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Abstract: The gas-phase nucleophilic bimolecular substitutions at unactivated vinylic carbon (CH2dCHCl, 1)
by four nucleophiles (OH-, SH-, Cl-, and Br-) are investigated theoretically at the G2(+)(MP2) level. The
results show that the stronger nucleophiles (OH- and SH-) substitute by an out-of-plane SN2 path with retention
(SN π) but an in-plane SN2 path (SN σ) with inversion of configuration is preferred for the substitution by the
weaker bases, Cl- and Br-. However, the elimination pathway is much more facile for OH- than any substitution
process. We have considerd three factors, (i) the LUMO symmetries (σ*, or π*), (ii) the proximateσ-σ*
charge-transfer interactions, and (iii) the electrostatic interactions in the transition state, as possible causes for
preferred pathway for each nucleophile. The stability of the SN π transition state is predominantly influenced
by the proximateσ-σ* type interactions, whereas electrostatic interactions are the major factor conducive to
the energetic preference for the SN σ over the SN π processes for Cl- and Br-. Solvent effect raises the barrier
height but the mechanism and preferred path are not affected.

Nucleophilic vinylic substitution can proceed via an inter-
mediate carbanion, or concertedly with concurrent bond forma-
tion and cleavage,1 eq 1. In the former process,I is a stable

intermediate in which the negative charge is delocalized by
conjugation in systems activated by electron-withdrawing groups
at Câ (Y2 and/or Y3 ) NO2, RCO, CO2R, etc). In the single-
step, concerted process,I is a transition state (TS). In the
stepwise mechanism through a carbanion intermediate retention
of configuration is normally observed, although partial or
complete stereoconvergence may result when the intermediate
has a long lifetime.1 Exclusive inversion has rarely been
observed for simple vinylic systems. However, the vinyl
analogue of the aliphatic SN2 mechanism, in which the backside
attack of the nucleophile occurs concertedly with leaving group
expulsion within the molecular plane, has been proposed
experimentally, mostly for the reactions proceeding with highly
SN1 character.2 Recently, this type of in-plane SN2 route with
inversion of configuration has been predicted to be theoretically
feasible at an unactivated vinylic carbon in the gas phase and

in solution.3 This unexpected theoretical result of energetic
preference for the in-planeσ-attack (SN σ) over the out-of-plane
π-attack (SN π) in unactivated vinylic systems leads us to a
further quest: what is the real nature of, or the driving force
behind, such preference?

In this work we investigated the mechanism of the gas-phase
nucleophilic vinylic substitution using reactions of vinyl chloride
(1; Y1 ) Y2 ) Y3 ) H and LG ) Cl in eq 1) with four
nucleophiles (Nu- ) OH-, SH-, Cl-, and Br-) at the G2(+)-
(MP2) level of theory. For strong bases, elimination-addition
processes are also possible, in which consecutive addition of
the nucleophile and hydrogen to the elimination product
(acetylene) finally yields a vinylic substitution product, and
hence four types of reaction paths are considered, eq 2.

The primary goal of this work is to elucidate the mechanism
of nucleophilic substitutions at unactivated vinyl carbon, in
particular to examine various factors which are conducive to
the energetic preference for the in-planeσ-attack (SN σ route)
over the out-of-planeπ-attack (SN π route).

Calculations

The Gaussian 98 program package4 with standard Pople-type basis
sets was used throughout in this work. Energies (E) were calculated at
three levels, RHF/6-311+G** (RHF), MP2/6-311+G** (MP2), and
G2(+)(MP2) levels with MP2/6-311+G** geometries for the latter two
levels. The G2(+)(MP2)4,5 method is a modified G2(MP2) version5 in
which geometries are determined with an extra diffuse function (+)
added. In the original G2 theory,6 the energies are calculated with MP2/

(1) (a) Rappoport, Z.AdV. Phys. Org. Chem. 1969, 7, 1. (b) Rapporport,
Z. Acc. Chem. Res. 1981, 14, 7. (c) Modena, G.Acc. Chem. Res.1971, 4,
73. (d) Stang, P. J.; Rappoport, Z.; Hanack, M.; Subramanian, L. R.Vinyl
Cations; Academic Press: New York, 1979. (e) Apeloig, Y.; Rappoport,
Z. J. Am. Chem. Soc.1979, 101, 5095.

(2) (a) Clark, T. C.; Kelsey, D. R.; Bergman, R. G.J. Am. Chem. Soc.
1972, 94, 3626. (b) Ochiai, M.; Oshima, K.; Masaki, Y.J. Am. Chem. Soc.
1991, 113, 7059. (c) Lucchini, V.; Modena, G.; Pasquato, L.J. Am. Chem.
Soc. 1993, 115, 7059. (d) Okuyama, T.; Ochiai, M.J. Am. Chem. Soc. 1997,
119, 4785. (e) Summerville, R. H.; Senkler, C. A.; Schleyer, P. v. R.;
Dueber, T. E.; Stang, P. J.J. Am. Chem. Soc. 1974, 96, 1100.

(3) Glukhovtzev, M. N.; Pross, A.; Radom, L.J. Am. Chem. Soc. 1994,
116, 5961.
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6-31G* geometries. The stationary points were verified by calculation
of the vibrational frequencies at the RHF/6-311+G** level (scaled by
0.9051). The gas-phase standard free energy changes and activation
free energies∆Gg° and∆Gg

q (relative to the separated reactants,1 +
Nu-) were then obtained by applying zero-point (ZPE) and thermal
energy corrections and entropy changes,∆S° and∆Sq. The solvation
energies (∆Gsol°) were calculated using the isodensity polarized
continum model (IPCM) with an isodensity level of 0.001 au.7

Results and Discussion

To test the performance of our G2(+)(MP2) calculation, we
compared the proton affinities (PAs) of the four nucleophiles,
OH-, SH-, Cl-, and Br-, calculated at the MP2 and G2(+)-
(MP2) levels with the experimental values in Table 1.

We note quite an improvement in the calculated PAs with
the G2(+)(MP2) theory relative to those at the simple MP2 level
especially for SH- and Cl-. The performance of the G2(+)-
(MP2) calculation is quite comparable to that of the higher level
calculation at the G2(+) theory (Table 1) as judged by the PA
results.

Reactant (RC) and Product (PC) Complexes.Approaching
and departing nucleophiles Cl- and Br- form loose electrostatic
complexes (RC and PC) with the most positive hydrogen, H1

(the Mulliken charges are, H1 (0.195), H2 (0.161), and H3 (0.151)
for 1), in the substitution processes, SN π and SN σ paths in eq
2. For nucleophiles OH- and SH-, the RCs are formed with
H2 (anti-elimination) and H3 (syn-elimination), whereas the PCs
are formed with the departing group, Cl-. The structures of these
complexes are shown inS1 (Supporting Information) together
with the energies of the complexes.

Transition-State Structures and Energetics.The structures
of the transition states (TSs) are shown in Figure 1 together
with those of reactants and products, and the energetics are
summarized in Tables 2 and 3.

Nucleophilic Substitution. Reference to Tables 2 and 3
reveals that the in-planeσ-attack is favored over the out-of-
planeπ-attack for all the nucleophiles except B- ) OH- at the
RHF level. However, this trend is reversed at the MP2 level
and exhibits energetic preference for theπ-attack over the
σ-attack with all the nucleophiles except B- ) Br- for which
the barrier heights are quite similar for the two types of sub-
stitution processes. The highest level results with the G2(+)-
(MP2) theory in Table 3 show that theσ-attack is energetically
preferred to theπ-attack for the Cl- and Br- nucleophiles while
the reverse is true for the OH- and SH-. Thus the correct
energetic preference for theσ-attack over theπ-attack for Cl-

and Br- predicted at the RHF level must be fortuitous. These
changes in the energetic preference for theσ-attack over the
π-attack for the Cl- and Br- from RHF to MP2 and G2(+)-
(MP2) can be rationalized as follows.

It has been shown that resonance delocalization tends to
reduce the electron correlation energy, so that a more resonance
delocalized structure has a lower correlated energy than a less
delocalized form.8 The large lowering of the correlated activation
energies,∆Eq, for the SN π processes at the MP2 level is
therefore an indication that the SN π TSs are stabilized largely
by delocalization. However, this correlated energy lowering of
the more resonance delocalized form by 11-23 kcal mol-1

seems to be overestimated with a low level correlated MO (MP2
level) since at the more sophisticated [G2(+)(MP2)] level, the
∆Eq values are slightly raised again (except for Br-). The SN σ
and SN π processes of SH- are competitive with a marginally
lower barrier for the latter (δ∆Gq ) ∆Gq(SN π) - ∆Gq(SN σ)
) -2.1 kcal mol-1). Now with Cl-, the SN σ route is favored
over the SN π route byδ∆Gq ) 4.7 kcal mol-1; this trend is
consistent with the G2(+) results of Glukhovtsev et al.3 A
greater difference in the∆Eq values, for chloride (Cl-) exchange,
δ∆Eq ) ∆Eq(SN π) - ∆Eq(SN σ) ) 10.1 kcal mol-1, is predicted
at the G2(+) level3 than at the G2(+)(MP2) level (4.3 kcal
mol-1). We therefore think that convergence is reached at the
G2(+)(MP2) level and there will be no more inversion of the
order of preferred reaction routes at any higher level calculations.
The substitution reactions of OH- and SH- are exothermic,
whereas that of Br- is endothermic. In the gas phase, the SN σ
substitution of1 by OH- is not feasible. We failed to locate
the in-planeσ-attack TS for OH-; in fact the SN π route for
OH- has an extremely low barrier (∆Gq ) 2.2 kcal mol-1) with
a high reaction exothermicity (∆G° ) - 53.2 kcal mol-1).

For substitution by Br-, the barrier heights are higher, 39.5
and 32.1 kcal mol-1 for the π- and σ-attack processes, due
largely to the endothermicity of the reaction (∆G° ) 9.1 kcal
mol-1). The reverse reaction (Cl- + CH2CHBr f CH2CHCl
+ Br-) should, however, be exothermic (-9.1 kcal mol-1) and
has a low barrier height (∆Gq ) 30.4 and 23.0 kcal mol-1

respectively for the SN π and SN σ path). Thus the order of
increasing barrier heights (∆Gq) for the reactions with the Nu:
(LG) pair is Cl-:(Br-) < SH-:(Cl-) < Cl-:(Cl-) < Br-:(Cl-)
for the σ-attack and OH-:(Cl-) < SH-:(Cl-) < Cl-:(Br-) <
Cl-:(Cl-) < Br-:(Cl-) for the π-attack.

Reference to Figure 1 reveals that the TSs for the SN σ paths
are quite loose with a small degree of bond formation and a
large degree of bond cleavage, in contrast those for the SN π
paths are relatively tight with a large extent of bond making
and a small amount of leaving group departure. To see this more
clearly we have calculated percentage bond-order changes in

(4) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head Gordon, M.; Replogle, E. S.; Pople, J. A.Gaussian 98, ReVision A.6;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(5) Curtiss, L. A.; Raghavachari, K.; Pople, J. A.J. Chem. Phys. 1993,
98, 1293.

(6) (a) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A.J.
Chem. Phys. 1991, 94, 7221. (b) Curtiss, L. A.; Raghavachari, K.; Pople,
J. A. J. Chem. Phys. 1995, 103, 4192.

(7) (a) Foresman, J.; Keith, T. A.; Wiberg, K. B.; Snoonian, J.; Frisch,
M. J. Phys. Chem.1996, 100, 16098. (b) Wiberg, K. B.; Rablen, D. J.;
Keith, T. A. J. Am. Chem. Soc. 1995, 117, 4261. (c) Rablen, P. R.; Pearlman,
S. A.; Miller, D. A. J. Am. Chem. Soc. 1999, 121, 227.

(8) (a) Glendening, E. D.; Weinhold, F.J. Comput. Chem.1998, 19,
610. (b) Glendening, E. D.; Badenhoop, J. K.; Weinhold, F.J. Comput.
Chem.1998, 19, 628.

Table 1. Proton Affinities of Bases

calcd (kcal mol-1)a

base MP2 G2(+)(MP2)
exptl

(kcal mol-1)b

OH- 389.4 389.1 (389.8)c 390.5
SH- 353.9 351.1 (352.1)c 351.4
Cl- 334.5 333.2 (334.1)c 333.5
Br- 322.8 323.4 (323.9)c 322.6d

a ∆H ) H(B-) - H(BH). b Gronert, S.J. Am. Chem. Soc. 1993,
115, 10258.c Values in parentheses are at the G2 level: Morgon, N.
H. J. Chem. Phys. A1998. 102, 2050.d Curtiss, L. A; McGrath, M. P.;
Blaudeau, J.; Davis, N. E.; Binning, R. C., Jr.; Radom, L.J. Chem.
Phys. 1995. 103, 6104.
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the TS, %∆nq,9 for d1 (CR-Nu bond), d2 (CR-LG bond), and
d4 (CâdCR) as shown in Table 4. We note that except for OH-,
the bond-making and cleavage are ca. 55-60 and 25-40% for
the SN π and 30-35 and 55-65% for the SN σ routes. In the
SN π TS, theπ bond of CâdCR is partially broken (to a single
bond in the limit) and in the SN σ a secondπ-bond is partially
formed (to a triple bond in the limit). Theseπ-bond changes
are in general large in the SN π TS, but also substantial in the

SN σ TS. For example, in the identity reaction of Cl- with 1,
ca. 14% of the triple bond is formed in the in-planeσ-attack,
which is greater than that for the reaction of Br- with 1 (ca.
9%). Thus the SN π TSs are characterized by a relatively tighter
bond formation (closer approach of the nucleophile to the vinylic
carbon) than in the SN σ TSs, which is in line with the large
proximateσ-σ* delocalization stabilization within the SN π
TSs. It has been shown that when there are intermolecular
delocalizations due to the proximateσ-σ* (including n-σ*,
π-σ*, andσ-π*) charge transfer interactions electron correla-
tion allows the two interacting molecules to approach each other
more closely by overcoming a significant amount of exclusion
repulsion.10

The greater degree of bond cleavage than bond formation in
the in-planeσ-attack routes should require a large amount of
deformation energy11 (∆Edef, which is the energy required to
transform the reactant,1, into its transition structure, Table 4)
and hence should lead to high activation barriers. The difference
in the deformation energy between the SN π and SN σ TSs
(δ∆Edef ) ∆Edef(σ) - ∆Edef(π) in kcal mol-1) increases as the
SN π route becomes increasingly more favorable, Br- (14.93
kcal mol-1), Cl- (19.71 kcal mol-1), and SH- (22.92 kcal
mol-1). For the OH- nucleophile, perhaps this difference
becomes so great that the SN σ attack is not feasible compared
to the much lower SN π path (as we found). Based on the greater
deformation energies for the SN σ than SN π path, the in-plane
σ-attack should be considered less favorable than the out-of-
plane π-attack, as has long been accepted by many organic

(9) (a) Houk, K. N.; Gustabson, S. M.; Black, K. A.J. Am. Chem. Soc.
1992, 114, 8565. (b) Lee, I.; Kim, C. K.; Lee, B. S.J. Comput. Chem.
1995, 16, 1045. (c) Lee, J. K.; Kim, C. K.; Lee, I.J. Phys. Chem. A1997,
101, 2893.

(10) Reed, A. E.; Curtiss, L. A.; Weinhold, F.Chem. ReV. 1988, 88,
899.

(11) (a) Shaik, S. S.; Schlegel, H. B.; Wolfe, S.Theoretical Aspects of
Physical Organic Chemistry, The SN 2 Mechanism; Wiley: New York, 1992.
(b) Mitchell, D. J.; Schlegal, H. B.; Shaik, S. S.; Wolfe, S.Can. J. Chem.
1985, 63, 1642.

Figure 1. Structures of reactant, products, and transition states.

Table 2. Energetics (in kcal mol-1 relative to the separated
reactants) for Nucleophilic Substitution (SN π and SN σ) and
Elimination (anti and syn) Reactions of Vinyl Chloride at RHF and
MP2 Levelsa

RHF/6-311+G** MP2/6-311+G**reaction
path base ∆Eq ∆E° ∆Eq ∆E° ∆Gq

g ∆G°g

SN π OH- 4.56 -73.86 -6.70 -54.64 0.56 -50.51
SH- 34.95 -25.05 11.65-24.89 20.32-22.06
Cl- 48.38 0.00 26.80 0.00 35.62 0.00
Br- 54.68 10.95 33.37 11.12 39.39 10.85

SN σ SH- 26.03 -25.05 22.72-24.89 29.65-22.06
Cl- 29.36 0.00 30.89 0.00 36.68 0.00
Br- 32.67 10.95 33.25 11.12 38.14 10.85

elim
anti OH- -11.32 -46.02 -16.28 -29.59 -11.01 -37.17
syn OH- -8.88 -46.02 -13.52 -29.59 -8.17 -37.17
anti SH- 30.97 4.21 16.46 8.37 20.20-2.09
anti Cl- 40.24 27.27 26.83 29.14 27.02 16.90
anti Br- 38.52 50.11 37.23 41.27 36.34 28.30

a Reactant (B- + 1) energies in hartrees: OH- (-612.38719), SH-
(-935.11700), Cl- (996.54690), and Br- (-3109.42534) at the MP2/
6-311+G** level.
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chemists. What other factors are then responsible for reversing
this trend of∆Gdef to the energetic preference for the SN σ over
the SN π path?

First, we looked into the frontier MO levels. Lucchini et al.12

have shown that there is an almost complete correspondence
between the symmetry (π* or σ*) of the lowest unoccupied (LU)
MO and the stereochemical outcome of nucleophilic substitution
(π-attack or σ-attack) on the corresponding real substrates.
However, as they have reported, the LUMO of vinyl chloride,
1, is aπ* orbital although the lowestσ* orbital is quite nearby
with an energy difference of∆E ) 0.037 au (calculated at the
RHF/6-31G*//RHF/3-21G* level). Our results are also in
agreement with thisπ*-LUMO (0.0964 au), and the lowestσ*
MO is at 0.1138 au with a difference of 0.017 au between the
two (calculated at the RHF/6-311+G**//RHF/6-311+G**
level). If the SN σ route were FMO energy gap controlled, the
SN π, not SN σ, path should have been preferred. So, this
indicates that the substitution of1 by Cl- is not FMO energy
gap controlled. In contrast, the SN σ (σ* level is at 0.0623 au)
preference over the SN π (π* level is at 0.0882 au) path is
correctly predicted for the substitution reaction of vinyl bromide,

CH2CHBr, with Cl-. The energy gap between the two is in this
case large∆E ) 0.026 au (compared to that of1, 0.017 au). In
any case, theπ*-LUMO obtained at the two levels of theory
for 1 is not compatible with the G2(+)(MP2) results of SN σ
preference for the nucleophilic substitution of1 by Cl-. We
therefore conclude that the ground-state LUMO symmetry at
the R-carbon of the vinyl system cannot be the predominant
factor determining the mechanistic preference in the nucleo-
phillic vinylic substitution.

As a next candidate for the factor conducive to the energetic
preference for the in-plane SN2 pathway, we examine the
intramolecular geminal and first-neighbor vicinalσ-σ* type
(includingπ-σ* and σ-π*) charge-transfer interactions in the
TS. These types of second-order perturbation interaction ener-
gies,∆E(2), have provided valuable insights into the stereoelec-
tronic effects involved in many equilibrium and dynamic
processes.8,10,13 To see them more clearly, we have subjected
the TSs to natural bond orbital (NBO) analysis.8,10,13b,d,e,fThe
results for our four main reaction paths are summarized inS2.
The energy lowering is given by

whereF is the Fock operator andεσ (or επ) andεσ* (or επ*)
are NBO orbital energies. Examination of the results inS2
reveals that such TS stabilizing, second-order proximateσ-σ*
interactions are large in the SN π path (∑∆E(2)

σσ* for SN π with
Br-, Cl-, and SH- is ca. 557, 196, and 164 kcal mol-1,
respectively), but are much smaller in the SN σ path (∑∆E(2)

σσ*

for SN σ with Br-, Cl-, and SH- is ca. 32, 33, and 15 kcal
mol-1, respectively). This is not unexpected since, as we have
noted earlier, the SN σ TSs are much looser than the SN π TSs
so that the matrix elements,〈σ|F̂|σ* 〉 in eq 3 are much smaller
due to small overlap betweenσ andσ* orbitals.

Given the much smaller charge-transfer stabilization energies
for the SN σ than SN π processes, suchσ-σ* proximate
delocalization in the TS cannot be responsible for the energetic
preference of the SN σ path in the substitution of unactivated
vinyl chloride by Cl- and Br- (Table 3). Obviously, we have

(12) Lucchini, V.; Modena, G.; Pasquato, L.J. Am. Chem. Soc. 1995,
117, 2297.

(13) (a) Epiotis, N. D.; Cherry, W. R.; Shaik, S.; Yates, R. L.; Bernardi,
F. Structural Theory of Organic Chemisty; Springer-Verlag: Berlin, 1977.
(b) Brunck, T. K.; Weinhold, F.J. Am. Chem. Soc. 1979, 101, 1700. (c)
Musso, G. F.; Figari G.; Magnasco, V.J. Chem. Soc. Faraday Trans. 2
1985, 81, 1243. (d) Weinhold, F.Theochemistry1997, 181, 398. (e) Tyrrell,
J.; Weinstock, R. B.; Weinhold, F.Int. J. Quantum Chem. 1981, 19, 781.
(f) Reed, A. E.; Weinhold, F.J. Am. Chem. Soc. 1986, 108, 3586.

Table 3. Reaction and Activation Parameters (relative to the separated reactants, CH2CHCl + Nu-) in the Gas Phase at the G2(+)(MP2)
Level and Solvation (∆Gq

sol, kcal mol-1) and Activation Free Energies (∆Gq
AN, kcal mol-1) in Acetonitrile

reaction path base ∆Eq a ∆Hq ∆H° ∆Gq
g ∆G°g ∆Gq

sol ∆Gq
AN

b

SN π OH- -6.16 -7.16 -54.65 2.15 -53.20 15.21 17.36
SH- 15.33 14.51 -21.47 24.36 -19.04 14.07 38.43
Cl- 27.25 26.04 0.0 34.53 0.0 15.69 50.22
Br- 32.30 31.81 9.23 39.50 9.14 13.60 53.10

SN σ SH- 18.55 18.32 -21.47 26.46 -19.04 14.55 41.01
Cl- 23.01 22.83 0.0 29.76 0.0 16.34 46.10
Br- 25.62 25.43 9.23 32.11 9.14 14.46 46.57

elim
anti OH- -18.34 -18.79 -27.34 -11.03 -34.83 17.19 6.16
syn OH- -15.38 -16.03 -27.34 -7.90 -34.83 14.04 6.14
anti SH- 15.69 15.55 10.61 22.70 2.70 14.84 36.74
anti Cl- 21.96 22.19 28.53 27.68 19.82 15.93 43.61
anti Br- 31.30 31.68 38.36 36.77 29.54 7.61 44.38

a Reactant (B- + 1) energies in hartrees: OH- (-613.26785), SH- (-935.92276), Cl- (-997.35824), and Br- (-3110.28653) at the G2(+)(MP2)
level. b ∆Gq

AN ) ∆Gq
g + ∆Gq

sol.

Table 4. Percentage Changes of Bond Order, %∆nq,a
Deformation Energies (∆Edef)

base path d1 d2 d3 d4 ∆Edef δ∆Edef
b

OH- π 22.5 3.5 13.5 2.84
SH- π 56.3 24.0 32.0 25.92 22.92

σ 30.8 57.4 2.1 48.84
Cl- π 62.3 37.7 20.5 39.42 19.71

σ 34.5 65.5 14.2 59.13
Br- π 62.3 43.5 16.7 46.74 14.93

σ 37.3 66.2 9.1 61.67
OH- anti elim 51.7 12.0 27.7 13.86

syn elim 51.9 8.2 27.5 14.14
SH- anti elim 81.4 49.1 63.6 83.35
Cl- anti elim 80.9 64.5 59.2 94.34
Br- anti elim 78.5 72.2 57.3 103.84

a % ∆nq ) {[exp(-rq/a) - exp(-rR/a)]/[exp(-rP/a) - exp(-rR/a)]}
× 100, whererq, rR, andrP are the bond length in the TS, reactant, and
product, respectively. We adopteda ) 0.6 for d1, d2, and d3, anda )
0.3 for d4.9,11a b δ∆Edef ) ∆Edef(σ) - ∆Edef(π) at the MP2 level of
theory.

∆E(2)
σσ* )

〈σ|F̂|σ* 〉2

εσ* - εσ
(3)
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to look for another factor to rationalize the lower activation
barrier for the SN σ than SN π path.

In the NBO theory, the energy changes,∆E ) E(associated)
- E(separated), accompanying association of two interacting
molecules (as in the water dimer, in the TS for bimolecular
substitution etc.) are given in two terms, charge-transfer (∆ECT)
and other “ no-charge-transfer” (∆ENCT) energy changes10

The latter is due to exclusion repulsion and electrostatic
(including induction and polarization) interactions. For example,
for a water dimer, the high level results gave-4.1, +2.4, and
-6.5 kcal mol-1 for ∆E, ∆ENCT, and∆ECT, respectively.10 In
this case, the∆ENCT term is destabilizing and the charge-transfer
energy, ∆ECT, provides the major part of the water dimer
formation energy. Obviously our quest after a conducive factor
for the energetic preference of the SN σ over the SN π path
should now be directed to the∆ENCT term. A common feature
found in the experimentally observed SN σ processes is the
development of a strong cationic charge on the vinyl carbon in
a loose SN1-like TS.2 The in-plane SN σ processes are often
observed experimentally with vinyl substrates which are prone
to react with a strong SN1 character.2 For example, the acetolysis
of alkyl-substituted vinyl iodonium salts proceeds with a TS in
which strong cationic charge is left behind as the leaving group,
neutral iodobenzene, has nearly completely departed.2d When,
however, the vinyl cationic charge is delocalized to an electron
donor or conjugative substituent, like aâ-phenyl group, the
exclusive in-plane SN σ mechanism is no longer observed. It is
therefore important to recognize that the strong positive charge
development is required in the TS for an SN σ process to be
preferred to the SN π process.

Thus the cationic vinyl carbon and an anionic nucleophile in
a loose TS are bound to interact electrostatically to stabilize
the TS. We have collected atomic charges for each TSs inS3,
and significantly large electrostatic interaction energies (∆Ees

> 5.0 kcal mol-1) are calculated as shown in Table 5.
Surprisingly, the negative (and hence stabilizing)∆Ees values
for the SN σ with Cl- and Br- are much larger than those for
other processes. In fact, the∆Ees values are much smaller for
the SN π paths (except for OH-) than for the SN σ paths. The
stabilizing ∆Ees (<0) values for the SN σ path with Cl- and
Br- exceed the greater destabilizing deformation energies for
the SN π path (∆∆Gdef ) 13.7 and 9.6 kcal mol-1 for Cl- and
Br-, respectively, Table 4) and more than compensate for the
large deformation energies in favor of the SN σ over the SN π
process. The lower exclusion repulsion energies in the loose
SN σ TS than in the tight SN π TS should also contribute to the
energetic preference of the SN σ path.

We can therefore conclude that the tight SN π TSs are
primarily stabilized by the proximateσ-σ* type charge-transfer
interactions,∆E(2)

σ-σ* (∆ECT control), whereas the loose SN σ

TSs are mainly stabilized by the electrostatic interactions,∆Ees

(∆ENCT control). The electrostatic energies are stronger and more
stabilizing in the SN σ TSs than the charge-transfer interaction
energies in the SN π TSs for the weak nucleophiles, Cl- and
Br-, and the reverse is true for the strong nucleophiles, OH-

and SH-.
Elimination Reaction. The gas-phaseâ-elimination of vinyl

chloride with a strong base, OH-, is a very facile process with
negative∆Gq values (-11.0 and-7.9 kcal mol-1 relative to
the separated reactants for anti- and syn-eliminations in Table
3). The percentage bond order changes in Table 4 show that
the elimination with OH- proceeds via a highly E1cb-like E2
TS with a large degree of deprotonation (> 50%) but only small
degree of leaving group departure. In contrast, the elimination
with SH-, Cl-, and Br-, weaker bases than OH-, is a typical
E2 reaction with a large degree of deprotonation and leaving
group departure. This is why the deformation energies,∆Edef,
are so large (83-104 kcal mol-1) for these process (Table 4).
For bases SH-, Cl-, and Br-, the syn elimination was not
feasible. The activation energies,∆Gq, show that the elimination
and substitution may proceed competively for SH-, Cl-, and
Br- in the gas phase and also in acetonitrile solution. However,
the elimination with OH- is so facile (∆Gq < 0) that the SN π
substitution route cannot compete and the reaction of OH- with
1 should take place exclusively via the elimination route. The
TSs for these processes are also shown in Figure 1. The syn-
elimination by OH- is somewhat sterically hindered and for
this reason the anti-elimination is favored over the syn-
elimination.

Solvent Effect. Since the nucleophilic vinylic substitution
reactions are conducted often in dipolar aprotic solvents,14

solvent effects are investigated with acetonitrile using a
continuum model, isodensity polarizable continuum model
(IPCM).7 The theoretical estimation of entropy changes in
solution is a difficult problem. However, the entropy changes
are found to be essentially constant of the medium,15 so that
we used the gas-phase entropies in the estimation of free energy
changes,∆Gq and∆G°, in acetonitrile. The results in Table 3
reveal that, although the barrier heights are raised by the solvent
almost uniformly, the preference between the SN π and SN σ
pathways is not altered. The elimination by OH- now has
positive activation barriers (∆Gq > 0). The elevation of∆Gq in
acetonitrile is consistent with the strong solvation of the anionic
nucleophile in the initial state which is more stabilizing in the
solvent (MeCN) (by ca. 16 kcal mol-1 for Cl-) relative to the
more charge delocalized TS. Since acetonitrile is a dipolar
aprotic solvent, solvation of a more localized charge in the loose
activated complex (SN σ TS) should be smaller so that solvation
stabilization is somewhat lower for the SN σ path (by ca. 0.5-
0.9 kcal mol-1). The high activation barriers in solution may
well be the reason for the relative difficulty of observing an
in-plane SN2 process with unactivated vinyl systems.

Conclusion

Our G2(+)(MP2) results indicate that in the gas-phase
substitution of the unactivated vinyl system (CH2dCHCl, 1)
by strong nucleophiles, OH- and SH-, the out-of-plane, SN2
path with retention (SN π) is favored, whereas the in-plane SN2
path with inversion (SN σ) is energetically preferred by weak

(14) (a) Galli, C.; Gentili, P.; Rappoport, Z.J. Org. Chem. 1994, 59,
6786. (b) Beit-Yannai, M.; Rappoport, Z.; Shainyan, B. A.; Danilevich, Y.
S.J. Org. Chem. 1997, 62, 8049. (c) Chen, X.; Rappoport, Z.J. Org. Chem.
1998, 63, 5684.

(15) Castejon, H.; Wiberg, K. B.J. Am. Chem. Soc. 1999, 121, 2139.

Table 5. Electrostatic Energies (∆Ees in kcal mol-1) for the Major
Electrostatic Interactions of CR and H with Nu and LG

∆Ees

base path CR-Nu CR-LG H1-Nu H1-LG total

OH- π -2.4 -0.2 -39.5 -2.4 -44.5
SH- π 7.2 5.3 -8.0 -5.5 -1.0

σ -4.9 -4.5 -25.4 -21.5 -56.3
Cl- π 0.1 0.1 -8.3 -8.3 -16.4

σ -17.7 -17.7 -28.2 -28.2 -91.8
Br- π 1.7 2.3 -7.0 -9.6 -12.6

σ -11.1 -12.2 -23.5 -26.2 -73.0

∆E ) ∆ENCT + ∆ECT (4)
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nucleophiles, Cl- and Br-. The SN π TSs are relatively tight
with a large degree of bond formation and a low extent of bond
cleavage, and the TSs are predominantly stabilized by the
geminal and first-neighbor vicinalσ-σ* charge-transfer interac-
tions. In contrast, the SN σ TSs are relatively loose and stabilized
primarily by the electrostatic interactions. The E2 elimination
is extremely facile for OH- with strong E1cb character. Solvent,
CH3CN, causes the activation barriers to elevate uniformly so
that the mechanism and the preferred path (SN π or SN σ) are
not altered.
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