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Abstract: The gas-phase Sy2 reactions of chloride with ethyl and neopentyl chlorides and their a-cyano
derivatives have been explored with B3LYP, CBS-QB3, and PDDG/PMS3 calculations. Calculations predict
that the steric effect of the tert-butyl group raises the activation energy by about 6 kcal/mol relative to
methyl in both cases. Solvent effects have been computed with QM/MM Monte Carlo simulations for DMSO,
methanol, and water, as well as with a polarizable continuum model, CPCM. Solvents cause a large increase
in the activation energies of these reactions but have a very small differential effect on the ethyl and neopentyl
substrates and their cyano derivatives. The theoretical results contrast with previous conclusions that were
based upon gas-phase rate measurements.

Sn2 reactions are a fundamental process of chemistry. In the X+ cRsy
gas phase, both experimérand theory indicate that the Separated
reactions involve double well potentials shown in Figure 1-1on
molecule complexes are deep minima, and the energy of the
transition structure is often lower than that of the separate
reactants. The influence of solvation on the reaction profile is
profound (Figure 2); in solution, the relatively localized charges

XCR3 + Y~
Separated
products

of reactants and products are solvated more strongly than the X=-CRsY
ion—molecule complexes or transition states. The energy of psiiatand XCRy——-Y~
activation for chloride attack on methyl chloride changes from lon-molecule

3 kcal/mol in the gas pha%éo above 20 kcal/mol in watér. ) _ _ complex o
Figure 1. Generalized potential energy surface fq2Seactions in the

Steric effects have a major influence on the rates @ S 55 phase?
reactions. Ingold and Hughes found tha{2Sreactions of
neopentyl bromides have-%& kcal/mol higher activation TS Gas
energies than ethyl bromidéfReactions of ethoxide with alkyl phase
bromides in ethanol or halogen exchange in acetone show
similar behavioP. The explanation for the increased activation
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Recent gas-phase rate studies of chloride exchange in methyl-Table 1. CBS-QB3 Energies (kcal/mol) of lon—Molecule

andtert-butyl-substituted chloroacetonitriles by Brauman et al.

Complexes and TS Relative to Separated Reactants?

pointed to an additional mechanism for the rate effethe

measured gas-phase rate constants are in the ratio 6.25:1 in the

gas phase, and the difference in activation energies derived from
statistical RRKM rate theory is only 1.6 kcal/mol. The activation
energy difference between these two reactions is expected to
be close to the activation energy difference without the cyano

ion—-molecule retardation energy of
reaction complex TS tBu vs Me
MeCl + CI~ —10.6 (—12.4) 2.0(3.3)
EtCl+ CI~ —11.8 (—13.4) 4.6 (4.6)
neopentylCH- Cl~ —13.4(-11.8) 10.3(11.0) 5.7 (6.4)
MeCH(CN)CI+ CI- —20.0 19.4) —0.6(2.6)
tBUCH(CN)CI+ CI-  —21.7 (-21.7) 5.7 (9.3) 6.3 (6.7)

groups; therefore, the steric effect in the gas phase is apparently

substantially less than that in solution. The difference in
activation energies suggests that solvation of the two transition

2 PDDG/PM3 energies are given in parentheses.

Table 2. CBS-QB3 Free Energies (kcal/mol) of lon—Molecule

states cannot be assumed to be identical. Monte Carlo simula-Complexes and TS Relative to Separated Reactants

tions done at that time using TIP4P water solvation showed
differential solvation of 4 kcal/mol for the two transition states
(chloride plus methyl vs neopentyl chloride) and supported the

retardation energy of

view provided by experiment. Although classical steric effects
were clearly observed in this and other systems, significant
contributions of differential transition state solvation were

required for a complete explanation.

To provide an independent theoretical estimate of energetics,

the reactions have now been studied using several appropriate 5

guantum mechanical methods, B3LYP/6-31%@{BS-QB3!!
both as implemented in Gaussiarid&nd a new semiempirical
method, PDDG/PM33 The last is a new method that is suitable
for QM/MM studies in Monte Carlo simulations. CBS-QB3 is
known to estimate heats of formation with average errors of
~1 kcal/mol for closed-shell molecules. Test calculations show
that CBS-QB3 predictions of the barrier of differeny2S
reactions differ by about 0.5 kcal/mol from higher accuracy
W1 and W2 method$ or CCSD(T) calculations with a very
large basis sé€t.

The results of the CBS-QB3 calculations are represented in
Tables 1 and 2, and Figures 3 and 4. The difference between
the activation enthalpy (B- ZPE) barriers for ethyl (4.6 kcal/
mol) and neopentyl (10.3 kcal/mol) chloridgSreactions is
5.7 kcal/mol. The substitution af-cyano groups lowers these
barriers to—0.6 and 5.7 kcal/mol, respectively, leading to a
difference of 6.3 kcal/mol; the cyano-substituted molecules are
good models for ethyl and neopentyl chlorides. Nonetheless,
the theoretical prediction of a 5.7 kcal/mol (or 6.3 kcal/mol for
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Inc.: Pittsburgh, PA, 1998.
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Figure 3. (A) Enthalpy profile of chloride exchange in ethyl (red,=R
Me) andneapentyl (blue, R= tBu) chlorides. (B) Enthalpy profile of
chloride exchange in methyl (red, R Me) andtert-butyl (blue, R= tBu)
substituted chloroacetonitriles.

cyano-substituted compounds) difference in activation energies
of ethyl and neopentyl chloride reactions deviates significantly
from the experimentally deduced value of 1.6 kcal/fiol fact,
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Table 3. Gas-Phase B3LYP/6-311G(2d,d,p) Geometries (C—CI
Distances and Cl-C—Cl Angles)a?

ion—dipole
reaction complex TS
MeCl + CI~ r(C...Cl) 3.146 (2.953) 2.364 (2.246)
g(cice 180 (180) 180 (180)
EtCl+ CI~- r(C...Cl) 3.376 (3.093) 2.436 (2.289)
g(cica 165 (171) 163 (170)
neopentylCH- CI~ r(C...Cl) 3.595 (3.169) 2.53(2.333)
g(cicca 123 (155) 147 (153)
MeCH(CN)CI+ CI r(C...Cl) 3.263 (3.244) 2.448 (2.258)
g(cica 118 (126) 161 (170)
tBuCH(CN)CI+ CI~ r(C...Cl) 3.373(3.345) 2.542 (2.286)
g(cicce 114 (120) 144 (155)

aPDDG/PM3 values are given in parenthedeBistances in A, angles
in deg.

ca. 6 kcal/mol, while introduction of a cyano group lowers the
barriers by 2 kcal/mol with PDDG/PM3 or 5 kcal/mol with
CBS-QB3. (2) Variations in the €CI distances and CIC—

Cl angles parallel those formed by B3LYP (Table 3). Thus, the
C—Cl distances increase by ca. 0.04 A (0.07 A at the B3LYP
level) in progressing from methyl to ethyl derivatives and by a
similar amount from ethyl to neopentyl.

The effects of solvation on these barriers were explored both
with continuum models and with full Monte Carlo simulations
including explicit solvent. Free-energy perturbation (FEP)
calculations were also carried out for the reactions of chloride
ion with ethyl chloride and neopentyl chloride in DMSO,
methanol, and water as solvents. The procedure was essentially
the same as recently applied to Dieklder reaction& and
Claisen rearrangemerits:®® In brief, mixed quantum and
molecular mechanics (QM/MM) calculations were carried out.
Figure 4. Geometries of iormolecule complexes and TS for chloride The reacting system was treated Wlth PDDG/F,)MS" while the
exchange reactions in (A) ethyl and neopentyl chlorides and (B) methyl- Solvent molecules were represented with the united-atom OPLS
and tBu-substituted chloroacetonitriles. Partial bonds and nonbonded force field for the nonaqueous solvents and with the TIP4P water
distances are shown. model. The solutesolvent interactions are represented by

) o ) Coulomb and LennardJones potentials. For the solute atoms,
the theoretical results are similar to the experimental values for gtanqard OPLS-AA LennareJones parameters were adopted,
related systems measured in various solvents/(Ecal/mol)> and unscaled partial charges were used as obtained from the

The geometries from the B3LYP/6-311G(2d,d,p) used in the cM3 charge modé? and the PDDG/PM3 wave functions. The
CBS-QB3 calculations are shown in Figure 4. In alkyl com-  statistical sampling for the FEP calculations was performed with
plexes and TSs, the nearest distance between chlorides anfﬂ/letropolis Monte Carlo simulations at 2% and 1 atm.
methyl hydrogens is-2.7-2.8 A, and introducing the CN group  Rectangular periodic cells were used; the systems consisted of
in the molecule shortens this distance~@.3 A between Cl  the reactants plus 395 solvent molecules for the nonaqueous
andHC(CN) The C'_C_Cl angle |S the eXpeCted 1801 the Solvents or 740 molecules for water.

D3 CI=Me—CI TS, becomes 163n the ethyl TS, and is only In the first set of FEP calculations, the transition structures
H-+-CI~ nonbonded interaction. This angle deformation is the two c—Cl distances and the €C—Cl angle in increments of
major cause of energy increase in the neopentyl TS versus thep 01 A and 2. The free-energy maps are flat within 0.1 kcal/
methyl or ethyl TS; when the Cl+ MeCl TS angle is  mg| for C—Cl lengths within 0.03 A and GIC—CI angles
constrained to 163and 147, the energy increases by 2.7 and  jthin 3° of the values reported here for the transition structures
9.2 kcal/mol, respectively. The van der Waals repulsion between (Table 4). Each simulation consisted of 2.5 M configurations
the chlorides and-Bu group in the transition state distorts the qf equilibration followed ly 4 M configurations of averaging
Nuc—C—Nuc angle and increases the activation energy. in the nonaqueous solvents 6 M in water. All degrees of

PDDG/PM3 optimizations were also carried for these pro- freedom of reactants were sampled except for the scanned
cesses. The energetics are given in parentheses in Table 1. In
all cases, the two €CI distances were found to be essentially (16) fggg‘gggekhaf’ J.; Shariffskul, S.; Jorgensen, W. Rhys. Chem. 2002
the same in the transition structures. The key geometrical (17) Kaminski, G. A.; Jorgensen, W. 0. Phys. Chem. B99§ 102, 1787.
parameters are summarized and compared to CBS-QB3 in Table8) f?ggrsgghs"gh P\-/?VGLE]J"YA?{] aes. C. Rg!éaoﬁhfgg”'g‘zgéha" J.; Tirado-Rives,
3. The main points are the following: (1) As with B3LYP  (19) Guimaraes, C. R. W.; Repasky, M. P.; Chandrasekhar, J.; Tirado-Rives,
geometries, replacement of an ethyl group in the substrates by, 3. Jorgensen, W. L1. Am. Chem. So@003 125 6892.

X . X : . Thompson, J. D.; Cramer, C. J.; Truhlar, D. 5.Comput. Chem2003
neopentyl is found to increase the overall activation barriers by 24, 1291.
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Table 4. MC/FEP Results for Sy2 Reactions in Solution at 25 °C

RCI solvent TS: r(C...Cl) TS: O(CICCl) TS: q(Cl) AG*
NpClI DMSO 2.360 146 —0.83 23.9
EtCI DMSO 2.305 168 —0.83 17.0
NpCI—-EtCI 0.055 —22 0 6.9
NpCl MeOH 2.430 147 —0.85 30.4
EtCl MeOH 2.390 167 —0.85 24.8
NpCI—EtClI 0.040 —20 0 5.6
NpCl H0 2.510 144 —0.86 30.4
EtCI H.O 2.470 166 —0.87 23.9
NpCI—EtCI 0.040 —22 0.01 6.5

variables, while sampling of the internally rigid solvent mol-
ecules involved only their total translations and rotations.
Subsequently, FEP calculations were performed to obtain the
free energies of activation by driving the transition structures
to the reactant geometries at a CIC separation of 5.5 A. FEP
calculations were also carried out for each alkyl halide with
chloride ion, and the free-energy profiles were confirmed to be
flat beyond 5 A. For the transition structure to reactant FEP
calculations, the values for the<Cl distances and GIC—CI
angles at the transition structures were fixed at the optimized
values (Table 3), the covalent<CI distance for the reactant
was fixed at the consensus value of 1.77 A, and the chlorines
and carbons C1 and C2 of the alkyl fragment were kept coplanar.
All remaining degrees of freedom were sampled. Seemingly
simple use of one €CI distance as the reaction coordinate does
not lead to sampling of transition-state like structures a0C
separations in the vicinity of the saddle point; the otherGT
distance prefers to remain near 1.8 A. A viable alternative is to 7able 5. Activation Free Energies of Reactions in DMSO, MeOH,
follow a gas-phase reaction path and then map off it to locate and Water Solutions _
the stationary points in solutidf:1° For each system, results AGH retardation energy of
for 100 FEP windows were obtained through 50 separate MC

Figure 5. Snapshots from molecular dynamics of solvated TS for chloride
exchange in ethyl and neopentyl chlorides in methanol solution.

. . . . . . reaction DMSO MeOH H,0 DMSO MeOH H,0
simulations using double-wide sampling; the change in the Vel Cl 320 349 353

- ; ; e - . . .
ClI~...C distance between windows was ca. 0.03 A. Each MC EtCl+ CI- 354 380 384

simulation again covered a total of 6.5 M configurations. neopentylCH- CI- 441 471 476 8.7 91 93

An attempt to move the solute was made every 100 configura- MeCH(CN)CI+CI- 358  39.8 405

tions and requires computing the new QM energy for the solute BUCH(CN)CI+CI™ 421 465 469 63 67 64

and 'tS_ two per_turbed forms' Thus, the total number of _PDDG/ a2 CBS-QB3 gas-phase free energies were corrected by B3LYP/6-31G*/

PM3 single-point calculations executed for each reaction was cpcm (geometries optimized in solution) solvation free energies.

ca. 10 million. All calculations were carried out with the BOSS

program?! Only a single job submission is needed to compute ~ CPCM? continuum solvation optimizations were also per-

a free-energy profile; the required computation times were ca. formed, and the results for different polar solvents (DMSO,

1 and 2 days for each 100-window series of FEP calculations methanol and water) are shown in Table 5. The free energy of

for the ethyl and neopentyl cases, respectively, on a 2.4 GHzthe TS relative to reactants rises by-27, 25-28, and 27

Xeon processor running Linux. 30 kcal/mol in the cases of the methyl, ethyl, and the neopentyl
Snapshots from the MC simulations are shown in Figure 5. TS, respectively. These calculations predict that the activation

The statistical uncertainties from the batch means procedure forenergy difference increases in polar solvents bylB kcal/

the free-energy changes were 0.8@02 kcal/mol in each mol from methyl to ethyl chloride and by =2 kcal/mol from

window. Thus, the overall uncertainties in the computed free ethyl to neopentyl chloride, that is, about a fourth of the

energies of activationAG*, are below 0.2 kcal/mol (0.62x theoretical gas phase energy difference between activation
100)“2. The computedAG* values include a cratic correction  energies of ethyl and neopentyl chlorides. This occurs because
of 1.9 kcal/mol to correspondotl M standard staté3. In the ion-induced dipole interaction between the partially negative

DMSO, the predicted free energies of activation are 17.0 and chloride atoms and-Bu group is smaller in polar media than
23.9 kcal/mol for the reactions with ethyl and neopentyl chloride, in gas phase. This effect is found even in the-iomolecule
while the corresponding results are 24.8 and 30.4 kcal/mol in complexes; the energy of the neopentyl complex (gas-phase
methanol and 23.9 and 30.4 kcal/mol in water. geometry) is increased in water by 3.8 kcal more than the energy
of the ethyl complex. The geometry changes of transition

(21) Jorgensen, W. LBOSS 4.5Yale University: New Haven, 2003.

(22) (a) Murphy, K. P.; Xie, D.; Thompson, K. S.; Amsel, L. M.; Freire, E.
Proteins: Struct., Funct., Genet99418, 63. (b) Hermans, J.; Wang, L. (23) (a) Barone, V.; Cossi, Ml. Phys. Chem. A998 102 1995. (b) Barone,
J. Am. Chem. S0d.997, 119, 2707. B.; Cossi, M.; Tomasi, JJ. Comput. Chenil998 19, 404.
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structures during solution phase optimization in the CPCM ethyl and neopentyl chloride transition states, respectively. In
model are small; the main difference between gas and solutionwater, the corresponding numbers are 8.5 and 9.1. Similarly,
phase geometries is an increase of@ distance by 0.04, 0.06, in comparing the gas-phase activation energies and the results
and 0.08 A in DMSO, MeOH, and water solutions, respectively. in solution, the gas-phase difference of 6.4 kcal/mol is well
The rest of the changes in neopentyl and all changes in ethylmaintained (Table 4). There is no indication of a substantial
TS geometry from gas to solution phase are insignificant (less steric solvation penalty for the neopentyl system. The present
than 0.01 A and 9). The MC computed solution-phase barriers results support a view wherein the steric penalty for neopentyl
are in the expected range based on experimental data for relate@hloride as electrophile is largely carried over from the gas phase
systemg4-26 although experimental data on the present degen- into solution.
erate exchange reactions have not been reported. All of the It is possible that the discrepancy between theory and the
computational methods provide good agreement when experi-gas-phase experiment may reflect nonstatistical behavior in the
mental data are available. As an example, the experimA@Gal gas-phase reactions. Some halide exchanges in methyl halides
for the reaction of chloride ion with ethyl iodide in methanol at proceed with significant TS recrossifgTransition state theory
30°C is 25.8 kcal/moPé Naturally, the barriers in polar solvents  (TST) and RRKM theory may not give accurate activation
are much higher than in the gas phase owing to the betterbarriers from the reaction rate and vice versa. However other
solvation of the chloride ion than the more charge-delocalized studies suggested that substituents such as cyano groups
transition structured’ Observed rate ratios fong reactions in eliminate nonstatistical effect8.Moreover, nonstatistical be-
different solvents depend on the leaving group and nucleophile; havior of this type is likely to produce slower, rather than faster,
for reactions of azide ion with octyl chloridé the rate ratio is rates. In general, accurate measurement of slow reactions is
177 (AAG* = 3.4 kcal/mol) for DMSO vs MeOH at 66C difficult, due to the intervention of other processes, which
and, for chloride ion with ethyl iodideAAG* = 5.4 kcal/mol produce the same product (chloride ion). If fast, they will give
for acetonitrile vs methanol at 3C .28 For the reaction of methyl ~ an apparent rate faster than the one under consideration.
iodide with chloride ion, the observed rate ratio is<410* to Although great pains were taken to purify the compounds, and
1 for acetonitrile to methanoWAG* = 5.8 kcal/mol), and in the rates were reproduced many times, it is still possible that
general, rates of & reactions in methanol and water are usually some other process was also occurring. On the other hand, CBS
within a factor of 22° The corresponding differences for the methods are well-known for high precision energy calculations
present reactions can be expected to be greater, since the moref gas-phase reactions including steric effects. When the
charge-localized chloride ion is both nucleophile and leaving difficulties of an indirect experimental measurement of activa-
group. Consequently, the computed differences -8 &cal/ tion barriers and the high accuracy of the CBS-QB3 method
mol for the dipolar aprotic vs protic solvents in Table 4 are are taken into account, it is most likely that the retardation of
reasonable. The predicted ethyl to neopentyl differences of 6.9, Sy2 reactions due to bulky substituents is only weakly dependent
5.6, and 6.5 kcal/mol are also in the correct order and correspondon the solvent system.
closely in magnitude to the often quoted rate ratios &f(66-7 In conclusion, the activation energies fogZSreactions
kcal/mol) for this pair®30 varying in steric effects were computed for the gas phase and
The G-ClI distances in the transition structures do increase for polar solvents. CBS-QB3 calculations predict the gas-phase
in progressing to more polar media in order to benefit from steric effect to be similar to experimental values for aqueous
better solvation of the chlorides, which have charges of ca. solution. Contrary to the reported experiment, calculations
—0.8 e (Table 4). Specifically, the bond-length differences suggest that the activation energy difference is mostly of steric
amount to 0.1 A in going from the gas phase to methanol origin and is similar in gas phase and different solvents.
solution and by nearly 0.2 A in progressing to water (Tables 3 Intuitively, nonidentical {2 transition states must be solvated
and 4). The GFC—CI angles in the transition structures are to different extents, but classical steric effects quantitatively
also pinched in by 23° and 6-9° for the ethyl and neopentyl ~ describe the rate effects to a greater extent than originally
cases, respectively, in solution versus the gas phase to allowconcluded. Additional studies may explain the origin of this
less encumbered solvation. Overall, the structural differencesdiscrepancy.
between the two cases, 0.04 A for the-Cl length and 17 for Acknowledgment. This research was stimulated by an
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