~---CH3X complexes (Y= F, Cl and Br) are shorter than the
upper limits for specific interactions (2.94, 3.45, and 3.52 A,
respectively), estimatééifrom the mean-statistical values of the

(45) For a discussion of the current status of the electronegativity concept
in chemistry and for leading references, see (a) Allen, Un€.J. Quantum.
Chem.1994 49, 253. (b) Allen, L. C.J. Am. Chem. S0d.989 111, 9003.

(46) (a) Zefirov, Yu. V.; Zorkii, P. MRuss. Chem. Re(Engl. Transl)
1995 64, 415. (b) Zefirov, Yu. V.; Porai-Koshits, M. AZh. Strukt. Khim.
(Engl. Trans) 198Q 21, 150. (c) Zefirov, Yu. V.; Porai-Koshits, M. AZh.
Strukt. Khim.(Engl. Trans) 1986 27, 74. (d) VWRs were obtained from
X-ray diffraction data on organic crystal structures (VWR(€E)1.71 A,
VWR(F) = 1.40 A, VWR(Cl)= 1.90 A, VWR(Br)= 1.97 A, VWR(l) =
2.14 A). The expression R4Rs)12is used to estimate interatomic distances
for ordinary van der Waals interactions using VWRs of A and B atoms,
respectively*@c The upper limit for specific interactions is approximated
as 2RaRg)¥2 — 0. 15 Asbe
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Table 3. Overall Reaction Enthalpies\Hov), Central Enthalpy Differences between Reactant and ProduetNimecule ComplexesAHcen),
Overall Barrier Heights4H*.,), and Central Barrier HeightsAH*.e) for Exothermic Y- + CHsX Reactions, Calculated at the G2 Level

(kJ mol?)2
Yv X AHOVI’ AHcent AH*OVI' AH*CSI‘It
F, Cl G2() —127.8 (-127.5) —-102.5 (-102.4) —54.7 (-52.5) [-52.8] 9.9 (11.9)
exptl —143+£ 3P 294 5°
F, Br G2() —160.1 (-159.6) —125.7 (-125.3) —67.7 (-65.8) [-66.1] 1.2 (3.1)
exptl —173+£ 4P
F,l G2(+) —178.1 (-177.5) —139.4 (-138.9Y —70.9 (-68.9) [-69.2F -1.3 (0.8}
exptl —201.4+ 3.9
cl, Br G2(+) —32.3(-32.1) —25.0 (-24.8) —8.4 (—6.8) [-6.5] 37.5 (39.5)
exptl —30+£ 3 -7.5
—10.5+ 2.19
—-9.0
—82+1.4
—5.4
cl, G2(+) —50.4 (-49.9) —39.0 (-38.6) —15.3 (-13.8) [-14.2] 30.0 (32.0)
exptl —58+ 3 -19.3+1.9
-11.3
Br, | G2(+) -18.0 (-17.9) —13.7 (-13.5) —-3.5(=2.3)[-2.0] 36.5 (38.4)
exptl —29+ 4 —-10.6+1.9
—-5.9

a Calculated enthalpies at 298 K, wi0 K values given in parentheses. Values in square brackets reprdsertlues &0 K without zero-
point vibrational energies, sometimes referred tA\®.” ® Calculated from data in ref 44 From ref 14c 9 Standard G2f) theory was employed
to obtain the overall reaction enthalpton). However,AHcen, AH*o.r, andAH*enwere calculated using the MP2/6-8G(d) zero-point energies

and harmonic frequencies, see teXthe thermal corrections lead to the

enthalpy of Z8ropping below that of the reactant complex.e. the

central barrier disappears=rom ref 3k.9 From ref 41." From ref 3j." Overall barriers 80 K obtained from modeling the himolecular kinetics
with statistical phase space theory from ref 18alues from ref 7, obtained by fitting to experimental rate constants.

corresponding van der Waals radii (VWR) of the halogens and
carbor?%d reflecting the bonding interaction betweerr and
CHszX. The calculated €-Br~ distances ir8b and3d are found

to be equal (3.457 A) and in agreement with the X-rayBr—
distance of 3.457 A in (PhCOGR"Phy)Br—,462 while the
calculated G+Br~ distance inlf (3.367 A) is smaller. A slight
shortening of the €H length and a slight decreaseirtHCX

(or HCY in 3) relative to the values in isolated G (CH3Y)

molecules are characteristic features of the calculated geometriesgr---CHy-++1- (2f)

of the ion—molecule complexe% and3. For complexes with
iodide anion, the-:-C distances are slightly longer than the
upper limit for specific interactions (3.67 A), which is consistent
with the generally smaller complexation enthalpiesef-ICHzX
(Table 1).

C. Transition Structures and Barrier Heights. Previous
theoreticad®>37.47and experiment&#“° data indicate a prefer-
ence for back-side attack in reaction 2, with front-side attack,
involving the formation of a transition structure with four-
electron three-center cyclic delocalizatforpredicted to be
associated with much higher barri@p$:3747.50 We therefore
only consider back-side attack here. &2(values for the
central barriers AH%.en) and the overall barriers\H¥,,) are
included in Table 3. The geometries and charge distributions
of the Cg, transition structure<2j are presented in Tables-4.

1. Barriers. Calculated central barriers\H¥cen) at 0 K
range from 0.8 kJ motf for the reaction F + CHal up to 39.5
kJ mol for the reaction Ci + CH3Br (Table 3). These non-
identity central barriers are significantly lower than the central
barriers for the identity methyl-transfer reactions (eq 1) reported
previously? a result that is expected since the identity reactions
are thermoneutral (by definition), while the non-identity reac-
tions are all expressed in the exothermic direction. The same
pattern is found for the overall reaction barriepd,,;). Thus,
for the identity set the overall reaction barriehH*.,) is

(47) Anh, N. T.; Minot, C.J. Am. Chem. S0d.98Q 102, 103.

(48) Su, T.; Morris, R. A.; Viggiano, A. A.; Paulson, J.F.Phys. Chem.
1990 94, 8426.

(49) Riveros, J. M.; Jose, S. M.; Takashima,Adv. Phys. Org. Chem.
1985 21, 197.

(50) Glukhovtsev, M. N.; Pross, A.; Schlegel, H. B.; Radom, L. To be
published.

Table 4. Geometries (MP2/6-3tG(d)) of the YCHX™ Transition
Structures 2, X, Y = F, Cl, Br, and I)

r(Y-C), r(C+X), r(C—H), OHCX,
species A A A deg

F---CHy-Cl- (28)  2.016 2.142 1.073 95.6
Fe++CHs-+-Br~ (2b) 2.108 2.242 1.075 97.9
Fe+-CHz-:1~ (20 2.180 2.386 1.076 99.8
Cl+++CHa:--Br~ (2d) 2.371 2.430 1.073 91.4
Cl-+-CHg++1- (20) 2.413 2.586 1.074 92.7
2.520 2.634 1.075 91.2

negative only for X= F 2 while for the non-identity setAH¥,
is negative in all cases (Table 3).

It is of interest to compare our theoretical results with
available experimental data. The kinetics of gas-phase
halide-exchange reactions have been studied intensive-
ly,3:14-16.18:41,48,49,52 54 though only in the exothermic directiép.
Nonetheless, there is only a limited amount of direct experi-
mental data available for their barriers, specifically for the
reactions Ct + CHzBr (which has been studied in most
detaiPb—f,j,k,l,llb,l4—16,18,4l,52,5}1 and F + CH3c|_3d,14c,48 Our
calculated G2t) overall barrier for the reaction CH CH3Br
(AH*,, = —8.4 kJ mot! at 298 K) is close to experimental

(51) Positive overall barriers for reactions 2 with=¥F, X =CI; Y =
F, X=Br; and Y= Cl, X = Br have been deduc&drom flowing afterglow
measurement8 Arrhenius activation energies were simply estimated from
the Arrhenius equation by assuming the pre-exponential factor to be equal
to the ADO (averaged dipole orientation) collision rate constant. Transfor-
mation of these activation energiéinto AH%,,, enthalpies led to slightly
positive or near-zero values, in contrast to later results obtained using the
ICR method*33 and with a pulsed electron beam high ion source pressure
mass spectrometét53 However, the correctness of the earlier estinfdtes
has been questioné®.

(52) Tanaka, K.; Mackay, G. I.; Payzani, J. D.; Bohme, D.Gén. J.
Chem.1976 54, 1643.

(53) For a description of the various experimental techniques that can
be applied to study gas-phase iemolecule reactions, see, for example:
Techniques for the Study of leiMolecule Reactionsfarrar, J. M,;
Saunders, W. H., Eds.; Wiley: New York, 1988.

(54) (a) Damrauer, R.; DePuy, C. H.; Bierbaum, V. ®rganometallics
1982 1, 1553. (b) Bierbaum, V. M.; Grabowski, J. J.; DePuy, C.H.
Phys. Chem1984 88, 1389.

(55) The reaction efficiency in the endothermic direction would be too
small for the reaction to be experimentally observéble.
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Table 5. Looseness and Asymmetry Indekeé the YCHX ™~ Transition Structures( X, Y = F, CI, Br, and I}

species %CX %CY* %L* %ASF WBI(C—X) WBI(C—Y) AWBI
F+-CHg+-Cl- (22) 16.9 40.2 57.1 233 0.591 0.209 0.382
F---CHg+-Br~ (2b) 10.6 46.9 57.5 36.4 0.668 0.209 0.459
Fes-CHa++1~ (20) 6.7 52.3 59.3 45.4 0.728 0.173 0.555
Cl++-CHg+Br~ (2d) 22.0 31.2 53.2 9.2 0.496 0.394 0.102
Cl++=CHg 1~ (2¢) 18.6 33.8 52.5 15.2 0.549 0.357 0.192
Bre+-CHg++1~ (2f) 21.1 48.2 48.2 6.0 0.503 0.412 0.091

a9CX*, %CY*, and %LF are defined in eqs 4ac. %AS was calculated with eq 5. WBI(€X) and WBI(C-Y) are the Wiberg bond index&s
calculated on the basis of the natural atomic orbitaior the C-X and Y—C bonds, respectively, in transition struct@&re AWBI is the difference
between these WBI values, calculated at the MP2/6+33@df,2p) level.

Table 6. NPA Charge Distributions for the YG~ Transition Structures( Y, X = F, Cl, Br, and I}

species acy) aX) q(C) q(H) q(CHa)® AQ(X—Y)©
F---CHa+-CI- (2a) —0.858 —0.590 —0.088 0.179 0.448 0.268
F++-CHg+-Br~ (2b) —0.825 —0.415 —0.355 0.198 0.240 0.410
F-+-CHa+1~ (20) —0.847 —-0.313 —0.459 0.206 0.160 0.534
Cl-+*CHg*+-Br~ (2d) —0.657 —0.564 —-0.391 0.204 0.221 0.093
Cl-+-CHg*+I~ (26) —0.677 —0.494 —0.448 0.206 0.171 0.183
Br-+*CHge++1~ (2f) —0.615 —0.526 —0.483 0.208 0.141 0.089

a Calculated at the MP2/6-33G(3df,2p) level.» The CH group charge provides an estimate of the extent of the contribution of the VB triple-
ion X"R*X~ configuration, see text. Aq(X—Y) = q(X) — q(Y) is the difference between the NPA charges at X and Y, and is a measure of the
asymmetry of the charge distribution 2) see text.

estimates of-7.5%k —9.2#1 and—10.5 kJ mof1.3:5¢ Our G2- the uncertainty. Thus, the reaction was found to be barrier-
(+) AH*, values are also reasonably close to barrier heights free at HF/4-31G 51 but a central barrier of 25.6 kJ nidlwas
obtained by fitting rate constants in the canonical unified calculated at MP2/6-31+G(d,p)® While the latter value
statistical (CUS) model with experimental rate constants at 300 happens to agree with the experimental estimate of 28.9 kJ
K,3218 ytilizing calculated frequency and moment of inertia mol~2, this is not considered to be significant sing@®arriers
information. The barriers determined in this way a®4 (CI- calculated at the MP2 level tend to be overestimaf&d.

+ CH3Br), —11.3 (CI" + CHgl), and —5.9 kJ mot™* (Br~ + Do gas-phase & reactions without a central barrier exist?
CHgl). Finally, our G2(-) AH*\r values are also in satisfactory  Gijven that increasing reaction exothermicity lowers the barrier
agreement with barriers & K determined from modeling the  height, it is conceivable that highly exothermic reactions may
bimolecular kinetics with statistical phase-space theory for the pe parrier-free in this sengaé! The G2¢) calculated enthalpy
reactions Ct + CH3Br (—8.2+ 1.4 kJ mot) and CI + CHgl change for the reaction =+ CHgl is found to be—178.1 kJ
(—19.34 1.9 kJ mof?), but in less good agreement with the  mo|-1 at 298 K83 As this reaction is the most exothermic of
value for Br + CHgl (=10.6 & 1.9 kJ mof*).*® Modeling the set of non-identity halide-exchange reactions, the likelihood
based on phase-space theory gives an overall barrier for theof 5 barrier-free reaction would be greatest in this case. Indeed,
identity (CI, CI) reaction of 11.6 1.0 kJ mot*, for whichthe  oyr estimate of the height of the central barrier at the492(
corresponding G2() value® is 11.5 kJ mot™. It is possible level (0 K) is just 0.8 kJ moft (Table 3). The inclusion of
that the good agreement may be partly fortuitous, given the temperature corrections to 298 K, calculated from the MP2
recent suggestion tha3 reactions may show non-statistical harmonic frequencies, results in the disappearance of the barrier.
effects. Non-statistical effects, to the extent that they are Thys our conclusion is that the reaction # CHl has little or
significant, could be expected to undermine the RRKM or phase- ng harrier$s The experimental rate constant for the reaction of
space theory procedures by which the experimental values are-- yith CHjyl (as with other basic anionic nucleophiles) is found

obtained. Alternatively, the good agreement between theory 4 pe encounter controlleld5464but this finding by itself does
and experiment could be taken as vindicating the use of not prove a barrier-free process.

statistical theories to characterize gross features of {#& S

potential energy surfaces, such as the reaction batfiers.
The G2(+) central barrier for the reaction  CHsCI (9.9

kJ mol?) is some 19 kJ moft lower than the experimental

estimate (at 298 K) (Table 3¥¢ This large discrepancy may

in part be due to non-statistical behavior, discussed above, which™ g1y wolfe, S.Can. J. Chem1984 62, 1465.

has been shown to occur in this react®8nHowever, this is (62) Cernusak, 1.; Urban, MCollect. Czech. Chem. Commur@88§ 53,

just one possible reason for the large discrepancy and thezz:(ggé) This value underestimates that obtained from experimental enthalpies

question needs to be explored further. . . of formation (-201.4-+ 3.9 kJ mot at 298 K (Table 3) by about 23 kJ
Lower level calculations on the CHsCl reaction barrier mol~L. This difference between G2{ theory and experiment is larger than

show a wide variation in results and are of little help in resolving normal (where there is generally agreement to within 10 kJ-#i8? It

arises because of small differences between the theoretical and experimental
(56) The value of-10.5 kJ mof? was obtained at 640 Torr of buffer values of the heats of formation for each of the components of the F

gas pressurd. However, there are significant high-pressure kinetics CHgl reaction [F (7.3 kJ mot?), CHsl (4.4 kJ mot 1), FCH; (3.9 kJ motY),

effect$"57 for reaction 2 (Y= Cl, X = Br)358 and the overall barrier at and I~ (7.6 kJ mof1)]® that happen to all reinforce one another in this

atmospheric pressure is slightly higher (i.e. smaller in absolute magnitude). reaction, rather than to partially cancel out.

2. Geometries. The geometric looseness of&X and C-Y
bonds in the transition structures, %&* and %C-Y*, and
the composite transition structure looseness}%lave been
previously defined?®¢by eqs 4a-c:

(57) Basilevsky, M. V.; Weinberg, N. N.; Zhulin, V. M. Chem. Soc., (64) O’Hair, R. A. J.; Davico, G. E.; Hacaloglu, J.; Dang, T. T.; DePuy,
Faraday Trans. 11985 81, 875. C. H.; Bierbaum, V. M.JJ. Am. Chem. S0d.994 116 3609.

(58) Giles, K.; Grimsrud, E. PJ. Phys. Chem1992 96, 6680. (65) High-level calculations of the = CHjl reaction as well as of the

(59) Wladkowski, B. D.; Allen, W. D.; Brauman, J. J. Phys. Chem. more exothermic OH + CHsl reaction are in progress: Glukhovtsev, M.
1994 98, 13532. N.; Pross, A.; Radom, L. To be published.

(60) Barlow, S. E.; Van Doren, J. M.; Bierbaum, V. Nl. Am. Chem. (66) Shaik, S. S.; Schlegel, H. B.; Wolfe, 3. Chem. Soc., Chem.

Soc.1988 110, 7240. Commun.198§ 1322.
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%CX = 100@*._y — d°™._)/d°™._  (4a) 0
%CY" =100@"._, — d°™._)/[d°™. _,  (4b)
° 50
%L* = %CX + %CY* (4c) £
x
whered*c_x andd¥c_y are the CG-X and C-Y bond lengths in .
transition structur®, andd®™R-_x andd®°™R._y are C-X and T 404
C—Y bond lengths in the reactant and product-ionolecule g
complexesl and3, respectivel\(24¢" The geometrical asym- _
metry (%AS) of the transition structur@ is defined? by: s
[
> -60
%AS" = %CY* — %CX' (5) °
The Wiberg bond indexes (WBHof the Y—C and C-X bonds
in 2, as well as their differenceAWBI), provide an additional
estimate of transition structure looseness and asymmetry of '89200 100 0
bonding. All these measures of transition structure looseness Overall Enthalpy (kJ/mol)

and asymmetry are presented in Table 5 and their correlations

with some of the other properties related to reaction 2 are
discussed below.

3. Charge Distributions. Charge distributions i2 (Table
6) indicate a substantial positive charge on the; @Gidiety in
all cases. This presumably reflects a significant contribution
of the triple-ion valence bond (VB) configuration,
Y ~RTX~,2241.8889fgr all halogens, which is particularly pro-
nounced for the systemF CHzCl. NPA halogen charges

are found to be in reasonable agreement with Bader charges

(AIM). 49 For example, at the MP2/6-3315(3df,2p) level, the
NPA charges on F and Cl ipa are—0.858 and—0.590 while
the AIM charges calculated at MP2/6-8+G(d,p) are—0.814
and —0.623, respectivel§d

The coefficient of the VB triple-ion configuration YR*X~
in the transition state wave function can be estimated as
|g(CHg)|*2, where|q(CHs)| is the absolute magnitude of the
CHjs group charge (assuming that contributions of configurations
YR™X, Y"R™XT, and Y'R™X~ are negligible}>s For F~ +
CHG3Cl, this coefficient is 0.669 at MP2/6-3315(3df,2p) (Table
6). Use of MP2/6-31+G(d,p) Bader charges gives a similar
value of 0.66¥9 For the identity methyl-transfer reaction, as
the halogen electronegativity decreases, the contribution of the
triple-ion configuration XR™X ™~ to the transition state wave
function (given by the square of the coefficient and therefore
equal to|g(CHs)|) decreases from 0.432 for > F to just 0.098
for X = | at MP2/6-311-G(3df,2p)? However, for non-identity
methyl-transfer reactions, the electronegativities of X and Y do
not appear to be the sole determinant of the extent of the triple-
ion contribution. Thus, while thg(CHs) group charge is largest
for F~ + CH3Cl, the q(CHs) charge in2f (Y = Br, X = 1) is
the second largest in magnitude (Table 6).

The asymmetry of the charge distributionsda—f can be
described by the difference betweg(X) and q(Y) charges.
Correlations ofg(CHz) andAg(X—Y) (= q(X) — q(Y)) values
with various kinetic and thermodynamic parameters are dis-
cussed in the next section.

D. Correlations of Barrier Heights. There has been
considerable discussion in the literature as to what factors might
influence barrier heights in gas-phase n2S reac-
tions22.40i.6.7,14.15,61,66,704 g9 we briefly consider our compu-
tational data in this context.

Figure 2. Plot of G2() overall barriers AH*,,) vs G2&) overall
reaction enthalpiesAHov) for the Y~ + CHsX non-identity exchange
reactions (Y, X= F—1) at 0 K. AH*,,, and AH,, values are listed in
Table 3.
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Figure 3. Plot of G2() central barriers AH%en) vs G2@) central
enthalpies AHcen) for the Y- + CHsX non-identity exchange reactions
(Y, X = F—1) at 0 K. AH*.enyand AHcent Values are listed in Table 3.

1. Rate—Equilibrium Relationship and Marcus Theory.
By obtaining barrier heights and reaction enthalpies for a set
of related reactions, it is possible to determine whether these
reactions obey a rateequilibrium relationship. A plot of the
G2(+) overall barrier AH%,,) versus the reaction enthalpy
(AHoy) for the set of non-identity & reactions (eq 2) generates
a good linear correlation (Figure £ = 0.995). An analogous
correlation is also found between the G2(central barriers
(AH*.en) and the central enthalpy change between product and
reactant ior-molecule complexes3 and1 (AHcen) (Figure 3,
r2=0.991), as well as with the overall reaction enthalfs§,,)
(r2 = 0.991). The former correlation indicates that a barrier
height-enthalpy correlation is also found for the elementary
step for interconversion of reactant and productiarolecule
complexes. Thus, the reaction set obeys the -Bellans-
Polanyi principlé® and the empirical expression of Evans and

(67) Wiberg, K. B.Tetrahedron1968 24, 1083.

(68) (a) Dedieu, A.; Veillard, AJ. Am. Chem. S0d.972 94, 6730. (b)
Talaty, E. R.; Woods, J. J.; Simons, Sust. J. Chem1979 32, 2289.

(69) Bader, R. F. W.; Duke, A. J.; Messer, R. R.Am. Chem. Soc.
1973 95, 7715.

(70) Han, C.-C.; Dodd, J. A.; Brauman, J.J.. Phys. Chem1986 90,
471.

(71) Mitchell, D. J.; Schlegel, H. B.; Shaik, S. S.; Wolfe, Gan. J.
Chem.1985 63, 1642.

(72) (a) Shaik, S. Ssr. J. Chem 1985 26, 367. (b) Shaik, S. SCan.
J. Chem1986 64, 96. (c) Shaik, S. SActa Chem. Scand.99Q 44, 205.

(73) Shaik, S. SJ. Am. Chem. Sod.98§ 110,1127.

(74) Wolfe, S.; Mitchell, D. J.; Schlegel, H. B. Am. Chem. S04981
103 7692.
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Table 7. G2(+) Enthalpies of the Elementary Reaction SteyH(en),2 Calculated Brgnsted Coefficients Central AHycen) and Overall
(AHo%ov) Intrinsic Barriers, and Estimated CentralH*..,) and Overall BarriersAH%;) (in kJ mol) Using Various Forms of the Marcus
Equation (at 0 K)

G2(+) G2(+) G2(+) AHcens AH o AH o
Y, X AHgenf ol AHo*cenf AHgou® eq9 eq 10 eq 11
F, Cl —102.4 0.254 (0.235) 52.0 1.8 13.4 —42.4 —43.1
F, Br —125.3 0.170 (0.176) 47.5 -1.1 55 —-50.1 —49.5
F, 1 —138.9 0.117 (0.139) 455 —-0.8 25 —48.5 —48.3
Cl, Br —24.8 0.439 (0.436) 51.2 8.7 39.6 —-5.9 —6.2
Cl | —38.6 0.402 (0.400) 49.0 9.0 31.6 —-12.1 —-12.9
Br, | —135 0.462 (0.465) 44.7 6.2 38.2 —2.3 —2.4

a Central enthalpy differences (kJ mé) between the reactant and product-+anolecule complexes, and3. ® Calculated with eq 12 using the
intrinsic barriers found with eq 8. The values calculated with an intrinsic barrier averaged for alHY CHsX reactions (Y, X= F—I) are given
in parentheses. The two sets give averagadlues of 0.307 and 0.309, respectively. Thealue obtained from the slope of the linear plot of
AH¥ ey versusAHcen (Figure 3) is 0.323. The G2{() averaged intrinsic barrier for reaction 2 is 48.3 kJ mdht 0 K). ¢ Calculated using eq 8
from the G2() data on the identity methyl-transfer reactiofi 1.

AH*

cent— 0 cent

Polanyi?sb AHF + 0.5AH_,+ (AH . )?/(16AH," )

)

and which are listed in Table 7 with the directly computed 0 K
G2(+) AH*,yvalues of Table 3. We can see that the Marcus
estimates ofAH*.¢ (eq 9) are close to the calculated values
(the largest difference being 2.4 kJ m¥)| justifying the use
of the Marcus equation for this purpose. A plot of the two
data sets gives a correlation coefficienrit of 0.999. This
greement between the predictions of the Marcus equation and
irect calculation or experimental measurement has been noted
previously3«15athough many of the experimental and theoretical
values on which the earlier assessments were carried out have
been superseded.

In order to apply the Marcus equation to a double-well
reaction profile and the overall barrier (rather than the central
barrier), some modification of the equation is necessary. Such
an exercise is desirable, however, since the property that is
- AT T measured experimentally in a gas-phas® $eaction is the
magle up of two components: an¢|ntr|r.15|c.or klnetlcicomp.onent, overall barrier, rather than the central barrier. Accordingly,
fjeflned by the intrinsic barriekHg (Whl_ch |s_the barrier height modifications of eq 7 have been proposed by Wolfe, Mitchell,
in the absenc_e Qf a thermodynamic drlvmg force), and a and Schlegdl and by Dodd and Braumat?
component which is due to the effect of reaction thermodynam- 1, \yife, Mitchell, and Schlegel modificatithis
ics, AH. The intrinsic barrier for a non-identity reactiorm ¥
CHsX, AHg*xy), is estimated using the additivity postul&fe:

cent
AH* = 0AH + C (6)

which relates the enthalpy of activatioAH*) to the reaction
enthalpy AH) for a reaction family’®

A further interesting feature of the non-identityZset is an
excellent correlationr = 1.000) between the overall reaction
enthalpy AH,\,) and the enthalpy difference between product
and reactant ioamolecule complexes\Hcen). This correlation
is observed despite substantial differences in the reactant an
product complexation enthalpies.

A more recent barrier-heighteaction enthalpy relationship,
which reduces to the Evan®olanyi expression over a limited
reactivity range, is the Marcus equatiéf?!

AH* = AH," + 0.5AH + (AH)%(16AH,)  (7)

The Marcus approach treats the barrier heighit’, as being

AH* ~ AH 4 0.5AH,, + (AH,,)Y16AH, oo (10)

ovr ovr

AH, oy = 0.5[AH " vsy + AH, o] (8)
0.6 0 0% 0 where AHg* oy is obtained fromAH* oy xx) and AH*gur(vy), the

whereAHqfxx andAHgvy) are the barriers in the correspond- overall barriers in the corresponding identity reactions, by using
ing identity reactions, X + CHzX — XCHs + X~ and Y~ + eq 8, andAH,. is now theoverall reaction enthalpy, i.e. the
CHsY — YCHs + Y-, respectively. In recent years the Marcus €nthalpy difference between products and reactants rather than
treatment has been successfully applied to gas-phase methylbetween product and reactant iemolecule complexeaHcen:
transfer reactions in both experimedtdf2 and computa- The derivation of this expression assumes (i) that the pre-
tionaRa46c.77studies. reaction and post-reaction complexation enthalpies in the non-

Given the large data set that is available from our calculations, identity &2 reaction are equal, i.&Hcent = AHov, and (i)
itis of interest to test whether the Marcus treatment is applicable that the sum of the pre-reaction and post-reaction complexation
at the G2¢) level of theory. Since the Marcus equation is €nthalpies in the non-identity@ reaction can be approximated

normally applied to an elementary reaction stfet us first by the sum of the complexation enthalpies of the two corre-
test the Marcus approach for the conversion of reactant ion SPonding identity reagtlons. _ _ -
molecule complexl to product ior-molecule complex3. Dodd and Brauma#fP suggested a slightly different modifica-

Accordingly, we need to compare tieH* . values obtained ~ tion of eq 7:
by substituting into the Marcus equation:

I ¥ 2 ¥
(75) (a) Bell, R. PProc. R. Soc. Londot936 154A 414. (b) Evans, AH oy ~ AHg oy, + 0.5AH,, + (AHo,) /[16(AH, o,

M. G.; Polanyi, M. Trans. Faraday Socl93§ 34, 11. AHgomp] (11)
(76) For examplep. = 0.323 andC = 44.7 whenAH*.ent and AHcent
are in kJ mot?! (Table 7), withr2 = 0.991. . . £ .
(77) Wolfe, S.; Mitchell, D. J.; Schlegel, H. B. Am. Chem. S0d981, in which the termAHg centis replaced by AHo ovr — AHcomp).
103 7694. This equation may also be derived by assuming that pre-reaction

(78) For a discussion of Brgnsted coefficients, see, for example: _ i i ing i i i
Bordwell, F. G.. Cripe. T. A.- Hughes. D. L. INucleophilicity Harris, J. and post-reaction complexation enthalpies in the non-identity

M., McManus, S. P., Eds.; American Chemical Society: Washington, 1987; SN2 reacti.on are equ"_il so that an average value of the
p 137. complexation enthalpy is used féHcomp



S\2 Reactions of Halide Anions with Methyl Halides J. Am. Chem. Soc., Vol. 118, No. 26, 6286

Inspection of the results in Table 7 shows that the Wolfe et Table 8. Linear Correlations of Various Characteristics of ¥
al. (eq 10) and Dodd and Brauman (eq 11) modifications to the CHsX Reactions (Y, X= F—I) Calculated at the GX) Level

Marcus equation lead to very similar predictions 8", entry parameter 1 parameter 2 r2
Comparison of these values with the computed-§2(alues 1 AHcen(0 K) AHour(0 K) 0.991
(Table 3) indicates good estimates aH*,, for the three 2 AHeen{0 K) AHcen(0 K) 0.991
reactions where the exothermicity is small (Cl, Br; Cl, I; Br, I). 3 AH¥ (0 K) AH*cen{Marcus, eq 9) 0.999
Here the Marcus estimates and the calculated G2 value differ 4 AHcen{0 K) Ag(X-Y) 0.912
by less than 2 kJ mot. However, for the set of reactions where > AH}Q"(O K) (;A’L*St 0.821
the exothermicity is large\H*o is significantly overestimated (73 2:;8“(%) }S) X)HA* (Marcus, eq 10) O'(? Sg 4
(by up to 20 kJ motl). Our results suggest therefore that 8 AH*::(O K) AH*Z::(Marcus: eq 11) 0.990
extension of the Marcus treatment to the overall reaction is much 9 AH*4(0 K) AHov(0 K) 0.995
less reliable than its application to an elementary step, and that g a AHcen(0 K) 0.984
deviations manifest themselves primarily in strongly exothermic 11 a AHeen{0 K) 0.993
reactions. 12 a AHov(0 K) 0.995
Since the Marcus equation provides a good estimate of the 13 o WAS 0.968
central barrier, let us now extend the Marcus treatment to 1451 « iWE'_Y 8'822
consideration of the Brgnsted coefficieat/® Differentiation ¢ o ) '
of the Marcus equation (eq 7) with respectbl and assuming 16 Ag(X-Y) %AS? 0.995
AHo* to be constant lead®to an expression fam in terms of 17 AYX—Y) AWBI 0.957
o - = , . : 18 AHou(0 K) AHcen(0 K) 1.000
the intrinsic barrier and the reaction enthalpy. Thus: 19 AHor(298 K) %L} 0.882
¥ + 20 AHow(298 K %A 0.944
o = JAH8AH = 0.5+ AH/(8AH,") (12) 20 AHWEZ% Kg A1) e
22 AHou(298 K) AWBI 0.990

The a parameter may be obtained for an individual reaction
by substituting appropriat&Hcent and AHo*cent values (listed
in Table 7) into eq 12 in which case it is termed an intrinsic ~ Sy2 reactivity, at least for the halide-exchange reaction,
value. Alternatively, a value oft may be obtained from the  conforms to the Marcus reactivity pattern. Thus, in the present
slope of the barrier-heightenthalpy correlation, in which case case the intrinsic. values do provide at leastraelative measure
it is termed the group: value? Thus the intrinsiax value is of transition state structure, and the more exothermic reactions
a characteristic of particular reaction while the group. value do have earlier transition states. However, it is important to
relates to the reaction serias a whole Since the derivation  appreciate that even though the present system does obey the
of eq 12 assumesH,* values to be constant, intrinsicvalues Marcus relationships, this should not be interpreted to mean
were also calculated withAH.* value averaged for all reactions that all reaction families follow the same pattern. It is
2 (48.3 kI mot?).° Thea values obtained in this manner differ  increasingly clear that the Marcus description is an idealized
only slightly from the intrinsico. values calculated with  one and that it does not apply to all reaction famifigs.
individual AHo* values (Table 7). The group value for this 2. Correlation of the Central Barriers. Both the central
reaction family, 0.323, is obtained from eq 6 (Figure 3). barrier and overall barrier in reaction 2 correlate with the

The significance of the Bransted parameter has been a subjecteaction enthalpyrZ = 0.991 and 0.995, respectively, Table
of considerable debate over recent years. Of particular interest8). The latter is consistent with the experimental observation
has been the question as to whethecan provide a reliable  that S2 rate constants and reaction efficiencies increase as the
measure of transition state structéi’eThe current position  reaction exothermicity increas&g!18.49.54.64 Fyrthermore, as
appears to be that the use of the Brgnsted parameter to estimatebserved for the identity methyl-transfer reactiorsvie find
transition state structure is generally unrelial§ldn particular, a reasonable correlation between the central barrier heights and
the assumption thatgroup o value may provide a measure of the looseness of the transition structure, ®&L(r2 = 0.821,
transition state structure for all members of the series is now Table 8 and Figure 4). Central barrier heights are also found
considered to be invalid; it is increasingly clear that within a to correlate with the geometrical asymmetry of the transition
reaction family, even if that family obeys a ratequilibrium structure, %A% and the charge distribution asymmettyg(X —
relationship, considerable variability in the transition structure Y) (r2 = 0.922 and 0.912, respectively). Taken together these
takes place. correlations provide further evidence for the Marcus reactivity

In order to explore the mechanistic significance of the intrinsic pattern.

o values (Table 7) (as opposed to the greupalues), we have Of special interest is the observation that the geometrical
attempted to correlate the values with a variety of structural asymmetry of the transition structu2e%AS*, exhibits a good
and energetic parameters. Excellent correlations are obtainedcorrelation with the charge asymmetry 2f g(X—Y) (r2 =
Thu-s’ Intrinsica. values are- found to correlate V\-,ith the central 80) For example, radical addition to alkenes does not obey the simple
barriers (2 = 0'9,84)' and, since the central barriers the,mselves Ma(rcus formulatign.,For details, see: Wong, M. W.; Pross, A.;yRadom, E
correlate well with a variety of other parameters, the intrinsic 3. am. Chem. S0d.994 116, 6284.

o values also correlate with the overall reaction enthalpy=( (81) We should mention that calculations of the %@xtex, modified8?
0.995), with the central reaction enthalpy & 0.993), with by taking the C-X bond lengths in the reactant geometry rather than the
N . ¥ bond lengths in the reactant iemolecule complex as suggested originéfly,
indices of the transition structure asymmetry, such as %AS .5y give rise to different results. For example, while there is a reasonable
(r2 = 0.968) andAWBI (r2 = 0.992) (Tables 6 and 8), and correlation {2 = 0.939) between G2{) AH*.mand %CX values in reaction

with the charge distribution asymmetry Jy Aq(X—Y) (r2 = 1 when %CX is calculated from the €X bond length in the reactant ien
0.956) molecule complex geometfsuch a correlation is evidently lacking or is
: ’ quite poor (2 = 0.659) for reaction 1 if the %C¥ndex is found using the

The ability of the intrinsiax values to correlate with reaction  reactant &-X bond lengths. These results do not support the generality of
enthalpy and with transition structure asymmetry reaffirms that the conclusiofi that the difference between these two definitions of the
transition structure looseness is negligible.

(79) Pross, A.; Shaik, SNew J. Chem1989 13, 427 and references (82) Lee, I.; Kim, C. K.; Chung, D. S.; Lee, B.-S. Org. Chem1994
therein. 59, 4490.
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Figure 4. Plot of the G2¢) central barriersAH*.n) vs the geometric
looseness index of transition structuz$%L*) for the Y~ + CHzX
non-identity exchange reactions (Y,X F—1) at 0 K (see eqs 4ac).
The MP2/6-33-G(d) values of %[ as well as of its components, %EX
and %CY, are presented in Table 5.
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Figure 5. Plot of the geometric asymmetry index (%8s the charge
asymmetry indexAq(X—Y)) in transition structure® for the Y~ +
CHsX non-identity exchange reactions (X, F—1). Indexes (%AS)
and Aq(X—Y) are listed in Tables 5 and 6, respectively.

0.998) (Figure 5). In other words, early transition states in a

Glukbe et al.

Table 9. G2(+) Calculated IndexT*) of Thermochemical
Looseness of the YCIX~ Transition Structures2( Y, X = F, Cl,
Br, and I)

Dc-x +
species AH*ourn?  AH%oup® AIEP  Dcy® T*d
F-+-CHs-+-Cl~ (29) —54.7 75.0 119 8103 0.96
Fe++CHs+-Br~ (2a) —67.7 93.8 17.4 748.5 0.94
F-+-CHs-++1~ (29) —68.8 108.9 485 700.2 0.87
Cl-+-CHg*+-Br~ (28) —15.3 25.3 29.2 6328 0.93
Cl-+-CHjz"--1~ (28) —-35 36.2 60.4 5845 0.86
Bre-«CHgz++I~ (2a) —-8.0 15.6 31.2 522.7 0.92

2 AH¥oun and AH*o ) are G2(-) overall barriers (in kJ mol) of
the forward and reverse reactions, respectively, of e§G2(+)
ionization energies (IE) of the halide anions are taken from ref 9.
¢ G2(+) dissociation energiePe-x, 0 K) of the C-X bond in CHX
(X = F—1) are taken from ref 85! Defined by eq 13.

60
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50} \\/\\
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S 407
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Figure 6. Trends in the central barrierAH*..n) and intrinsic central
barriers AHo*cen) for the Y- + CHsX non-identity exchange reaction
(Y, X = F—I) at 0 K. Values ofAH*.c,xand AHg'cenrare listed in Tables

3 and 7, respectively.

F.l

On this basis the observed correlation between geometric
asymmetry and charge asymmetry is surprising. One possible
phenomenon that may account for the chargeometry cor-
relation is curve skewing which would lead to the prediction
that highly exothermic reactions are likely to have their transition
states appearing at an earlier geometry than that defined by the
crossing point of reactant and product configurations. As a
consequence, the contribution of the reactant configuration to
the electronic structure of the transition state increases, leading
to a transition state that is early not just in a geometric sense
but in a charge sense as well. This point will need to be further
clarified.

Finally, we find no correlation between the central barrier or

geometric sense are also early in a charge sense. While thishe sym of the forward and reverse overall barriers with the

pattern might be expected from the Leffler postutatshich

index of thermochemical looseness of the transition structure,

implies that the charge and geometric progression of the reactionT+ gefined by eq 12 (whose values are listed in Table 9), as
coordinate proceed more or less in tandem, a theoretical analysisg,ggested recentfp
based on curve-crossing considerations, suggests that this view

is simplisticd* and that charge and geometric progression are
not necessarily simply related. The curve-crossing model
indicates that the electronic character of the transition state is
governed by the nature and mix of the electronic configurations
that contribute to the transition state electronic wave function,
located at the crossing point of reactant and product configura-
tions®#* rather than by the geometric “earliness” or “lateness”
of the transition structure.

(83) (a) Leffler, J. ESciencel953 117, 340. (b) Leffler, J. E.; Grunwald,
E. Rates and Equilibria in Organic Reactiongyiley: New York, 1963.
(84) Pross, A.; Shaik, Sroat. Chem. Actd 992 65, 625.

TH=1— (AH i + AH o T [AIExy )/(De_x + De_y)

(13)

ovr(r

3. Correlation of the Intrinsic Barriers. The trends in the
central and intrinsic (central) barriers for reaction 2 are shown
in Figure 6. As would be expected, the intrinsic barriers show
only slight variation for different systems, compared with the
central barriers which vary markedly. Furthermore, in accord
with the prediction of the Marcus equation, it can be seen that
the more exothermic the reaction, the greater the difference in
these energies.
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Figure 7. Plot of the G2¢) intrinsic central barriersAHocen, 0 K)
vs the G2{) gas-phase ionization energies of XIE(X7)) in the
reaction series Y + CHzX where Y= F—l and X=F (m), Cl (@),
Br (O), and | (). The G2¢) values of AHo cent for non-identity
reactions are listed in Table 7 while theH*cen values for identity
reactions and the IE(X values are taken from ref 9.

It has been suggested that a combination of strory @nd
C—X bonds and low ionization energies of ¥and X~ should
cause high intrinsic barriers in non-identity 2 reactiong2
However, we do not find any correlation of the intrinsic barriers
with the sum or the difference in the-<¥ and C—X bond
energies. For example, within the set Ct CH3X (X = F,

Cl, Br, and I), the correlation between the intrinsic barrier and
the C-X bond dissociation energf)c-x, breaks down for X

= F. Moreover, we have found that the intrinsic barriers show
reasonable linear correlations with the ionization energies of
Y~ in the reaction series. Y+ CHzX (r2 = 0.851 for Y~ +
CHsF (Y= F—1), r2=0.857 for Y~ + CHsCI (Y = F—I), r2=
0.834 for Y~ + CH3Br (Y = F—1), r2=0.857 for Y~ + CHal

(Y F—1)) rather than inverse correlations (Figure 7).
Analogous correlations between the intrinsic barrier and the
ionization energies of halide anions have been found for the
identity reactions at saturated carbon and nitrotfén.

According to the curve-crossing model, the intrinsic barrier
in both identity and non-identityN2 reactions and the central
barrier in a non-identity g reaction are likely to be greatly
influenced by the initial energy gap between reactant and product
configurations, IE(X) — EA(RX), where IE(X") and EA(RX)
are gas-phase ionization energies of ahd gas-phase vertical
electron affinities of RX, respectiveR. This suggests that
intrinsic barriers could in some circumstances correlate with
IE(X™) — EA(RX). Unfortunately, as we have already noted
previously? the available experimenfiland theoretical data
on the vertical gas-phase electron affinities of the methyl halides

(85) Glukhovtsev, M. N.; Pross, A.; Radom,L.Am. Chem. So4995
117, 9012.

(86) (a) Giordan, J. C.; Moore, J. H.; Tossell, J. Acc. Chem. Res.

1986 19, 281. (b) Jordan, K. D.; Burrow, P. @hem. Re. 1987, 87, 557.
(c) Benitez, A.; Moore, J. H.; Tossell, J. A. Chem. Physl1988 88, 6691.
(d) Modelli, A.; Scagnolari, F.; Distefano, G.; Jones, D.; Guerra)NChem.
Phys.1992 96, 2061. (e) Krzysztofowicz, A. M.; Szmytkowski, ©Chem.
Phys. Lett.1994 219, 86.

(87) Calculations of negative electron affinities are complicated by

obtaining solutions which correspond to the neutral molecule plus a free
electron rather than to the anion. For details, see (a) Guerr&Chdm.
Phys. Lett199Q 167, 315. (b) Simons, J.; Jordan, K. Bhem. Re. 1987,
87, 535. (c) Bertran, J.; Gallardo, I.; Moreno, M.; Sawng J.-M.J. Am.
Chem. Socl992 114 9576. (d) Heinrich, N.; Koch, W.; Frenking, Ghem.
Phys. Lett1986 124, 20. (e) Kalcher, J.; Sax, A. Ehem. Re. 1994 94,
2291.
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vary widely, making the testing of this idea problematic. We
have therefore not attempted to check for such a correlation.

4. Correlation of Reaction Enthalpy with Characteristics
of the Transition Structures. The existence of a correlation
between thex coefficient and reaction enthalpxHoyr, implies
that the reaction enthalpy correlates with the various indices of
transition structure asymmetry. The data in Table 8 list such
correlations with, for example, geometrical asymmetry, %AS
(r2 = 0.944), bonding asymmetnAWBI (r2 = 0.990), and
charge asymmetryAq(X—Y) (r2 = 0.927). In turn, these
indexes also correlate with one another.

Conclusions

Application of G2(+) theory to the non-identity & reactions
of halide anions with methyl halides,”Y+ CH3X — YCH3; +
X~ (Y, X =F, Cl, Br, and I), leads to the following conclusions.

(1) Central barrier heights\H*cen) vary from 0.8 kJ mot!
for the reaction F + CHsl to 39.5 kJ mot? for the reaction
CI~ + CH3Br (at 0 K). These central barriers are lower than
those in the identity @ reactions X + CHzX and the lowering
is attributed to the effect of reaction exothermicity which ranges
from —177.5 kJ mot? for F~ + CHal to —17.9 kJ mot?! for
Br~ + CHsl. The central barriers demonstrate a good linear
correlation with overall reaction exothermicitho,,) as well
as with the central exothermicityAHcen), as measured from
reactant ior-molecule complex to product iermolecule
complex.

(2) Overall barriers for all exothermicY+ CHsX reactions
are found to be negative, in contrast to those for the identity
reactions X + CHsX, where only the barrier for X= F is
negative. Values vary from68.8 (for F + CHjl) to —2.3 kJ
mol~? (for Br~ + CHjal). Overall barriers also demonstrate a
good linear correlation with the reaction exothermicity.

(38) The G2¢) central and overall barriers for the reaction
of ClI~ + CH3Br agree with currently available experimental
data. However, the calculated central barrier for+ CHsCl
(9.9 kJ mot?) is significantly lower than the experimentally
determined value (29 kJ mdl). The possible importance of
non-statistical effects in the evaluation of experimental barrier
heights needs to be evaluated. In any case, the high level of
electron correlation and large basis sets employed inmtg2(
theory are concluded to be essential in obtaining reliable barrier
heights computationally.

(4) Complexation enthalpiesAHcomp of ion—molecule
complexes Y---CH3X at 298 K increase from 30.4 kJ ndl
forY =F, X=1t069.5kImotlforY =1, X =F, and are
in good agreement with experimental and earlier computational
studies. Complexation enthalpies for¥-CHsX involving a
particular CHX are found to exhibit good linear correlations
with the electronegativity of Y.

(5) The set of non-identity N2 reactions obeys both the
Evans-Polanyi barrier-heightenthalpy (rate-equilibrium) re-
lationship and the Marcus equation. Thus, central barriers
estimated from the Marcus equation show a good correlation
with the directly calculated central barriers. Modifications of
the Marcus equation used to estimate overall barriers are found
to be less reliable and give reasonable results only in those cases
where reaction exothermicity is small.

(6) Intrinsic o. values (eq 12) for each reaction are found to
correlate with reaction enthalpy, geometrical loosenessf (%L
geometrical asymmetry (%A% charge asymmetryAg(X—

Y)), and bond asymmetryAWBI) of the transition structures,
indicating that gas-phasg&reactions for halide exchange are
well described by Marcus theory. Accordingly, the Leffler idea
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that more exothermic reactions have earlier transition states isA.P.) of an ARC Senior Research Fellowship, and we thank
shown to be valid for the above reaction set. Professor Don Truhlar for providing us with a preprint of ref 7.

(7) G2(t) central barriers AH*en, and overall reaction Supporting Information Available: Calculated G2¢) total
enthalpies,AHoyr, exhibit good linear correlations with the  gnergies for species involved in the non-identity reaction of Y-
geometric looseness (%). geometric asymmetry (%A% with CHzX (Table S1), and plot of the G2( complexation
charge asymmetryXg(X—Y)), and bond asymmetryAWBI) enthalpies AHcomp 298 K) of the ion-molecule complexes
of the transition structures. Neither the central barrier nor the Y~---CHsX vs Mulliken electronegativities of the halogens
overall barrier correlate with the thermochemical looseness (Figure S1) (3 pages). This material is contained in many
parameter 7). libraries on microfiche, immediately follows this article in the
microfilm version of the journal, can be ordered from the ACS,
and can be downloaded from the Internet; see any current
masthead page for ordering information and Internet access
instructions.
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