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Type I TS ) Type II TS
Rel E (HF/6-31+G*): 0 +0.23 kcal mol™?

Computations are reported at the HF/6+3ft level for ion pair $2 reactions of methyl, ethyh-propyl,
isopropyl, and allyl halides with LiXg, LiX-2E, and LiX3E (X = F, Cl, Br; E= dimethyl ether as a

model for THF). Some calculations were also done at the MP2, B3LYP, and mPW1PW91 levels. In
addition to normal g2-type (type 1) transition structures (TSs), novel unsymmetrical TSs were found in
which the Li is coordinated to a single halide. With LBE, such structures are already competitive with

the type | structures, and with LERE, only the type Il structures were found. With incorporation of
dielectric solvation, the type Il structures are relatively even more stable. The results suggest that such
structures are better models for ion pair displacement reactions in ethereal solvents.

Introduction present a study of the effect of solvation on the transition
. . ) . structures, energetics, and reaction mechanisms of ion g2ir S
The importance of solvation effects opZreactions of ions displacement reactions between alky! halides, RX, and lithium
has given rise to many theoretical studie$- In solvents of halides, LiX (X = F, Cl, Br) in a dipolar aprotic solvent,
lower F’O'a”ty- on pairs are knoyvn to be |mportér§t7bpt dimethyl ether (MgO). We chose an ether solvent although
theoretical studies of ion pair reactions are scéréé- lon pairs many experimental studies of ion paikBreactions involve
are neutral substrates and are expected to be less sensitive t91cohols. Those studies generally involved both ion pairs and
solvent; however, they are dipoles and solvation is doubtlessfree ions; accordingly, the ion pairs involved might be “loose”
not negligible. Nevertheless, only recently has the effect of ' '
solvent on ion pair § reactions been explored computationally —— :
and then only with a polarized continuum moéeComputa- | (SG)T\QQ’;?]‘:&%S-?L ;fl":ggf; '54(_5-3;05"‘”“' S. G.. Stevens, I. D. R.; Gall,
tional studies on ion pair reactions of alkyl halides and metal ™ 7y syreitwieser, A.; Choy, G. S.-C.; Abu-Hasanayn,JEAm. Chem.
halides in the gaseous unsolvated state show highly bentSoc.1997 119 5013-5019.

transition states with high-energy barriers. In this paper, we _ (8) Harder, S.; Streitwieser, A.; Petty, J. T.; Schleyer, R1.\Am. Chem.
S0c.1995 117, 3253-3259.

(9) Leung, S. S.-W.; Streitwieser, A. Comput. Chenl998 19, 1325-
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FIGURE 1. Optimized reaction complexes with monosolvation for-RXX -E reaction systems (% F, Cl, Br). Letters refer to complexes with
LiX -E and alkyl halides: a, methyl; b, ethyl; ¢ and w-propyl; d, isopropyl; e, allyl.

or solvent-separated. Moreover, most alkylation reactions of pairs of enolate aggregates and complé®dis two-pronged
alkali enolates, that clearly involve contact ion pairs, make use approach was applied in the present study. The transition
of ether solvents, particularly THF. Dimethyl ether is an structures were characterized for each microsolvated reaction
effective and common computational model for TRFOur considered, and the reaction path was followed for several cases
computational studies of ion paigSreactions of alkali enolates by intrinsic reaction coordinate (IRC) calculations.
are still ongoing and will be presented later. In the present study,
we consider narcissistic and some nonnarcissistic reactions ofC tational Methodol
some alkyl halides with lithium halides. omputational Methodology

One aspect of solvation was treated by specific coordination  gptimization of structures involved was done at the RHF/6-
Of metal W|th the SOlVent d|methy| ethel’, E. Related mICI’OSO|- 31+g*19,20|eve| using various versions of Gaussian up to Gaussian
vated gas-phase studies of ionig2Sreactions are known in 032! For the prototypical reaction of methyl chloride with solvated
the literature, both experimentally and theoretically, and have lithium chloride, MeCl+ LiCl-nE, additional calculations were
provided enhanced understanding of the microscopic dependencedded for comparison at the hybrid density functional methods,
of reactivity toward solvation in going from the gas phdse. B3LYP and mPW1PW91. B3LYP is a common hybrid method,
To include the effects of bulk solvation, the reactions were also and mMPW1PW91 has been specially calibrated f@ i@actions?
computed with polarized continuum models (PCMs) that depend T_rans_ition structures (TSs) _and minima were characteri;ed by
on the dielectric constant of the solvéfiBecause the ion pair ylbratlonal frequency anaIySL_%. IR_C calculations were carried out
reactions involve neutral species that are dipolar or quadrupolar™ the forward and reverse directions at the same level of theory
throughout the reaction, the dielectric effect is less important
here than for ionic reactions. We had learned this in a previous (18) Pratt, L. M.; Streitwieser, Al. Org. Chem2003 68, 2830-2838.

inati ; ; ; i ; (19) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R.
study of coordination and dielectric solvation of lithium ion 3. Comptt, Cheri983 4 294301,

(20) Frisch, M. J.; Pople, J. A.; Binkley, J. $.Chem. Phys1984 80,

(15) Streitwieser, AJ. Mol. Model.2006 12, 673-680. 3265-3269.

(16) Bogdanov, B.; McMahon, T. Bnt. J. Mass Spectron2005 241, (21) Frisch, M. J. et. alGaussian 03revision C.02; Gaussian, Inc.:
205-223. Wallingford, CT, 2004.

(17) Tomasi, J.; Mennucci, B.; Cammi, Rhem. Re. 2005 105, 2999~ (22) Kormos, B. L.; Cramer, C. J. Org. Chem2003 68, 6375-6386.
3094. (23) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154-2161.
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TABLE 1. Various Energy Barriers Calculated in kcal/mol?

AE* AE
reactionnE | I AE*9as | I AE*9as AE AEegas AE'
CHsF—LiF-E 66.69 61.45 64.48 54.90 49.66 49.75 —-11.79 -14.73 5.24
(64.56) (48.00)
2E 68.21 53.30 60.99 46.08 -7.22 14.91
(45.81)
-3E 44.62 64.27 42.90 -1.72 21.37
CH4CI—LiCI-E 48.27 48.34 47.75 40.56 40.62 3639 -7.71 —11.36 —0.06
40.62 39.54 31.90 30.82 1.08
(47.28) (37.20)
2E 41.11 b 36.50 —4.61
33.06 b 27.83
(40.72) (33.73)
-3E 35.91 b 32.27 -3.65
29.02 25.58
(35.45) (31.20)
CHsBr—LiBr-E 43.39 44.48 43.06 31.26 32.35 2724 —12.13 -15.82 -1.10
-2E 38.47 b 26.72 —11.74
-3E 29.08 b 23.33 -5.76
CoHsF—LiF-E 55.95 59.78 53.03 43,51 47.33 37.32 -1245 -15.71 -3.82
2E 58.31 50.52 50.71 42.92 ~7.60 7.80
-3E 43.79 b 41.73 —2.06
CoHsCI—LiCl-E 35.97 43.90 34.46 27.47 35.40 22.03 -850 —-12.43 -7.93
32.47 (45.68) 22.93 c
(42.50) (31.55) (34.72)
2E 3757 37.34 3253 32.30 —5.04 0.23
31.27 b 25.65
(39.56) (32.00)
-3E 33.62 b 29.80 -3.82
28.11 24.60
(34.86) (30.56)
CoHsBr—LiBr-E 33.38 30.56 19.06 c 14.36 -14.32 —16.20
2E 35.09 35.93 21.08 21.92 -14.01 -0.84
-3E 30.51 b 20.56 -9.95
n-CsH7F-LiF-E 56.28 53.11 43.72 c 37.29 -12.55 -15.82
I'E 54.83 51.75 42.43 36.08 —12.41 —15.67
n-CsH7Cl—LiCI-E 36.67 34.87 27.97 c 22.18 -8.70 ~12.69
I'E 34.59 33.01 26.00 2037  —8.59 —12.64
n-CsH7Br—LiBrl "-E 32.27 31.31 18.02 c 13.20 —14.25 -18.11
i-CaH7F—LiF-E 47.26 61.78 43.65 34.44 48.97 2727 -12.82 -16.38 —14.53
2E 51.3 55.2 4291 46.81 -8.39 1.53
-3E 47.97 43.61 —4.36 2.68
i-CgH7CI—LiCI-E 26.31 23.67 17.28 c 10.43 -9.03 —13.24
29.21 (47.53) 18.95 28.72 -9.77
(37.20) (25.78) (36.11) (—10.33)
2E 29.42 35.59 24.14 30.31 -5.28 -6.17
30.88 33.36 24.83 27.31 —2.48
(40.12) (41.21) (32.32) (33.41) (—1.09)
-3E 31.61 b 27.67 —-3.94
(35.71) (31.21)
i-CgH7Br—LiBr-E 25.65 23.12 11.31 c 4.80 —14.34 -18.32
2E 27.64 32.65 14.85 19.87 —~12.79 -5.01
-3E 29.41 b 19.95 —9.46
CaHsF—LiF-E 48.63 61.70 4454 35.72 48.80 2854 —12.90 ~16.06 ~13.07
2E 52.03 53.91 43.96 45.84 -8.07 -1.87
-3E b 44.19
CsHsCI-LiCl-E 27.81 24.87 19.22 c 12.49 —8.59 —-12.41
-2E 30.91 25.70 c -5.20
-3E b 29.56
CaHsBr—LiBr-E 26.31 24.07 12.10 c 6.15 -14.21 -17.92
2E 29.22 15.25 c -13.97
-3E b 20.08

a AE* (with respect to the reaction complex, RXX -nE), AE" (with respect to the separated reactants, RXiX -nE), and complexation energye™
(with respect to the reactants) for the reactions RXiX -nE (E = dimethyl ether) at RHF/6-3&tG(d). The relative TS energieAE' (E(l)—E(ll)) are also
computed wherever applicable. The corresponding energy barriers in the gas phase (without a coordinating solvent) are also given for cofiga#ison as
Calculations are done using the total energy including the unscaled zero point energy at H&6{8alues in italics are B3LYP/6-3tG*, and those in
parentheses are mPW1PW91/6-31G* value§onverged to type II° Converged to type I.
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TABLE 2. Some Bond Lengths and Angles of Transition Structures and Reaction Complexes (rc) of MeGl LiCl -nE (n = 1—3) Computed

Using Various Methodst

reaction complexes €Cly C—Cl, Li—Cly Li—Cly Li—O Cl-C—ClI Cl-Li—ClI
MeCl + LiCl-Erc

HF/6-314+G* 1.812 3.732 2.540 2.143 1.903 82.0 113.2

B3LYP/6-314+G* 1.832 3.613 2.477 2.127 1.896 84.0 114.5

mPW1PW91/6-31G* 1.785 3.539 2.466 2.124 1.886 84.7 112.1

HF/6-31H-G** 1.816 3.729 2.500 2.126 1.911 81.2 114.2
MeCl + LiCl-2Erc

HF/6-314+G* 1.805 3.72 2.842 2.195 1.954,1.978 84.7 103.7

B3LYP/6-314+G* 1.825 3.591 2.693 2.184 1.946, 1.979 85.4 105.5

mPW1PW91/6-31G* 1.779 3.516 2.606 2.174 1.927, 1.954 85.4 105.3

HF/6-31H-G** 1.808 3.717 2.827 2.179 1.957,1.983 84.2 104.0
MeCl + LiCl-3Erc

HF/6-314+G* 1.800 3.881 5.084 2.244 2.023,2.011 110.4 70.2

B3LYP/6-314+G* 1.819 3.745 4.991 2.226 2.016, 2.008, 1.988 111.6 70.2

mPW1PW91/6-31G* 1.774 3.687 4.779 2.207 1.976, 1.981, 1.956 1125 73.6

HF/6-31H-G** 1.804 3.864 5.012 2.230 2.023, 2.011, 2.029 108.9 70.7

transition structures €Cly C—Cl, Li—Cly Li—Cly Li—O CI-C—ClI Cl-Li—ClI
MeClI + LiCI-El

HF/6-314+G* 2.652 2.367 1.894 98.5 116.2

B3LYP/6-314+G* 2.488 2.438 1.872 117.6 121.6

mPW1PW91/6-31G* notaTS

MP2/6-3H-G* notaTS

HF/6-31H-G** 2.663 2.336 1.905 96.5 116.5
MeCl + LIiCI-Ell

HF/6-314+G* 2.149 2.632 2.229 4.584 1.841 163.3 79.8

B3LYP/6-314+-G* 2.110 2.628 2.245 3.833 1.836 161.1 97.1

mPW1PW91/6-31G* 2.087 2.480 2.223 3.921 1.835 168.0 91.0

MP2/6-3H-G* 2.128 2.478 2.182 3.942 1.787 169.7 92.5

HF/6-31H-G** 2.147 2.623 2.201 4.672 1.854 164.6 77.9
MeCl + LiCl-2Ell

HF/6-314+G* 2.211 2.559 2.308 4.449 1.913 164.8 82.3

B3LYP/6-31+G* 2.171 2.568 2.308 4.027 1.907, 1.904 163.6 91.4

mPW1PW91/6-31G* 2.140 2.44 2.281 4.063 1.901, 1.896 167.4 87.0

HF/6-31H-G** 2.214 2.548 2.278 4.453 1.919, 1.916 165.3 82.3
MeCl + LiCI-3Ell

HF/6-314+G* 2.195 2.574 2.397 5.213 1.999, 1.984 169.7 65.5

B3LYP/6-31+G* 2.105 2.637 2.406 4,982 1.982, 1.985, 1.962 168.6 69.6

mPW1PW91/6-31G* 2.103 2.482 2.353 4.857 1.956, 1.941 172.1 69.0

HF/6-311H-G** 2.201 2.561 2.371 5.213 1.991, 2.000, 2.002 169.8 65.4

a All other parameters are given in the Supporting Information.

used for optimizatiod324Although the reaction complexes are less Results and Discussion

important in solution, microsolvated gas-phase reactions have been

reported to show solvatedyS complexes as intermediatésThe We consider first the narcissistic reactions of lithium halides
energy barrier calculated as the difference between the reactionwith methyl halides.

complex (RXLIX -nE) and the TS is denoted A", and the energy In ethereal solutions, the lithium cation is usually considered

barrier calculated with respect to the reactants RXiX -nE) is to be tet dinated alth h the situation is | | f
denoted as\E". Total energies including the unscaled zero-point 0 be tetracoordinated althoug € situation 1s 1ess clear for

energies were used to calculate the energy barriers. Dielectric/ithium ion pair saltsi® Our previous calculations of the effects
solvation, the dielectric effects from the surrounding environment, Of successive ether coordination with LiCl and LiBr suggest
was obtained using the CPCM polarizable conductor n#del that there are significant populations of both L2E and LiX:
implemented in Gaussian 03 with the Cosmo keyword, in which 3E at normal temperatures. Thus, we studied t r@actions
the solvent cavity is formed as a surface of constant charge densitywith both LiX-2E and LiX-3E as realistic models of the actual
around the solvated molecule. Free energies of solvation wereeggctants. However, we include computations of {EXeven
calculated using single-point energies on the RHF/&G1 though the lithium is only dicoordinated to demonstrate a

optimized geometry. The radii of the solvent molecules were taken . .
from the parameters for THF. The united atom topological nfédel progressive change from unsolvated to fully coordinated.

was used to build the cavity around each heavy atom. Because our Reaction Complexes.In the gas phase, \& reactions
systems are dipoles in relatively nonpolar solvents, the magnitudesgenerally involve a complex between the reactants that can be
of the dielectric solvation are relatively small and almost any PCM considered as an encounter complex or “reaction complex”,
should give comparable results.

Calculations were done on methyl, ethydpropyl, i-propyl, and
allyl systems.

(26) Barone, V. M.; Cossi, M.; Tomasi, J. Chem. Phys1997, 107,
3210-3221.

(27) Olmstead, W. N.; Brauman, J.J.Am. Chem. So&977, 99, 4219~
4228.

(28) Dedieu, A.; Veillard, AJ. Am. Chem. Sod.972 94, 6730.

(24) Gonzalez, C.; Schlegel, H. B. Phys. Cheml99Q 94, 5523-5527.
(25) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995-2001.
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d. iPrX-LiX e. AllylX-LiX
FIGURE 2. Types (I and Il) of computed transition structures with monosolvation in-RX -E reaction systems (% F, Cl, Br).
charge-dipole complex for reactions with anioA%,>°—or a each successive such coordination reduces the net dipole
dipole—dipole complex for reactions with ion paitsThe role moment of the LiCl; for example, as the-tK distance gets

of such complexes is less important in solution, at least for larger, the Li-O solvent distance decreases. Each additional
highly solvated anion¥:3! As expected and summarized in solvent causes a lengthening of the-kb bond in exact accord
Table 1, ether coordination progressively decreases the exo-with simple electrostatics. Typical structures are shown in Figure
thermicity of complex formation\E™. For example, the energy 1, and some bond lengths and angles of the computed reaction
relative to the reactants of the complex formed from methyl complexes are summarized for the MeCl systems at various
chloride and LiCl coordinated with-63 dimethyl ethers is  theory levels in Table 2.

—14.7,—7.7,—-4.6, and-3.65 kcal/mol, respectively. This result Whenever a computation involves two entities combining,
is readily rationalized by simple electrostatics on the basis that \ye must be concerned with the effect of the basis set superposi-
tion error (BSSE), an effect that arises because each entity in

(29) Duke, A. J.; Bader, R. F. WChem. Phys. Lett1971, 10, 631— the combined structure has the functions of the other entity to
635. ST RS ; P

(30) Re, M.: Laria, DJ. Chem. Phys1996 105 4584-4596. aid in its descrlptloq, t.hus, the combined entity is closer tq the

(31) Chandrasekhar, J.; Jorgensen, WJ.LAm. Chem. Sod.985 107, Hartree-Fock (HF) limit and the computed energy of combina-
2974-2975. tion will be artifactually more negative. Galano and Alvarez-
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TABLE 3. Some Bond Lengths (A) and Angles (deg) of Computed Reaction Complexes for Higher Alkyls, RC, at HF/6-8¢*

RC-nE C—X1 C—Xz Li—X1 Li—X> Li—O X—C—X
CoHsF—LiF-E 1.420 3.102 1.910 1.634 1.927 70.2
-2E 1.411 3.036 2.012 1.668 1.990; 2.027 72.1
-3E 1.409 3.055 2.028 1.675 1.999; 2.017 71.6
CoHsCI—LIiCI-E 1.835 3.697 2.513 2.145 1.905 82.2
-2E 1.824 3.683 2.784 2.199 1.959; 1.982 84.5
-3E 1.817 3.879 5.101 2.245 2.022.011 111.8
CoHsBr—LiBr-E 1.999 3.778 2.628 2.300 1.902 85.0
~2E 1.991 3.756 2.805 2.355 1.951; 1.966 86.6
-3E 1.980 3.804 4.408 2.404 2.012; 2.026; 1.992 93.5
n-CsH/F—LiFa-E 1.419 3.095 1.910 1.634 1.928 70.6
gE 1.422 3.110 1.910 1.634 1.928 70.2
n-CzH,Cl—LiCla-E 1.834 3.694 2.512 2.147 1.905 82.7
gE 1.839 3.713 2.509 2.146 1.906 82.0
n-C3H;Br—LiBra-E 1.995 3.764 2.630 2.303 1.902 86.0
gE 2.004 3.770 2.625 2.301 1.902 85.2
i-C3H7F—LiF-E 1.433 3.138 1.902 1.634 1.930 69.4
-2E 1.422 3.104 2.004 1.676 2.009 71.8
-3E 1.406 3.226 4.519 1.681 2.040 106.5
i-CsH7Cl—LIiCI-E 1.861 3.727 2.497 2.148 1.907 814
-2E 1.847 3.708 2.756 2.203 1.962; 1.985 83.7
-3E 1.835 3.875 5.133 2.245 2.622.011 113.0
i-C3H7Br—LiBr-E 2.030 3.735 2.621 2.306 1.901 85.4
-2E 2.017 3.727 2.862 2.367 1.965;1.971 86.4
-3E 1.998 3.788 3.961 2.413 2.012; 2.048; 1.997 89.9
CsHsF—LiF-E 1.419 3.140 1.912 1.635 1.926 68.6
-2E 1.409 3.048 2.013 1.667 1.988; 2.025 70.6
C3HsCI—LIiClI-E 1.843 3.691 2.508 2.145 1.904 81.6
-2E 1.830 3.667 2.772 2.198 1.980; 1.959 83.6
CsHsBr—LiBr-E 2.012 3.755 2.623 2.302 1.901 84.6
-2E 2.000 3.778 2.797 2.352 1.865; 1.953 85.2

aThe two Li—O bond lengths are identicdlOne solvent is far away from Li.

Itaboy have shown recently that such BSSE is greatly reducedentering and leaving groups. The second is a totally unexpected
in going from the 6-311G(d,p) to the 6-3t#G(d,p) basis set,  Cs structure (type Il, Ila) in which the entering and leaving
that is, by including diffuse function®. This makes sense groups are not equivalent. This nonequivalency apparently
because the availability of diffuse functions centered on a given violates the principle of microscopic reversibility. In conven-
entity reduces its need for functions centered on the neighboringtional TS theory, such a TS requires a symmetrical intermediate
entity for its description. To determine how important BSSE joining the two lla structures in which the X groups exchange
might be in our computations that use a single set of diffuse roles. In practice, no such intermediate was found. This type of

functions (6-3%G(dp)), we calculated the complexation reac-
tions MeCl+ LiCl-nE = MeCI-LiCI-nE at 6-311#+G(d,p)

for comparison. The results are similar at both HF levels:
6-31+G(d,p),—11.36,—7.71,—4.61,—3.65; 6-31H#+G(d,p),
—11.50,—8.18,—4.84,—4.00 kcal/mol, fom = 0—3, respec-
tively. If BSSE was of dominating importance, we would expect
AE to be more negative for the set with fewer diffuse functions.
The two results are actually quite similar with the larger set
giving slightly more negative combination energies. We con-
clude that BSSE is not an important limitation in our use of the
6-31+G(d,p) basis set.

Transition Structures. From the reaction complex, the
system then proceeds to reaction via the transition structure.
Transition structures for the unsolvated lithium halides have been
published previously:8

At the HF level, two transition structures (TSs) were
characterized computationally on monosolvation, i.e., by coor-
dination of one dimethyl ether molecule to lithium (LiX). One
is the normalC,, TS (type |, la, Figure 2) with equivalent

result will be discussed further below and has been noted
previously?-33

The path of the lower-energy barrier in MeEiF-E is
through theCs (type Il) transition structure XAE' = E(type
I) — E(type Il) = 5.24 kcal/mol, Table 1). However, in the case
of MeCI—LiCl, the two transition structures are of nearly the
same energyXE"s = —0.06 kcal/mol) and the normél,, (type
I) transition structure becomes more favored for MeBiBr
(AES= —1.10 kcal/mol). Some of the important TS parameters
for MeCl are summarized in Table 2 (a more complete summary
is given in Table S1, Supporting Information). A comparison
of X—C—X bond angles in all thre€,, transition structures
shows an order of Br Cl > F (103.3, 98.5, 83.3) suggesting
the importance of an approach to linearity in-K—X; that is,
in the type Il TSs, we lose some of the electrostatic interaction
between Lt and one halide ion but gain a more favorable
X—C—X angle. Moreover, the I5+O bond length is shorter in
the Cs TSs implying more effective solvation. For example, in
the CHCI—LICI-E reaction system, the HO bond length is

(32) Galano, A.; Alvarez-ltaboy, J. R. Comput. Chen2006 27, 1203~
1210.

1790 J. Org. Chem.Vol. 72, No. 5, 2007

(33) Gonzales, J. M.; Pak, C.; Cox, R. S.; Allen, W. D.; H. F. S, lll;
Csaszar, A. G.; Tarczay, @hem—Eur. J2003 9, 2173-2192.



Effect of Coordinating Seknt on lon Pair §2 Reactions ]OCArticle

TABLE 4. Some Bond Lengths and Angles of HF Computed Type | and Type |l Transition Structures for Higher Alkyls

TS, typenE C—X1 C—X> Li—X1 Li—X> Li—O X—C—X
CoHsF—LiF, I'E 2.338 2.345 1.757 1.755 1.938 79.2
I-2E 2.278 2.281 1.830 1.831 2.013; 2.008 85.9
CoHsF—LiF, 11 -E 1.740 2.119 1.702 3.885 1.874 150.0
II-2E 1.775 2.096 1.737 4.143 1.915; 1.949 156.8
I1-3E 1.779 2.076 1.782 4.270 2.002.028 159.2
CyHsCI-LICl, I -E 2.791 2.782 2.324 2.328 1.905 91.2
I-2E 2.686 2.708 2,511 2.493 1.977 101.9
CoHsCI-LiCl, 11 -E 2.338 2.707 2.214 4.249 1.846 141.5
I1-2E 2.378 2.640 2.288 4.248 1.920 147.0
II-3E 2.369 2.631 2.373 4.831 1.994; 1.997; 2.000 151.0
CyHsBr—LiBr, I-E 2.877 2.859 2.480 2.486 1.901 96.6
I-2E 2.804 2.829 2.637 2.625 1.955 104.5
I1-2E 2.542 2.745 2.445 4.164 1.901;1.919 145.3
I1-3E 2.511 2.751 2.522 4.836 1.966; 1.987; 1.992 150.0
n-CsH;F—LiF, I-E 2.356 2.370 1.754 1.751 1.940 78.5
n-C3H7F—LiF, Il -E 2.351 2.352 1.755 1.754 1.939 79.0
n-C3H;CI-LiCl, I-E 2.835 2.805 2.312 2.321 1.909 89.6
n-CsH,CI—LIiCl, Il -E 2.805 2.791 2.323 2.326 1.907 90.9
n-CsH7Br—LiBr, | -E 2.869 2.869 2.487 2.487 1.901 96.6
i-CgH7F—LiF, I-E 2.646 2.644 1.729 1.729 1.950 67.6
I-2E 1.614 1.773 2.046; 2.057 69.9
I-3E 2.650 2.670 1.766 1.770 2.048; 2.066 68.8
i-CsH7F—LiF, Il -E 1.849 2.187 1.682 3.987 1.889 150.8
II-2E 1.837 2.166 1.720 4.235 1.938; 1.961 154.3
I1-3E 1.870 2.153 1.765 4.394 2.002.053 154.0
i-CsH,CI—LIiCl, I -E 3.152 3.155 2.288 2.288 1.919 77.5
I-2E 3.096 2.405 2.008 81.6
I1-2E 2.636 2.804 2.257 4.400 1.918; 1.930 133.7
II-3E 2.526 2.824 2.342 5.294 2.016.986 1455
i-CgH7Br—LiBr, | -E 3.171 3.135 2.447 2.451 1.907 83.4
I-2E 3.063 3.076 2.568 2.567 1.986; 1.978 89.4
I1-2E 2.731 2.886 2.420 4.386 1.921; 1.907 136.3
II-3E 2.642 2.933 2.513 5.372 1.965; 2.002; 2.007 145.8
n-CsH1,CI—LICl, | -E 2.808 2.894 2.318 2.300 1.912 88.3
C3HsF—LiF, I'E 2.432 1.738 1.948 75.7
I-2E 2.385 1.793 2.045; 2.025 80.0
CsHsF—LiF, II-E 1.725 2.105 1.705 3.873 1.872 155.6
I1-2E 1.736 2.082 1.738 4.096 1.931;1.940 157.8
11-3E 1.757 2.050 1.777 4.199 1.998; 2.019; 2.036 159.0
C3HsCI-LICl, I -E 2.915 2.296 1.917 85.8
I-2E 2.842 2.426 2.002 92.1
11-3E 2.399 2.748 2.380 4.726 1.985; 2.802 141.5
CsHsBr—LiBr, | -E 2.989 2.454 1.910 90.6
I-2E 2.943 2.572 1.973 95.5
II-3E 2.518 2.866 2.532 4.762 1.962; 1.983; 1.998 142.7

aAll other parameters are given in the Supporting InformatfoRhe two Li—O bond lengths are identic&flOne solvent is far away from Li.

1.894 A for la and 1.841 A for lla. Thus, solvent coordination fully coordinated with two and three solvents are clearly more
is more pronounced in the type Il TS. The methyl hydrogens important as models and as discussed below tend to favor the
are pulled away from the plane thus indicating their proximity type Il transition structures.

to the corresponding complexes on the potential energy surface Higher Alkyls. The higher alkyl halides form reaction
(PES). The dihedral angles involving the methyl group reduce complexes with lithium halides entirely analogous to the methyl

to 149.8 for fluoride, to 152.8 for chloride, and to 152 “for halides. The general structures are included in Figure 1, and
bromide from the~18C in the C,, TS. With both transition some bond distances and angles are summarized in Table 3.
structures, reaction occurs with inversion of configuration. For the TSs of the higher alkyl reactions, relative energies

At the MP2/6-31g* level, the type | transition structures are included in Table 1 and some structural parameters are
for MeF—LiF-E and MeCt-LIiCI-E are not first-order saddle  summarized in Table 4. In the narcissistic reactions of the ethyl
points and optimize to the type Il TS. At B3LYP, both are TSs halides, theC,, symmetry can no longer be maintained in the
for MeCI—LiClI-E with type Il more stable by 1 kcal/mol, but TS and the distances between the central carbon and incoming
another density functional method optimized f2Seactions, and leaving groups are slightly different: 2.791 and 2.782 A
mPW1PW91/6-31G#2 gives only the type Il transition struc-  for chloride. They are sufficiently close, however, that this
ture. With such variations depending on theory level, we are structure is clearly of type | and shown as Ib (Figure 1). The
less concerned about the exact situation with one coordinatedsecond TS, th€; TS analogue, correspondingly is type Il (11b).
solvent than we are with trends. Structures with lithium more This structure becomes relatively higher in energy along the
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TABLE 5. Free Energies of Solvation of the Transition Structures
as Computed with PCM (Cosmo}

TS AG°sol G°(el) G°(nonel)
MeCI-LiCl, 1 -2E
MeCI-LiCl, Il -2E —8.52 —21.42 12.90
MeCI—LiCl, Il -3E —6.94 —22.96 16.02
MeBr—LiBr, Il -2E —-7.50 —19.44 11.94
MeBr—LiBr, Il -3E —4.86 —19.94 15.08
EtCI-LiCl, 1-2E 0.07 —15.43 15.50
EtCI-LiCl, Il -2E —4.46 —18.86 14.40
EtCI-LiCl, Il -3E —2.85 —19.90 17.05
EtBr—LiBr, | -2E 2.04 —13.16 15.20
EtBr—LiBr, Il -2E —-1.61 —15.36 13.75
EtBr—LiBr, Il -3E —-0.21 —16.59 16.38
iPrCI-LiCl, I -2E —-0.19 —-18.15 17.96
iPrC-LiCl, Il -2E —5.04 —20.75 15.71
iPrCI-LiCl, I -3E —2.25 —21.56 19.31
iPrBr—LiBr, | -2E 1.55 —15.40 16.95
iPrBr—LiBr, Il -2E —2.47 —17.19 14.72
iPrBr—LiBr, Il -3E —0.24 —19.20 18.96
allylCl—LiCl, 1-2E —6.09 —21.56 15.47
allylCI—LiCl, Il :3E —5.74 —23.14 17.40
allylBr—LiBr, | :2E —3.48 —18.77 15.29
allylBr—LiBr, Il :3E —2.99 —19.81 16.82
- FIGURE 3. Structure of type Il trisolvated TS for MeCt LiCl-3Cl.
starting compds AG°sol G°(el) G°(nonel)
Licl —43.62 —46.25 2.63 1). However, the order is reversed for bromide where the anti
LiCI-E —10.72 —18.19 7.47 is more favorable by 0.96 kcal/mol. TI@& structure involving
LiCl-2 —2.62 —14.44 11.82 the larger bromine is a second-order saddle point with the
LiCI-3E —-0.03 —14.18 14.15

additional negative frequency corresponding to rotation around
2 Columns give the net, electrostatic, and nonelectrostatic energies asthe G—Cy bond.
keal/mol. C,, symmetry could not be maintained for the type | TS of
the isopropyl systems as well;, structures are computed to
series F, Cl, Br, and at Br it disappears; that is, when this be second-order saddle points with the additional frequency
structure is used as a starting structure, it optimizes to type I. corresponding to the displacement of the hydrogen on the
For monocoordination, the type Il structure for EtCIiCI-E reactive carbon away from the symmetry axis. The displacement
converges to the type | TS at B3LYP whereas both | and Il are angle,0 (Id, Figure 1) is 27.4for fluoride, 17.4 for chloride,
TSs at mPW1PW91. For the higher chlorides, both density and 25.8 for bromide. At B3LYP, however, both TSs were
functional methods give both type | and Il TSs, whereas for found for iPrCI-LiCl-E with the type Il TS almost 10 kcal/
the bromides, there is a tendency to get only type |. mol higher in energy than the type I. Allyl systems will be
The anti and gauche conformations of thgropyl group discussed below.
lead to corresponding type | transition structures at HF, one In general, when compared at the HF level with the gas-
with Cs symmetry and the secor@i (Ic and I¢, Figure 1). There phase unsolvated TSs, the key bond lengths of type | TSs around
is a slight increase in the XC—X angle in I¢, whereas ¢g— the reaction site are found to be shortened upon monosolvation
Cy distances are longer f@sto minimize steric crowding. The  which makes the solvated TSs somewhat tighter. Among the
anti conformation is less favorable than the gauch for the starting monosolvated TSs, general trends observed in going toward
n-propy! fluoride and chloride by 0.06 and 0.40 kcal/mol, higher alkyls are: the €X bond lengths and XLi—X angles
respectively, at 6-3tG*, but this difference is enhanced in the are increased; LiX1 bond lengths and XC—X bond angles
SN2 transition structures with incoming lithium halide to 1.32 are reduced. However, the magnitudes of these variations get
and 1.52 kcal/mol, respectively. In other words, @€TS (Ic) smaller with higher alkyls (Table 1). For example, }keis
is less favorable than th@&, TS, similarly to the reactants (Table coordinated to lithium more strongly in methyl systems where

TABLE 6. Energy Barriers AE* (with Respect to the Reaction Complex, MeCFLIiCl -nE) and AE" (with Respect to the Separated Reactants,
MeClI + LiCl -nE) Calculated Using Various Methods

AE” (kcal/mol)
method: RHF RHF B3LYP mPW1PW91 MP2
basis set: 6-31G* 6-311+G** 6-31+G* 6-31G* 6-31+G*
MeClI + LiCI-El 40.56 40.33 31.89
MeCl + LiCI-Ell 40.62 40.57 30.82 37.20 36.33
MeCl + LiCI-2Ell 36.50 36.40 27.83 33.73
MeClI + LiCI-3Ell 32.27 32.27 25.58 31.20

AEF (kcal/mol)
MeCl + LiCI-El 48.27 48.51 40.62
MeClI + LiCI-Ell 48.34 48.74 39.54 47.28 21.17
MeCl + LiCI-2Ell 41.11 41.24 33.06 40.728
MeCl + LiCI-3Ell 35.91 36.26 29.02 35.458
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FIGURE 4. IRC results forCy, (type I) andC; (type IlI) TSs for MeCl+ LiCl-E.

the Li—O distances are shorter, and the bond gets weaker withchanges. As summarized in Table 1, the type Il TSs with two
higher alkyls. The type Il transition structures were unexpected. solvents are relatively much lower in energy than with one
They are more open and might arise because of a better resultingolvent at HF and both density functional methods. At MP2
X—C—X angle; in monosolvation, they are less important for and mPW1PW91, MeR- LiF-2E gives only the type Il TS.
higher halides and higher alkyls. With the higher RX systems where type Il TSs with one solvent
Coordination of Additional Solvents. Structures with more  could not be found, they could be characterized with two
fully coordinated lithium are physically more realistic, and solvents on the PES and they are generally much more stable
coordination of a second solvent to lithium effects dramatic relative to the monosolvated type | TSs. Moreover, the PCM
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-1159.205552 K
Typel TS R

Rx.coord. 4.95998 Rx.coord.-4.95098
-1159.22185 -1152.22282

o -1159.194075 '
Type I1 TS ',

Rx.coord. -4.89723 Rx. coord. 4.97558
-1159.20552 -1159.23324

FIGURE 5. Transition states of the EtELICI-E reaction system and the IRC derived structures in both directions. The reaction coordinates are
given in arbitrary units together with the associated energies in atomic units.

dielectric solvation is about 4 kcal/mol more negative for the mPW1PW91. B3LYP, however, gives reaction barriers much

type Il TSs (Table 5). With inclusion of such solvation, all of lower than the other methods. Nevertheless, additional solvent

the type Il TSs are more stable than the traditional type | TSs. coordination results in lower reaction barriers at all the levels
For the MeCHLiCl-nE reaction system, several theory levels studied.

are compared in Table 6. Additional diffuse functions have only At B3LYP, the type Il structures are even more stable relative

a small effect at the HF level. The reaction barrier with one to type I. For MeCHLiCl-2E and EtCHLiCl-2E, the type |

ether is reduced significantly at MP2, an effect mimicked by structures converged to type Il. FaPrCI-LiCl-2E, both
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5 (7.91) 6 (7.39)

FIGURE 6. Reaction complexesl(and?2) and transition structures (type3,and4, and type 11,5 and6) obtained in the nonidentity reaction of
MezO-coordinated LiCl and LiBr with ethyl halide (X% CI, Br). The relative TS energies (kcal/mol) are given in parentheses.

structures are TSs with type Il about 2.5 kcal/mol less stable respect to the reactants show an increase in going from the gas
than type I; at HF, the energy difference is more than 6 kcal/ phase to monosolvation except for the type Il MdiF TS.
mol. The fluoride reactions are frequently atypical, and we will
With three solvents, a type | TS would have a formally emphasize the chemistry of the synthetically more important
pentacoordinated lithium. Optimization of such a structure chlorides and bromides. For these systems, coordination of
resulted generally in progressive loss of one ether to give the solvent increases the reaction barriers relative to the unsolvated
disolvated type | TS, MeGt-Li-2E. With the fluoride systems,  gas phase but the barriers, particularly for di- and trisolvation,
MeF—LiF-3E andiPrF-LiF3E, starting with a type | TS gave  are all in a chemical range &f30 kcal/mol. All of the barriers
a stationary point on the PES consisting of a type }RE -2E show the trend Me> Et > iPr, which is an apparent difference
TS with a molecule of MgO far away, apparently as a dipole from experiment, although with Li8E the differences are
complex. These structures were not considered further but aresmall. The dielectric solvation energies of the methyl TSs are
recorded in Table S6 (Supporting Information). All of the all significantly more negative than for the higher systems and
reaction systems did give type Il TSs with three solvent have the effect of reducing the relative reaction barriers for
molecules. The TS for MeCILiCI-3E is shown as an example  methyl; that is, with inclusion of such solvation, we approach
in Figure 3. Shown clearly is the tetragonal coordination about or reach the experimental reactivities of MeEt. At B3LYP
lithium and the shorter €CI bond distance to the coordinated also, the reaction barrier for EtCl is about 1 kcal/mol lower
chloride compared to the free chloride. The dielectric solvation than for MeCl, but inclusion of dielectric solvation again makes
energies of these type Il TSs are a little lower than with two the methyl barrier lower.
solvents, but so are the corresponding energies of-3EX Reaction Mechanism.The 2 reaction can be regarded
compared to LiX2E (Table 5). simply as the combination of the two reactants to form a
The significant energy changes computed upon di- and complex that then isomerizes to produce the transition state.
trisolvation are given in Table 1. The energy barriers with Continued reaction then gives the reaction complex in which
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FIGURE 7. IRC derived structures fan-propy! chloride with LiCIE.

the two halides have exchanged places. Because the reactiompproach is straightforward for the traditional type | transition
complex is generally lower in energy than the separated structures, but we must also consider how the process works
reactants, the transition barrier is higher for the complex. for the unusual type Il structures. To characterize these different
Nevertheless, with three-coordinated solvents, the difference isreaction paths, we computed the intrinsic reaction coordinate
relatively small. For example, with three ethers, the complex- (IRC).2 This method follows along the reaction coordinate in
ation energy AE'™, for RCI-LIiCI-3E is less than 4 kcal/mol.  both directions from the TS. Because the method is an expansion
The corresponding value f&G° is expected to be substantially  process, even with small reaction increments the cumulative
lower because of the loss of translational entropy in forming errors do not permit going all the way to reactants and products.
the complex. Consequently, energy trends are much the sameHowever, important insights do result. Because determining the
relative either to separated reactami&’, or to the reaction IRC is computer intensive, we applied the method only to
complexesAE*. The various computed energy barriers are given monosolvation, but the results are expected to be general. For
in Table 1. The unsolvated gas-phase results are also given inthe reaction, MeCH LiCI-E, via theCy, type | TS, the IRC is
Table 1 for comparison and were calculated from the total normal. The reaction path is symmetrical in both directions
energies given previouskyOverall, the trends of the various (Figure 4). The final structures at both ends are minima on the
energy barriers across different alkyl halides are similar. PES and approach that of the encounter complex between LiCl
It is convenient, however, to regard the transition structure E and MeCl, after methyl rotation. The IRC of the typeQd
as arising by a rearrangement of the reaction complex. This TS is totally different and is asymmetric. In one direction, it
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TABLE 7. CC Bond Lengths in TS Structures of Allyl Chloride
with Various Nucleophiles

nucleophile r(C—C), A R(C=C), A
Cl-2 1.463 1.322
LiCla 1.407 1.347
LiCI-E 1.412 1.344
LiCI-2E 1.418 1.341
LiCI-3E 1.447 1.327

aRef 30.

reaches a reaction complex structure similar to that obtained
for the C,, TS, but the other end goes to a more separated
structure. This structure is not a stationary point on the PES
but is probably en route to the same reaction complex albeit by
a longer path. The apparent violation of microscopic reversibility
is resolved by allowing the reaction to start at either end. Note
that at no point along the reaction path do the two halides
become equivalent.

The EtCKLIiCI-E type | TS shown in Figure 5 has one
chloride (leaving group) staggered with respect to the methyl
group and another (entering group) eclipsed. IRC calculations
on this TS show that continued reaction along this path would
lead to an eclipsed conformation of EtCl that is itself a TS. As
discussed previouskat some point along the reaction pathway,
an independent rotation of the methyl group must occur to yield

JOC Article
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FIGURE 8. Reaction barriers for trang-substituted allyl chlorides
with LiCl-nE (n = 0—3). Regression lines shown are LiCl: 11.1+6
0.414+ (16.159+ 1.179p + (R? = 0.984) (ref 34). LICIE: 17.89+
0.407+ (14.374+ 0.158p+ (R?> = 0.981). LiCF2E: 24.404+ 0.407

a normal staggered product. The same situation occurs with the+ (12643 + 1.158p + (R? = 0.975). LiICF3E: 28.521+ 0.366+

type Il TS shown in Figure 5. In one direction from the TS, the
lithium is coordinated to the leaving (staggered) chloride (shorter
r(C—Cl)). In the other direction, the shorter=CI bond is
eclipsed to the methyl group, and an independent rotation is
again required. Alternatively, this process could happen in
reverse to accommodate the principle of microscopic revers-
ibility; that is, in the reverse process, rotation takes place before
the Sy2 TS in both cases. To understand this process more
clearly, we analyzed a nonidentity reaction, Et€LiBr-E =

EtBr + LiCI-E, which involves two different reaction com-
plexes. The result is summarized in Figure 6. The two reaction
complexes] and2, have similar structures and almost identical
energies. These lead to two type | and two type Il TSs differing
in whether the Cl or the Br is eclipsed to the methyl group. TS
3 is the most favorable structure with the lowest energy,dut
and4 differ in energy by only 0.21 kcal/mol.

The type Il transition structureS and 6 show that as the
lithium bromide attacks the reactive carbon center of EtCl a
favorable interaction exists between the methyl hydrogen and
the attacking halide initially; however, further advance of the
attacking halide toward the methyl carbon results in unfavorable

(3.829+ 1.041p + (R? = 0.819).

imaginary frequency), and the IRC on it leads by C bond
rotation to10, a fully staggered product.

One important distinction between the type | and type 1l TSs
that emerges from the data in Table 1 is that for type | structures
additional solvent coordinatioincreasesthe reaction barrier
whereas for type Il structures additional solvent coordination
decreaseshe reaction barrier.

Allyl. With one or two solvents, only for allyl fluoride with
LiF-E and LiF2E could type Il TSs be characterized, but in
these structures, the vinyl group is perpendicular to the reaction
center and not conjugated with it. These structures might be
artifacts and are not considered further. The type | TSs are
essentially normal. The €X and Li—X bond lengths of the
allylic type | TSs lie between the-propyl and isopropyl
systems. The energy barriers also follow a similar trend, falling
slightly higher and closer topropyl systems.

We had noted previously that the-© bond lengths in the
gas-phase & reactions of allyl halides with halide ions are

interaction between the in-plane methyl hydrogen, and the similar to those of the starting allyl halides and that no
attacking halide forces the rotation of the methyl group. Thisis conjugation between the reactive center and the double bond is
substantiated by calculating the structures with the halide of apparent* This result was rationalized on the basis that the
lithium halide and both the carbon atoms coplanar with the electrostatic effect of the halide ions prevents polarization of
hydrogen of the terminal methyl group 4/C—C—H, dihedral cationic charge to the distant-carbon. This proscription is
angle of zero), which is found to be a second-order saddle pointreduced by the electrostatic effect of*Lin the LiX ion pair

in which the first imaginary frequency corresponds to th S~ TS with resulting shortening of the -€C single bond and
reaction and the second corresponds to the rotation of the methylengthening of the &C double bond in the allyl moiety.
group. Thus, these transition structures lead to staggeredCoordinated solvent dipoles oppose this effect of,Land
products but are preceded by a rotation. The rotation that occursaccordingly, the TSs of allyl chloride with LiCl coordinated
during the substitution reaction has stereochemical conse-with one to three dimethyl ethers show a progressive change
quences. The IRC results obtained for the TSnebropyl toward normal single and double bond lengths (Table 7). This

chloride are summarized in Figure 7. The starting point,is
the skew C1 TS (type I) that leads to two structures in different
directions from the TS. One§, is similar to a corresponding
structure in the ethyl case. The oth@yjs itself a TS (with one

progression is also manifest in substituent effects.

(34) Streitwieser, A.; Jayasree, E. G.; Leung, S. S. H.; Choy, G. S. C.
J. Org. Chem2005 70, 8486-8491.
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We showed previously that the reactions of trarmabstituted transition states (type Il): the former TSs disappear and the
allyl chlorides with a chloride ion follow Hammettconstants latter remain with increased solvation. Consequently, reaction
with electron-attracting groups lowering the reaction bafffer.  paths of type Il TSs are unsymmetrical. The type Il TSs also
Reaction with LiCl, however, follows+ and with the opposite  show somewhat greater dielectric solvation, but the differences
sign of p; that is, electron-attracting groups increase the barrier gre relatively small. Successive solvent coordination reduces
to reaction. Substituent effects with LI@E are summarized  (hq energy barriers for type Il TSs. One important outcome of
in Figure 8. _The reactions _St'" follow+ (one tall_sman IS th_at this study is the importance of considering coordination solvation
the F-substituent is effectively electron-donating) but with a of lithium salts in donor solvents; such coordinated structures

gradual reduction op with increasingn. This result parallels are probably much better models for experimental chemistr
that of the C-C bond lengths mentioned above. With the type P y P y:

II TS of allyl chloride — LiCI-3E, the Li" is now farther away
and has reduced effectiveness in allowing polarization of cationic ~Acknowledgment. This work was supported in part by
charge to they-position. The result is a relatively low value  grants from the National Science Foundation.
of p.
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halides resulted in symmetrical (type I) and unsymmetrical JO0625709
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