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

the identity front-side nucleophilic substitution reactions with retention of configuratior->CHsX, for X = F,

Cl, Br, and I. Overall gas-phase barrier heights do not show a strong variation with halogen atom and are calculated
to be 184.5 (X= F), 193.8 (X= Cl), 178.9 (X= Br), and 171.4 kJ moft (X = 1), substantially higher than the
corresponding barriers for back-side attael8(0 for X =F, 11.5 for X= Cl, 5.8 for X= Br, and 6.5 kJ moi! for

X =1). The difference between the overall barrier for back-side attack and front-side attack is smallest flor X
(164.9 kJ mot1). Central barrier heights for front-side attack decrease in the following order: 24}:0R)X237.8

(X = Cl), 220.0 (X= Br), and 207.4 kJ mol (X = 1). The minimum energy pathways for both back-side and
front-side {2 reactions are found to involve the same-ignolecule complex (X---H3CX), with the front-side
pathway becoming feasible at higher energies. Indeed, our results suggest that the chloride exchan@é in CH
which has been found in gas-phase experiments at high energies, may be the first example of a frayt-side S
reaction with retention of configuration at saturated carbon. Analysis of our computational data in terms of frontier
orbital theory suggests that elongation of the bond between the central atom and X could be a significant factor in
decreasing the unfavorable nature of the front-sig2 i®action with retention of configuration in going from=X

Fto X=1. lon—molecule complexes GH X---X~, which may be pre-reaction complexes in direct collinear halophilic
attack, were found for X= Br and | but not for X= F and ClI. The calculated complexation energi®bl{omp for
halophilic complexes are considerably smaller (7.3 and 19.4 k3'nfml X = Br and |, respectively) than those for

the corresponding pre-reaction complexes fQR &ittack at carbon (41.1 and 36.0 kJ mofor X = Br and |,
respectively). Nucleophilic substitution reactions at the halogen atom gX@ = F—1) (halophilic reactions) are

highly endothermic and appear to represent an unlikely mechanistic pathway for identity halide exchange.

Introduction show that the preferred stereochemical route in the gas phase
is one of back-side attack with inversion of configuration, as

carbon holds a central role within organic chemistry, and opposed to front-side attack with retention of configuration,

consequently the stereochemistry of the reaction has beenprec]sely as s observed in sqlutlon. Wh'.h.e retentio n.of
intensively investigated, both experimentaily and theo- conflguratlon has beer_ll found in nucleophilic SUbS.t't.L!t'on
retically28-12 Both expérimental and theoretiéal? studies reactions at saturated silicéhearly reports on the possibility

) of retention at saturated cartfomere not confirmed by further
® Abstract published i\dvance ACS Abstract©ctober 15, 1996. experiments.
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the initial attack is presumed to take place at halogen, a so-

called halophilic reactioft rather than at carbon. Evidence for

J. Am. Chem. Soc., Vol. 118, No. 45, 1B0%:9

be obtained computationalfy. In the present study, we apply this same
level of theory to the set of reactions with retention of configuration.

gas-phase nucleophilic attack on halogen has been presented Standard ab initio molecular orbital calculati&herere carried out

by Cyr et al.1® who found that at high collision energiesTCI
attacks the halogen in GBr in a halogen abstraction reaction:

CH,Br + ClI” — CH; + Br—CI"~ @)

While the study by Bierbaum et &.does suggest that the gas-

using a modified forr# of G2 theory* with the GAUSSIAN 92 system

of programg® G2 theory corresponds effectively to calculations at
the QCISD(T)/6-313G(3df,2p) level with zero-point vibrational energy
(ZPE) and higher level corrections. It has been sHé#fito perform

well for the calculation of atomization energies, ionization energies,
electron affinities, bond energies, proton affinities, acidities, and reaction
barriers.

phase halogen exchange at high energies proceeds by some For a better description of anions, we have used the-+g2(

pathway other than back-side,d its precise nature must be

considered still unresolved. The question arises: does front-

modificatior?® of G2 theory. Geometries were optimized and vibra-
tional frequencies determined with a basis set that includes diffuse

side nucleophilic attack take place at the halogen atom, or doesfunctions, specifically 6-3+G(d) in place of 6-31G(d) for first- and

it take place at the carbon atom?

In order to resolve this issue, we have undertaken a high-
level computational study of the potential energy surface for
front-side attack of methyl halides with halide anions for the
set of identity {2 reactions:

CHX +*X ~— CHg*X + X~ (X =F, Cl,Br,and I

®3)

and of the corresponding halophilic reactions:

CH.X + X~ — [CHXX " —

CH, + XX~ (X =F, Cl,Br,and ) (4)

CHaX + X~ — [CHXX " —

CH,™ + XX (X =F, Cl,Br,and ) (5)

second-row atoms. In addition, the MP2/6+33&(d) optimizations were
carried out with the frozen-core approximation rather than with all
electrons being included in the correlation treatment as in standard G2
theory. We have recently extended &2(calculations to bromine-
and iodine-containing specfautilizing the effective core potentials
(ECP) developed by Hay and Walitand such calculations were
performed for the Br- and I-containing species in the present study.
Geometries were optimized using analytic gradient technitfughie
eigenvalue-following methdéiwas employed in the search for transition
structures in the halophilic reactions. The algorithm developed by
Schlegel and Gonzal&was used for following the intrinsic reaction
coordinate downhill from the transition structure for front-side attack.
Stationary points on the potential energy surfaces were characterized

(24) (a) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJ.A.
Chem. Phys1991 94, 7221. For recent reviews on G2 theory, see: (b)
Curtiss, L. A.; Raghavachari, K. IQuantum Mechanical Electronic
Structure Calculations with Chemical Accuracijanghoff, S. R., Ed;
Kluwer: Dordrecht, 1995. (c) Raghavachari, K.; Curtiss, L. AMndern
Electronic Structure TheoryYarkony, D. R., Ed.; World Scientific:
Singapore, 1995; p 991.

(25) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio

Our aim is to define the various possible reaction pathways that Molecular Orbital Theory;Wiley: New York, 1986.

would be classified within the general category of front-side

attack, to calculate the energetics of these reaction pathways,

and to assess their relative feasibility, as well as their feasibility
in comparison with the more conventional back-sidg2 S
reaction.

Computational Methods

Itis clear from the very large number of calculations already carried
out on {2 reactions at carbé?*® 23 that the computational data are
very sensitive to the level of theory employed. For this reason, in our
earlier study of identity & halide-exchange with inversion of
configuration at carbof? we used a level of theory, specifically a
modificatior?® of G2 theory?* that describes the energetics at a higher
level than has been used in previous comparative stédiés20: 212,22
At this level of theory, the results appeared to agree with available

(26) 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.
; 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.

(27) See, for example (a) Smith, B. J.; RadomJLPhys. Chenil 991,

95, 10549. (b) Ma, N. L.; Smith, B. J.; Pople, J. A.; Radom,JLAm.
Chem. Soc199] 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. Sod 993
115 1507. (f) Smith, B. J.; Radom, J. Am. Chem. S0d4993 115,4885.
(g) Schlegel, H. B.; Skancke, A. Am. Chem. S0d.993 115 7465. (h)
Goldberg, N.; HruSg J.; Iraqgi, M.; Schwarz, HJ. Phys. Chenl993 97,
10687. (i) Armstrong, D. A.; Rauk, A.; Yu, DJ. Am. Chem. S0d.993
115 666. (j) Wiberg, K.; Rablen, P. R. Am. Chem. So04993 115 9234.
(k) Wiberg, K.; Nakaji, D.J. Am. Chem. Sod 993 115 10658. (I) Su,
M.-D.; Schlegel, H. BJ. Phys. Chenml993 97, 8732. (m) Darling, C. L.;
Schlegel, H. BJ. Phys. Chen1993 97, 1368. (n) Su, M.-D.; Schlegel, H.

experimental data and suggested that meaningful barrier heights carB. J. Phys. Chem1993 97, 9981. (0) Lammertsma, K.; Prasad, B. ¥/.

(15) (a) Zefirov, N. S.; Makhon’kov, D. IChem. Re. 1982 82, 615.
(b) For nucleophilic substitution at bromine, see: Beak, P.; Allen, D. J.
Am. Chem. Sod 992 114, 3420.

(16) Cyr, D. M.; Scarton, M. G.; Wiberg, K.; Johnson, M. A.; Nonose,
S.; Hirokawa, J.; Tanaka, H.; Kondow, T.; Morris, R. A.; Viggiano, A. A.
J. Am. Chem. S0d.995 117, 1828.

(17) Cyr, D. M.; Bishea, G. A.; Scarton, M. G.; Johnson, MJAChem.
Phys.1992 97, 5911.

(18) Cernusak, I.; Urban, MCollect. Czech. Chem. Commur®88 53,
2239.

(19) (a) Shi, Z.; Boyd, R. 1. Am. Chem. S0d99Q 112,6789. (b) Shi,
Z.; Boyd, R. JJ. Am. Chem. S0d991, 113 1072. (c) Boyd, R. J.; Kim,
C-K.; Shi, Z.; Weinberg, N.; Wolfe, SI. Am. Chem. S04993 115 10147.

(20) (a) Zhao, X. G.; Tucker, S. C.; Truhlar, D. G.Am. Chem. Soc.
1991 113 826. (b) Hu, W.-P.; Truhlar, D. GJ. Am. Chem. Sod 994
116 7797. (c) Wladkowski, B. D.; Allen, W. D.; Brauman, J.J. Phys.
Chem.1994 98, 13532.

(21) Harder, S.; Streitwieser, A.; Petty, J. T.; Schleyer, P. \.RAm.
Chem. Soc1995 117, 3253.

(22) Deng, L.; Branchadell, V.; Ziegler, 3. Am. Chem. So2994 116,
10645.

(23) Glukhovtsev, M. N.; Pross, A.; Radom,L.Am. Chem. So4995
117, 2024.

Am. Chem. S0d.994 116 642. (p) Gauld, J. W.; Radom, 1. Phys. Chem.
1994 98, 777. (g) Chiu, S.-W.; Li, W.-K.; Tzeng, W.-B.; Ng, C.-¥. Chem.
Phys.1992 97, 6557. (r) Durant, J. L.; Rohlfing, C. MJ. Chem. Phys.
1993 98,8031. (s) Glukhovtsev, M. N.; Pross, A.; RadomJLAm. Chem.
So0c.1994 116 5961. (t) Glukhovtsev, M. N.; Pross, A.; Radom,d_Am.
Chem. Soc1995 117, 9012.

(28) (a) Glukhovtsev, M. N.; McGrath, M. P.; Pross, A.; Radom,JL.
Chem. Phys1995 103 1878. (b) Note that we have recommentféd
alternative ECP basis sets for bromine and iodine for usgtandard G2-
(ECP) calculations?®

(29) (a) Glukhovtsev, M. N.; Szulejko, J. E.; McMahon, T. B.; Gauld,
J. G.; Scott, A. P.; Smith, B. J.; Pross, A.; RadomJLPhys. Cheml994
98, 13099. (b) Glukhovtsev, M. N.; Pross, A.; Radom,JL.Phys. Chem.
1996 100, 3498.

(30) Wadt, W. R.; Hay, P. 1. Chem. Physl1985 82, 284.

(31) (a) Schlegel, H. BJ. Comput. Cheml982 3, 214. (b) Schlegel,
H. B. In Modern Electronic Structure Thearyarkony, D. R., Ed.; World
Scientific: Singapore, 1995; p 459.

(32) (a) Simons, J.; Jgrgensen, P.; Taylor, H.; Ozmedt,Bhys. Chem.
1983 87, 2745. (b) Taylor, H.; Simons, J. Phys. Chem1985 89, 684.
(c) Baker, JJ. Comput. Chen1986 7, 385. For a recent review, see: (d)
McKee, M. L.; Page, M. InReviews in Computational Cheimstry;
Lipkowitz, K. B., Boyd, D. B., Eds.; VCH: New York, 1993; Vol. 4, p 35.

(33) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.
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Table 1. Geometries of BHCX-+X~ (X = Br (3¢) and | (3d)) lon—Molecule Complexes Calculated at the MP2/6+&(d) Level and Natural

Charges Calculated at the MP2/6-31G(3df,2p)//MP2/6-3%+G(d) Levek?

complex r(C—Xp) r(X-+X) r(C—H) OX,CH a(Xa) q(Xp) q(C) q(H)
H3CBr-*Br~- 1.958 3.529 1.090 109.0 —0.968 0.082 —0.686 0.190
H3Cle=+1~ 2.159 3.675 1.090 109.0 —0.928 0.166 -0.820 0.194

aBond lengths in A, bond angles in degG2(+) complexation energies &c and3d are 7.3 and 19.4 kJ md), respectively.

by the calculation of vibrational frequencies, which was performed
analytically for X=F and Cl and numerically in ECP calculations of
species containing Br and I. Charge distributions were obtained from
the wave functions calculated at the MP2/6-303(3df,2p) level on
MP2/6-31G(d) geometries, employing natural population analysis
(NPA)34

Calculated total energies are presented in of the Supporting Informa-

tion. Unless otherwise stated, we have used the results of =3[
electron (AE) calculations for F- and Cl-containing molecules and G2-
(+)-ECP calculations for Br- and I-containing molecules in our analysis.

possible additional candidates for iemolecule intermediates
for front-side attack at carbon in GM (leading to an {2
reaction with retention of configuration) are ti3, complex

3, in which the incoming nucleophile coordinates with the
halogen atom, and th@s structure4, in which the nucleophile

is also coordinated to one of the methyl hydrogghswhile

all our attempts to locate minima for structures of typeere
unsuccessful, we did find minima corresponding to complexes
3for X = Br and I, though not for X= F or CI37 The absence

Throughout this paper, relative energies are presented as enthalpyof minima corresponding to the compl&«for X = F or ClI

changesAH) at 0 K, bond lengths are in angstroms, and bond angles
are in degrees. Of course at 0 K, relative enthalpidd)(and relative
energiesAE) are identical and the terms are used interchangeably here.

Results and Discussion

The reactions of CEK with X~ may be divided into two
general types: (i) nucleophilic substitution pathways2)S
which involve X~ attack at carbon, and which result in halide
exchange (eq 3), and (ii) halophilic reaction pathways which
generally lead to dihalogen formation (egs 4 and 5), but which

have also been postulated as being able to lead to a halogen

exchange reaction (eq 1). While thgZreaction at carbon
might, at least in principle, take place by either front- or back-
side attack, the halophilic reaction, given that it involves
nucleophilic attack at halogen, would by definition be a front-
side pathway.

may be explained by the fact that the fluorine and chlorine atoms
in methyl halides are found to bear negative charges (NPA
charges at the MP2/6-3315(3df,2p) level are—0.400 and
—0.063, respectively®® In contrast, the bromine and iodine
atoms in the ChHX bear positive charges of 0.016 and 0.121,
respectively?®

x 1~
H
So—x - N
& 6T Xa \\\C X
| Y|
H H
3 (G5 4 (Cy)

(@X=F b:X=Cl;, ¢:X=Br; d: X=1])

The two front-side coordinate complexes that were located,

The potential energy surface for a gas-phase reaction betweery; 4nd 3d, are quite weakly bound in comparison with the
an ion and a neutral molecule is generally expected to show cqorresponding back-side complexes; and 1d.  Thus, the

the initial formation of an ior-molecule complex®36 Thus

the minimum energy pathway involving back-side nucleophilic
attack at carbon (leading to am&reaction with inversion of
configuration) is typically found to proceed through a loGsg
ion—molecule complex followed by aD3y transition structure
2212 | et us now consider possible structures for complexes
on the reaction pathways associated with front-side attack.

H H h
_ \ |
Xormorenn C— X X oo Croeeeee X
Y| VK
H H H
1(Cs,) 2 (D3y)

(@X=F, b:X=Cl; X=Br; d: X=1)

A. lon—Molecule Complexes and Transition Structures
for the Sy2 Reaction with Retention of Configuration. Two

(34) (a) Reed, A. R.; Weinstock, R. B.; Weinhold, F.Chem. Phys.
1985 83, 735. (b) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re.
1988 88, 899. (c) Weinhold, F.; Carpenter, J. E.The Structure of Small
Molecules and londNaaman, R., Vager, Z., Eds.; Plenum Press: New York,
1988; p 227. (d) Reed, A. E.; Weinhold, Er. J. Chem.199], 31, 277.

For recent NPA applications, see, e.g.: (e) Reed, A. E.; Schleyer, P. v. R.
J. Am. Chem. S0d.99Q 112,1434. (f) Glukhovtsev, M. N.; Schleyer, P.

v. R.Chem. Phys. Letfl992 198,547. (g) Mestres, J.; Duran, M.; Bertran,

J. Theor. Chim. Actd 994 88, 325. (h) Nemukhin, A. V.; Grigorenko, B.

L. Chem. Phys. Lettl995 233, 627.

(35) (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. Sod983 105,
2672. (d) Pellerite, M. J.; Brauman, J. |. 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.

complexation energy for $€—Br-+-Br~ (3¢) is only 7.3 kJ
mol~! compared with a value of 41.1 kJ mélfor Br—---HsC—

Br (10).2% Similarly, the complexation energies for the corre-
sponding iodine-containing speciedqd and 1d, are 19.4 and
36.0 kJ mot?, respectively?® the former value being close to
results of earlier calculations by Hu and TruhtarGiven the
significant drop in complexation energies on proceeding from
H3C—Il+-<1~ to H3C—Br---Br~, it is not surprising that the
analogous complexesg8—F---F (3a) and HsC—Cl---Cl~ (3b)
were not found. The %-X distances in the complex&g and

3d (3.529 and 3.675 A, respectively, see Table 1) are shorter
than the contact distances for van der Waals interaction and
the upper limits for specific interactions (3.79 and 4.13 A,
respectivelyf® However, these %-X distances are longer than
those in the X%~ radical anions (Table 2). The<Br and C-1

(36) Dedieu, A.; Veillard, A. IlQuantum Theory of Chemical Reactipns
Daudel, R., Pullman, A., Salem, L., Veillard, A., Eds.; Reidel: Dordrecht,
1980, p 69.

(37) A previous search by Hu and Truhlar for minima corresponding to
various complexes of methyl iodide and iodide anion also revealed just the
two forms,1d and3d. For details, see: Hu, W.-P.; Truhlar, D. G.Phys.
Chem.1994 98, 1049.

(38) We note, however, that a CHELPG analysis predicts a negative
charge on | in CH. See: Storer, J. W.; Giesen, D. J.; Cramer, C. J.; Truhlar,
D. G.J. Comput.-Aided Mol. Ded.995 9, 87.

(39) (a) zefirov, Yu. V.; Zorkii, P. MRuss. Chem. Re(Engl. Transl)

1989 58, 421 . (b) Zefirov, Yu. V.; Porai-Koshits, M. AZh. Strukt. Khim.
(Engl. Transl) 1980 21, 150. (c) Zefirov, Yu. V.; Porai-Koshits, M. A.
Zh. Strukt. Khim(Engl. Transl) 1986 27, 74. (d) VWRs were obtained
from X-ray diffraction data on organic crystal structures (VWR{€).71

A, VWR(F) = 1.40 A, VWR(CIl)= 1.90 A, VWR(Br)= 1.97 A, VWR(l)

= 2.14 A). The expression 2¢Rg)!2 is used to estimate interatomic
distances for ordinary van der Waals interactions using VWRs of A and B
atoms, respectivel§a¢ The upper limit for specific interactions is
approximated as 2(fRg)¥2 — 0. 15 A3%
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Table 2. Bond Lengths (A) in % (X = F, Cl, Br, and 1) and X%~
Calculated at the MP2/6-31G(d) Level as well as Corresponding
Calculated G2¢) and Experimental Electron Affinities (EA, eV)

r(X—X)2 EA(X2)
X2 X2~ G2(+) exptP

F 1.434 1.916 3.01 220.2
(1.412)

Cl 2.018 2.653 2.38 240.2
(1.988)

Br 2.328 2.898 2.49 2%0.1
(2.281)

| 2.685 3.253 2.37 2.50.1°
(2.666)

a Experimental values, taken from ref 40, are given in parentheses.
b Reference 41¢ Other experimental values are 2.3, 240.2, 2.4+
0.1, and 2.6+ 0.1 eV, see ref 41.

bond lengths irBc and3d are elongated by 0.004 and 0.019 A
relative to those in CEBr and CHil, respectively.

While complexes3c and 3d are possible candidates for the
pre-reaction complexes for both front-side nucleophilic attack
at carbon and for halophilic attack at halogen, at least fer X
Br and |, the alternative possibility of a front-side attack pathway
at high energies vid should also be considered. In order to
determine which compleX, or 3, actually serves as the entrance
complex on the minimum energy pathway for front-side attéck,
we have followed the reaction surface down from the front-
side transition structure. Let us begin then by characterizing
the transition structure for front-side attack.

Previous theoretical studies at the HF level of the reaction
of F~ with CHzF have shown that front-side attack proceeds
via the C; transition structuré with a perpendicular configu-
ration of the % moiety relative to one of the methyl-€H
bonds?

—l -_—
H
b\Cm )I(
sow
oA X
H,

a

5(Cy

(a:X=F, b:X=Cl; ¢:X=Br; d: X=1)

In the present study, we also find tki structure5 to be the
transition structure for front-side attack (at the MP2/6+8&-
(d) level). The important feature of transition structérns that
it contains equivalent halogen atoms. This is significant since
it is this equivalence that provides a mechanism for halogen

exchange. When we carry out symmetry-unconstrained geom-

etry optimizations in search of minima starting frd(for X
= F-1), we find that they all eventually lead to the “back-side”
ion—molecule complex, and not to the front-side compleéx
(for X = Br and | where they exist). In addition, we have
followed the intrinsic reaction coordin&fedownhill from 5
without any symmetry constraints at the HF/6+33(d) level

J. Am. Chem. Soc., Vol. 118, No. 45, 180%61

Table 3. Geometries of KCX,™ (X = F—I) Cs Transition
Structures §) Calculated at the MP2/6-31G(d) Levef

structure r(C—X) r(X+--X)? r(C—Hj)° r(C—Hp)® OXCX OXCHy

H:CR~ 1.815 2.355 1.085 1.099 80.9 98.0
HsCCl,~ 2.438  3.268 1.080 1.081 8412 94.1

HsCBr;~ 2.639 3.576 1.079 1.081 85.3 93.3
H:Cl,~  2.868 3.952 1.079 1.083 87.1 93.6

aBond lengths in A, bond angles in deg. T8estructuressa—d
have only one imaginary frequency at both the HF/6-G1d) and MP2/
6-314+-G(d) levels.” Upper limits for specific X--X interactions are
2.65 (F), 3.65 (Cl), 3.79 (Br), and 4.13 (1) A. For details see refs-39a
c. °Ha and H, atoms are as shown B see text.

Table 4. NPA Charge Distributions for the GM{,~ Transition
Structures§, X = F, ClI, Br, and I}

species a(C) a(X) qHa q(H,)  q(CHa)
5a(X=F) —0.082 -0.645 0.116 0.140  0.290
5b(X=Cl) —0.320 -0.604 0.173 0.182  0.208
5c(X=Br) —0.388 -0.576 0.178 0.184  0.152
5d (X =1) —0.470 -0531 0.175 0.182  0.062

2 Calculated at the MP2/6-331G(3df,2p) level? The CH; group
charge gives an estimate of the extent of the VB triple-iorRXX~
configuration?® For theDg3, transition structur® for back-side attack,
the CH; group charges are larger: 0.432 (F); 0.254 (Cl); 0.188 (Br);
0.098 (1)

1b. We have previously fourdéithat optimizations starting from
the transition structur@ for backside attack of X on CH:X
also lead to the ionmolecule complexl. Thus, our results
indicate thathe intrinsic reaction paths for both front-side and
back-side g attack of X on CHX begin from the same pre-
reaction ior—molecule complexs.

Before proceeding to discuss the nature of the reaction surface
in detail, it is important to note that the implications of this
result to the reaction dynamics are not straightforward. Thus
theactualgas-phase reaction pathways do not necessarily follow
every feature of the intrinsic reaction path. In particular, high-
energy processes or reactions of high exothermicity may proceed
without the involvement of a reaction intermediate, despite such
an intermediate appearing on the minimum energy pathway.
Also, in some cases the dynamic pathways may actually be quite
different from the pathway described by the intrinsic reaction
coordinate. Thus it is quite possible that high-energy front-
side {2 reactions proceeding through transition structuneay
not actually begin with the back-side compltaspitethe nature
of the minimum energy pathway. With this proviso regarding
the relationship of dynamic pathways and minimum energy
pathways clarified, let us now discuss the details of the energy
surface for both front-side and back-side pathways.

The energy profile for the front-side reaction is represented
by a symmetric double-well potential (Figure 1), analogous to
that for back-side attack (also illustrated in Figure®>336
though of substantially different energy. Initially, the reactants
come together to form the pre-reaction iamolecule complex,

1, with a complexation energyAHcomp The ion—molecule

and have observed the same results. This corroborates thecomplex must then overcome an activation barrier that we term

results of recent DFT/LDA calculatiofson the CI + CH5Cl
reaction, which indicated the intrinsic reaction path for a high-
energy mechanism of reaction 1 for=XCl to involve complex

(40) Huber, K. P.; Herzberg, GMolecular Spectra and Moleclar
Structure. V. Constants of Diatomic Molecul&&n Nostrand Reinhold:
New York, 1979.

(41) 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.

(42) A direct nucleophilic substitution mechanism initiated by exciting
the C-X stretch mode, in which products are formed without the explicit
involvement of either pre-reaction or post-reaction‘omolecule complex,
may also be possibl&. Studies of the reaction dynamics, for which our
computational data on the PES would be useful, should consider this
possibility.

the centralbarrier, AH¥.e, to reach transition structue The
energy then drops with the formation of the product-ion
molecule complex which finally dissociates into separated
products. Thewverall activation barrier, i.e. the barrier relative
to separated reactants, is denofed®,,.

Geometries and charge distributions for transition structures
5are presented in Tables 3 and 4, respectively. While thexX
distances irb are longer than those in the;X radical anions
or in the X% molecules (Table 2), they are shorter than the
contact distance for van der Waals interactions as well as the
upper limits for specific interactior,suggesting some X--X
bonding. The G&H bonds in5 are all shortened relative to
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Figure 1. Schematic energy profile for the" X+ CHsX identity exchange reaction (3¢ F—I) with retention of configuration and with inversion
of configuration.

: : Table 5. Overall Barriers AH%,;), and Central BarriersAH*sen)
those in CHX (Table 3). Itis notable that although the-& for Reactions 3 with Retention of Configuration (R) and with

bond lengths in the Qtransition structure§b—d are longer  |nyersion of Configuration (I) Calculated at the G9(Level
than those in th®3;, transition structureb—d,23the G-F bond (kJ mol1)a

length in5ais actually slightly shorter (by 0.022 A) than that X AH'u(RP  AHGou(1)°  AH*en(R)P  AH¥een(l)®
in 2a.

— e f

The charge distributions within structur@end5 allow the (FZI %gg‘g ﬁgh gg%g gg'g,ei
relative ionicities of the transition structures for the inversion gy 178.9 5 g 220.0 46.9
and retention pathways to be compared. At the HF/6-G1 I 171.4 6.5 207.4 42.5

(d) level, the NPA charge on t_he Glgroup in theCs transition aG2(+) overall barriers and central barriers for reaction 3 with
structure5b (0.725) was previously fourtito be larger than  yyersion of configuration were taken from ref R and | stand for
thatin2b (0.491). Also at the HF/6-3LG(d) level the C-ClI the reactions with retention and inversion of configuration, respectively.
bond length ir6b was found to be 0.397 A longer than that in  ¢LDA-SCF and NL-SCF calculatiofunderestimate the overall and

2b. These results led the authors to conclude that there iscentral barriers for reaction 2 with inversion of configuration. All the
i P : . overall barriers were found to be negativel@3.1 (F),—5.7 (Cl),—7.3
pronounced ionicity in the mechanism for front-side att&ck. (Br), and—5.8 (1) kJ mot?) at the NL-SCF level? The central barriers,

However, at the MP2/6-311G(3df,2p) level, the Ckigroup AH#een(l), were calculated to be 28.4 (F), 19.2 (Cl), 13.0 (Br), and 7.5
NPA charges in5a (0.290) and5b (0.208) (Table 4) are () kJ molatthe same levét 9 The barrier heightsAH%.e(R), found
considerably smaller than the values of 0.490 and 0.725 atthe MP4/6-33G(d)//HF/6-31-G(d) + ZPE(HF/6-31-G(d)) levet*

_ 21 ; are 238.9 and 279.5 kJ mdlfor X = F and ClI, respectivelyt The
calculated at the HF/6-31G(d) level?! Also, in general, the barrier heightsAH*cn(l), found at the MP4/6-3+G(d)//HF/6-31G(d)

halogen atoms i bear smaller negative NPA charges (Table ZPE(HF/6-34-G(d)) levet! are 41.0 and 65.3 kJ mdifor X = F
4) than in transition structur2?® Finally, we have found at  and CI, respectively. The G2(+) central barrier for X= F (48.5 kJ
the MP2/6-33#G(d) level that the €CI bond lengths inbb mol~) may be compared with a barrier height of 5.3 kJ mot?

2.438 A) are quite close to those &b (2.317 A) (Table 3). obtained by extrapolation from CCSD(T) calculations using a
Sl'hus tht)a conglusion that the mecharsism of t?ug nucleo?JhiIic [1358p6d4f,8s6p4d] basis $€1.¢ This value of the overall barrier (2.01
! eV) agrees with the experimental estimate of the overall barrier for

SubStitution reaCtion W|th retention Of Configuration iS Of a chloride exchange at h|gher energies (20 eV)l see réfﬂﬂperimenta|
carbocation & typeZ2lis not supported by our higher level data. estimates are 4.2 4.2 (ref 14) and 10.5 kJ mdl (ref 44a),

B. Barrier Heights for the Sy2 Reaction with Retention respectively. The overall barrier determined by means of modeling
of Configuration. The barriers for front-side attack with iel%nlzglﬁfgrlfri Egggﬁiﬂ‘gﬁaiﬂﬁ:g@ighg‘ssz i%?ff%é?;ﬂﬁ
retention of configurationAH*,(R) andAH*.en(R), are given
in Table 5. In all cases, the barriers are substantially greater192.5 for X= F to 164.9 kJ mol® for X = | (Table 5, Figure
than the corresponding values for back-side attack with inversion 2). The central barriers for front-side attack appear to follow
of configuration AH¥o,(1) and AH*.en(1). However, the barriers  periodic ordering, decreasing from 241.0 (F) to 207.4 kJthol

for front-side attack are considerably smaller than>Cbond (I) (Table 5, Figure 3). Again the difference between the front-
energies in the methyl halidé%jndicating that the front-side  side and back-side barriers decreases from K to X = I.
pathway may well be followed at higher energies. It is of interest to examine our results in the light of

The variation in overall barrier height for front-side attack predictions of earlier theoretical work. Frontier molecular
for different halogens is small but somewhat larger than for orbital (FMO) theory®-121345has been previously employed
back-side attack. This results in the energy difference betweento rationalize the experimental and theoretical data on the
the two reaction pathways decreasing somewhat, in going from stereochemistry of &2 reactions and, in particular, to predict
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Figure 3. Trends in the G2f) central barriers of reaction 3 with
retention of configurationAH*:.n{R)) and with inversion of configu-
ration (AH*en(1)) for the set of halogens. G2) AH*.en(R) andAH¥cenr
() values are listed in Table 5.

which factors are likely to favor retention of configuration.
According to the FMO treatment, the major interaction during
an 2 reaction is that between the highest occupied MO
(HOMO) of the incoming nucleophile Nuand the lowest
unoccupied MO (LUMO) of the substrate (Figure 4). The
LUMO is mainly an out-of-phase combinatioo*—x) of the
carbon atomigc orbital and the atomigy orbital of the leaving
atom10-12

The FMO model suggests that switching the reaction stere-
ochemistry from inversion of configuration to retention might
be achieved if the in-phase overlap of the nucleophile HOMO
and thegc orbital is increased, while the unfavorable overlap
between the nucleophile HOMO and the atoric orbital is
decreased (Figure 4). This led to the prop8s&lof four main
factors that might favor the retention of configuration: (i) A
leaving group X with a contracted atomigy orbital would

J. Am. Chem. Soc., Vol. 118, No. 45, 180563

Pc Ox

Figure 4. Schematic representation of interaction between the HOMO
of the nucleophile and the*c_x orbital of the substrate during front-
side nucleophilic attack. See text for details.

minimize the out-of-phase HOMOypx overlap. Accordingly,
the replacement of an element of larger atomic number by one
of smaller atomic number within the same column of the
periodic table (e.g. replacing X CI by X = F) would be
predicted to favor the retention pathway. (i) Employing a fard
nucleophile (e.g. For RO") rather than a soft nucleophile (e.g.
I7) would also serve to reduce the out-of-phase HOM®Q
overlap. Here, also, retention would be predicted to be preferred
for F~ over I". (iii) Decreasing the electronegativity of the
central atom would increase the contribution of theorbital
to the antibonding™ c—x orbital, thereby leading to an increase
in the favorable in-phase nucleophile HOM@c overlap. Thus,
replacing carbon by silicon should make retention of configu-
ration more feasible. (iv) Elongation of the bond between the
central atom and X would favor retention because of a reduction
in the unfavorable interaction between the incoming nucleophile
and the leaving group. This last effect should favor=XCl
over X = F and operates in the opposite direction to effect (i).
For nucleophilic attack at carbon, factors (i) and (ii) were taken
to be larger than the opposing bond elongation effect (iv),
leading to the general conclusion that retention of configuration
would be relatively favored for the lighter elements within a
column of the periodic table (i.e. retention would be relatively
favored for X= F over X = 1).10

While frontier-orbital theory is necessarily a simplified
treatment whose limitations when applied tg2Seactions are
well-documented? the above predictions appear to be consistent
with a large body of experimental data for nucleophilic
substitution reactions at silicon (that proceed with both inversion
and retention of configuratio$:48-50 For substitution at
carbon, however, our computational results suggest that the
situation is more complicated. Our most striking finding is that
the central and overall barriers for front-sidg2reaction for
halide exchange vary within a relatively narrow range of just
33.6 and 22.4 kJ mol, respectively (Table 5). Within the FMO
framework described above, our result implies that the competi-
tion of factors (i)-(ii) vs factor (iv) leads to similar barrier
heights. The fact that the energy difference between front-side
and back-side attack barriers is actually the smallest fer X
(164.9 kJ mot! as compared with 192.5 kJ mélfor X = F)
suggests that perhaps the bond length between the central atom
and X might be the more important factor influencing the
relative preference for front-side attack with retention of
configuration over back-side attack with inversion of configu-
ration in these systems.

(43) (a) Basilevsky, M. V.; Ryaboy, V. MChem. Phys. Let.986 129,
71. (b) Vande Linde, S. R.; Hase, W. L.Chem. Phys199Q 93, 7962. (c)
Cho, Y. J.; Vande Linde, S. R.; Zhu, L.; Hase, W.J.Chem. Physl992
96, 8275. (d) Hase, W. L.; Cho, Y. J. Chem. Phys1993 98, 8626.

(44) (a) Wladkowski, B. D.; Brauman, J. J. Phys. Chem1993 97,
13158. (b) Graul, S. T.; Bowers, M. J. Am. Chem. S04994 116, 3875.

(45) (a) Salem, LChem. Br.1969 5, 449. (b) Serre, dnt. J. Quantum
Chem.1984 26, 593. (c) Kato, H.; Morokuma, K.; Yonezawa, T.; Fukui,
K. Bull. Chem. Soc. JprlL965 38, 1749.

(46) Pearson, R. G. Iithe Concept of Chemical Bondiniglaksic, Z.
B., Ed.; Springer-Verlag: Berlin, 1990; p 45.

(47) (a) Bach, R. D.; Wolber, G. J. Am. Chem. S0d.984 106, 1401.
(b) Wladkowski, B. D.; Lim, K. F.; Allen, W. D.; Brauman, J. J. Am.
Chem. Soc1992 114 9136.

(48) (a) Damrauer, R.; DePuy, C. H.; Bierbaum, V. ®rganometallics
1982 1, 1553. (b) Damrauer, R.; Burggraf, L. W.; Davis, L. P.; Gordon,
M. S.J. Am. Chem. S0d.988 110, 6601. (c) Windus, T. L.; Gordon, M.
S.; Davis, L. P.; Burggraf, L. WJ. Am. Chem. S0d.994 116, 3568.

(49) (a) DePuy, C. H.; Damrauer, R.; Bowie, J. H.; Scheldon, AdC.
Chem. Resl987, 20, 129. (b) Bowie, J. HOrg. Mass Spectron1993 28,
1407.

(50) Schlegel, H. B.; Skancke, P. l.Am. Chem. So&993 115 10916.
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Table 6. G2(+) Calculated Enthalpies of Reactions 4 and 5
(kJ mol™)

CH3X + X~ — dissociation products

halogen X CH + X~ CHs™ + X3
F 355.1 638.8
Cl 232.0 454.3
Br 189.2 422.7
I 158.2 379.5

Inclusion of the central atom into a small ring has been
considered to preferentially favor front-side nucleophilic at-
tack®13 as predicted also by EHT calculations of reactions of
cyclopropane derivatived. Given our observation that the
difference between the barrier heights for halide exchange with
retention and with inversion of configuration is smallest for X
= | (Table 5), our results suggest that reactions involving
nucleophilic attack in small bridgehead iodides (which cannot
undergo substitution via back-side attack) might be possible
candidates for a front-side pathway. Solvolysis of 1,3-
diiodobicyclo[1.1.1]pentane with methanol, which leads to
1-iodo-3-methoxybicyclo[1.1.1]pentane, is presumed to occur
via the formation of a bridged cationic spec¥@éslit would,
however, be of interest to examine the nucleophilic substitution
of this and similar substrates undeg2Sconditions to test for
the possibility of front-side attack with retention of configura-
tion.

Our calculations allow an assessment of the likelihood of the
possible halophilic pathways (egs 4 and 5) in comparison with
the two §2 pathways. Our results indicate that the energetics
of the halophilic reactions are very unfavorable, all of them
being highly endothermic (Table 6), with the products of
reaction 4, ChH + X»*~, lying lower in energy than those of
reaction 5, CH~ + X, (Table 6)22 In fact, given that the
productsof reactions 4 and 5 are actually higher in energy than
the transition structures for front-side nucleophilic attack at
carbon in all but one case (GH+- |*~ is lower in energy than
5d by 13.1 kJ mot?) (Table 5), we can conclude that both back-
side and front-side nucleophilic attack at carbon BCK (X
= F—I) should generally be preferred over the halophilic
pathways.

C. Mechanism of Chloride Exchange at Higher Energies.
What light do our calculations throw on the mechanism of
chloride exchange observed by Bierbaum et4aht high
energies? Given the large positive enthalpies (232.0 (eq 4b)
and 454.3 kJ mott (eq 5b), Table 6) for the halophilic reactions,
and the fact that these energies for the products of halophilic
attack, CH* and Cb*~ and CH~ and C}, are actually higher
in energy than the transition structus® for front-side {2
reaction (by 38.2 and 260.5 kJ mé| respectively), the
possibility of a halophilic reaction seems unlikely. A front-
side 2 reaction would be both thermodynamically and

Glukbe et al.

experimentally at higher energisis likely to be the front-
side {2 pathway.

Conclusions

Application of G2(+) theory to front-side attack mechanisms
in gas-phase identityn2 reactions of halide anions with methyl
halides (X + CH3X; X = F, Cl, Br, and |) leads to the
following conclusions.

(1) Our calculations suggest that the Qixchange in the
reaction of CHCI + CI~ that has been experimentally observed
in the gas phase at high energies is the first example of@n S
reaction with retention of configuration at saturated carbon. The
overall barrier for this reaction is calculated to be 193.8 kJtnol
(2.01 eV), in good agreement with the experimentally measured
value of 2.0 eV.

(2) The intrinsic reaction paths for both back-sidg Svith
inversion of configuration and front-side & with retention of
configuration involve the sam€s, ion—molecule complex,
X~+++H3CX 1, though the barrier for the front-side reaction is
significantly higher. Overall barriers for X+ CHsX reactions
with retention of configuration decrease from 193.8 (forX
Cl) to 171.4 kJ mot! (for X = 1). The smallest difference
between the overall barriers for the reaction with retention of
configuration compared with those with inversion of configu-
ration is found for X= I, but the difference remains substantial
(164.9 kJ mot?).

(3) Central barrier heightsAH*.en) for front-side attack of
X~ at saturated carbon in GM decrease from 241.0 kJ mdl
for X = F to 207.4 kJ moi! for X = I. The central barriers
are considerably greater than those for back-side attack, which
decrease from 55.5 kJ mdifor X = Cl to 42.5 kJ mot? for

=l

(4) Analysis of our computational data in terms of frontier
orbital theory suggests that elongation of the bond between the
central atom and X may be a dominant factor in decreasing the
unfavorable nature of the front-sidgBreaction with retention
of configuration in going from X= F to X = I.

(5) lon—molecule complexes CHX---X~ which may be
pre-reaction complexes in direct collinear halophilic attack were
found for X = Br and I, but not for X= F and Cl. The
calculated complexation energiesHcomp for these halophilic
complexes are considerably smaller (7.3 kJ Thébr X = Br,

19.4 kJ mot? for X = I) than those for the corresponding pre-
reaction complexes for\@ attack at carbon (41.1 kJ mdlfor
X = Br, 36.0 kJ mot? for X = 1).

(6) Nucleophilic substitution reactions at the halogen atom
in CH3X (X = F—I) (halophilic reactions) leading to either GH
+ Xz or CHg* + X2~ are strongly endothermic and are unlikely
to compete with either back-side or front-sid¢2Seactions at
the methyl carbon.
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