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Abstract: We have measured the rate constants for the reactionsoB@d several related anions and radical
anions with alkyl halides. The results suggest that @acts with alkyl halides more rapidly than anticipated,
based on anion basicities as well as on results from ab initio calculations. In addition, deuterated neutrals were
used and the kinetic isotope effects (KIE) determined. These values were also calculated by using ab initio
calculations and transition state theory. The agreement between experiment and theory is excellent, except for
O~ indicating that this reaction proceeds by a different reaction mechanism. We discuss competition between
electron transfer and substitution mechanisms to explain the observed remarkable nucleophiligity &f O
detailed analysis of the different contributions to the calculated KIEs shows that the total value is primarily
determined by the €H stretching and the C#but-of-plane bending modes. The former factor is very inverse
(ka/kp < 1), and it does not change significantly for different reactions. However, the bending factor changes
markedly from one reaction to another and therefore becomes the factor that determines how the total KIEs
change for different reactions. As a result, the KIEs are related terthedednes®f the transition states.

This effect is discussed in detail with respect to the conventitmuaenessnterpretation.

Introduction can be distinguished from they® channel, as in polyhaloge-

nated hydrocarboRd415and perfluoroketones. From these

The 2 mechanisthhas been exte.nsively Studied in_ both results, the question of which mechanismZ%r ET) operates
the gas phase and condensed phase; however, many importanf, yhe reactions of @~ with alkyl halides clearly emerges.
questions remain. This mechanism continues to be the target

of experimenta6 and theoreticdi1? studies because it plays
a fundamental role in organic chemistry and represents a
prototypical displacement reaction.

The dioxygen radical anion, £, commonly referred to as
superoxide anion, has been recognized by McDonald et al. as

a.“super $2 nucleophile” due to its high reactiqn efficiency (14) Mayhew, C. A.; Peverall, R.; Watts, Rt. J. Mass Spectrom. lon
with common {2 substrates such as methyl chloride or methyl Processe4993 125, 81.

bromide!? In addition, electron transfer (ET) reactions of O (15) Streit, G. EJ. Phys. Cheml1982, 86, 2321.

have been reported in cases where the substrates are vergo(()le) Hu, W.-P.; Truhlar, D. GJ. Am. Chem. S0d994 116, 7797

efficient electron acceptors; for these reactions, electron transfer  (17) 0'Hair, R. A. J.; Davico, G. E.; Hacaloglu, J.; Dang, T. T.; DePuy,
C. H.; Bierbaum, V. M.J. Am. Chem. S0d.994 116, 3609-10.

(18) Poirier, R. A.; Wang, Y.; Westaway, K. @. Am. Chem. So8994
116, 2526-33.

(19) Boyd, R. J.; Kim, C. K.; Shi, Z.; Weinberg, N.; Wolfe, $. Am.
Chem. Soc1993 115 1014752.

(20) Zhao, X. G.; Lu, D. H.; Liu, Y. P.; Lynch, G. C.; Truhlar, D. G.
Chem. Phys1992 97, 6369-83.

(21) Zhao, X. G.; Tucker, S. C.; Truhlar, D. G.Am. Chem. So4991,
113 826—-32.

(22) Viggiano, A. A.; Paschkewitz, J.; Morris, R. A.; Paulson, J. F.;
Gonzalez-Lafont, A.; Truhlar, D. GI. Am. Chem. S0d991, 113 9404-

Kinetic isotope effects (KIE) have shed light on many aspects
of the &2 reaction ranging from solvation effects to transition
state (TS) compression in enzynté$:30 Theoretical studies
have been extremely helpful to further understand these
processes. Secondanydeuterium KIEs have been used to
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in detail previously?? lons are prepared in a rapidly flowing stream of
helium buffer gas by electron impact on a suitable neutral precursor or
by reactions between primary reagent ions (such as OHNH,")
and neutral reagents that are added downstream. At the end of this
flow tube, the gases are removed by a roots pump while the ions are
sampled throulg a 2 mmorifice into a differentially pumped selection
region where they are focused into a quadrupole mass filter via a series
of electrostatic lenses. Tuning the quadrupole to transmit only ions of
a certain/z allows selection of the reactant ions of interest. The mass-
selected ions are injected into a second flow tube, where they are
entrained in helium buffer gas. The ions in this reaction flow tube
undergo multiple collisions with helium and are rapidly thermalized
to room temperature before being allowed to react with the neutral
reagent. lons are then sampled into the detection region where they
are separated by a second quadrupole mass filter and counted with an
H electron multiplier. Reaction rate coefficients can be measured by
A (@

ABy

introducing the neutral reagent at different positions along the reaction
flow tube and monitoring the intensity of the reactant ion as a function
of this reaction distance.

lons were generated by the following reactions:

0,”
OH™ + CH,CH=CH, — C;Hs_ + H,0
CHs +0,— 0, + C;Hs
o
AEy CS,+e —S +CS
S
\ S +C0S—S,” +CO

Figure 1. Schematic diagrams of potential energy surfaces indicating

the activation barriers for hydrogen and deuterium labeled com-
pounds: (a) normal KIEAEy < AEp andku/kp > 1; (b) inverse KIE, HOS
AEq > AEp andky/kp < 1.

0" +COS—SUO +CO

HO™ + COS—HOS + CO
determine the transition state structures {2 $eactions? It N
has been recognized that a “normal” Kikikp > 1) will be 8
associated with a reaction where the zero point energy (ZPE) NH,” + N,O— N,~ + H,0
difference between the protio and the deuterated structures is
smaller in the transition states than in the reactants (Figure 1a).HS™
As Figure 1 also illustrates, the “inverse” KIE{kp < 1) is
related to a larger ZPE difference in the transition states relative
to reactants. But, as Truhlar has shown in a series of papers, ) ) ) ) )
this picture is incomplete because there are not only vibrations Rate constants for reaction of ions with the perprotio and perdeuterio

but also translations and rotations that contribute to the total neutral reactants were determined one after the other on the same day.

. Each reported rate constant value represents the average of at least
KIE. 162222 Recently, there has been considerable controversy three measurements carried out at 39Q K. Reported errors in the

concerning the kinds of frequencies involved in determining ate constants represent one standard deviation, and appropriate
the ZPE changes shown in Figure 1 and how they relate to the propagation of errors was applied to estimate errors in the KIEs. Helium,
TS structurg81928.29We will discuss this issue in light of our  99.995%, was purified by passage through a molecular sieve trap at
experimental and ab initio results. 77 K. Reagents were obtained from commercial sources and were
In this paper we report the experimental rate constants for purified by using molecular sieves and by several freguemp-thaw

reactions of @~ and several anions and radical anions of similar cycles before use. _ _ _
basicity with a variety of halogenated hydrocarbons. In addition, Mol_ecular orbital calculations were performe_d using the Gaussian
we report both experimental-H(D) KIEs as well as values 92 suite of program® Structures were fully optimized at the MP2/

. f o 6-31++G** level (i.e., double split valence basis set with polarization
calculated V\."th high level ab Ir."tlo methods as a tool to probe and diffuse functions on all atoms and Mghd?lesset (MP) perturba-
the mechanism of these reactions.

HO™ + H,S— HS™ + H,0

(32) Van Doren, J. M.; Barlow, S. E.; DePuy, C. H.; Bierbaum, V. M.
Experimental Section Int. J. Mass Spectrom. lon Processk387, 81, 85.
(33) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M.; Wong,
All experiments were carried out with a tandem flowing afterglow- M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A ;
selected ion flow tube instrument (FA-SIFT) that has been described Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J.
S.; Gonzales, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart,
(31) Matsson, O.; Westaway, K. @dv. Phys. Org. Chem199§ 31, J. J. P.; Pople, J. AGaussian 92, Resion C, Gaussian, Inc.: Pittsburgh,
143-248 and references therein. PA, 1992.
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tion theory to second ord¥) using the standard gradient geometry
optimization method; the only constraint was maintaining the sym-

metries specified. Final relative energies were obtained by single-point

MP4(SDTQ)/6-3%+G** calculations on the MP2/6-3t+G** ge-
ometries (MP4(SDTQ)/6-3t+G**//MP2/6-31++G**). In all cases

vida and Bierbaum

out-of-plane bending modes in the €ioiety; 7yenin in-plane bending
modes in the Ckimoiety (scissors).

We did not include tunneling effects since they have been shown to
have a minor or negligible influence on the KIEs for this type of
reactiont®20 All calculations were carried out foF = 300 K.

we did not correlate the core electrons, and calculations on systems

with an even number of electrons were spin restricted while those on
systems with an odd number of electrons were spin unrestricted.
Vibrational frequency calculations at the MP2/643tG** level

Results and Discussion

Reactivity. Table 1 shows the experimental rate constants

were used to characterize all stationary points as either minima (zerofor O~ and for several nucleophiles of similar basicity

imaginary frequency) or first-order saddle points (single imaginary
frequency). The intrinsic reaction coordinate (IRC) technique in internal
mass-weighted coordina®8®was used to confirm that transition states
connect the corresponding minima on either side. Spin contamination
in the open shell species was found to be very small, @thvalues
ranging from 0.75 to 0.78.

Using transition state theotythe total KIE §7) can be calculated as

_ ki QUIQE
"o ol

o AAE/keT

@)

whereQ’s are the total partition functions with subscripts indicating
isotopic substitution and superscripts indicating reactants (R) or
transition state (TSkg is Boltzmann'’s constant, is the temperature,
and AAE is the difference in the potential energy difference between

including oxygen-, sulfur-, and nitrogen-centered nucleophiles
reacting with a variety of alkyl halides. Some of these ions are
closed-shell species while others are radical anions. The
unusually high reactivity of @~ with respect to ions of similar
basicity is clearly evident in the table. For example; Qeacts
with methyl chloride at a rate 10 times faster than does HOS
which has the same basicity within experimental error.

Figure 2 shows a plot of reaction efficiencies fg2Seactions
with methyl chloride versus basicity of the nucleophile. From
this plot it is clear that the reaction efficiency of;’O is
comparable to that of nucleophiles that are 15 kcal/mol more
basic, and this efficiency is 1 order of magnitude greater than
those of nucleophiles of similar basicity. However, other radical
anions (e.g., S, SO") have rates comparable to those observed

the transition state and reactants for the perprotio and the perdeuteriof©f closed-shell species of similar basicities; this suggests that

labeled reaction. Since we calculate the vibrational partition function
with the zero of energy at the classical well instead of a 0, AAE
becomes zero. Noting that each total partition function is the product
of a translational, a rotational, and a vibrational partition function, we
can write

1 = Nirandlrotlvib 2

where the terms represent the translational, rotational, and vibrational

contributions, respectively, to the total isotope effect. To achieve a more
detailed understanding, we further facigy, into contributions from

groups of frequencies:
Mib = I_I i
n

Heren is the total number of groups.
Rotational partition functions were calculated classically from
moments of inertia determined from MP2/6-8%+G** geometries for

®)

both reactants and transition states. Harmonic frequencies (not scaledf
obtained at the same level were used to calculate the vibrational partition

the origin of the enhanced reactivity oL is not its radical
character. In contrast, it has been shown that radical anions react
less efficiently than related anions inBreactions$® Moreover,

the enhanced reactivity is not due to the localization of charge
on oxygen since other oxygen-centered nucleophiles do not
show this behavior, as can be seen in Figure 2.

Similar conclusions can be drawn for methyl bromide as a
neutral reagent (Table 1). However, in these cases the reactions
are faster and the differences in reactivity betweern @nd
the other nucleophiles are less pronounced.

As discussed previously and confirmed by these results, there
is no apparent difference in the nucleophilicity of oxygen and
sulfur centered nucleophiles. This indicates that the enhanced
reactivity of sulfur nucleophiles in the condensed phase has its
origin in solvent effect4:3°

Analysis of the rates obtained for branched alkyl halides is
more complicated since elimination is now possible; since the
onic products of elimination and substitution are the same, we
cannot distinguish between these mechanisms. Nevertheless,

functions by using a custom program that also calculates the contribu- CONSider the reactivity of methyl chloride and ethyl chloride

tions of each predefined group of frequencies to the vibrational KIE.
The definition of the number of groups and the method of grouping

with HOS™ and Q*~. Although these nucleophiles have the
same basicity that is sufficient for the elimination reaction to

can be arbitrary. Some authors arrange groups by the frequencybe exothermicAHaciq > 351 kcal/mat9), the reactivity of HOS

values!®20-22 while others choose a collection of specific frequencies
for analysis and gather the rest togettewe employed a different

decreases about 1 order of magnitude in going from methyl to
ethyl chloride while the reactivity of @ increases. This is

approach and grouped the frequencies by their physical significance; consistent with our earlier work that demonstrated that when

this method allows us to analyze the nature of the KIEs in a more
detailed way. However, this approach is time-consuming and includes
analysis and animation of each frequency for each of the minima and
transition states for all the reactions studied, including isotopically
labeled reactions. This was achieved, in part, by using the program
Gausgiew. All the frequencies were then included in one of the
following groups: 70w, frequencies that are converted from rotational
and translational modes in reactants to vibrational modes in the
transition statesjsy.cx, stretching frequency between the carbon atom
and the leaving groupjsy.c-1, C—H stretching modesyn,, internal
modes in the nucleophile (only for polyatomic nucleophilegk out

(34) Hehre, W. J.; Radom, L.; Schleyer, P. R.; Pople, JAA.Initio
Molecular Orbital Theory Wiley: New York, 1986.

(35) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.

(36) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154.

(37) Eyring, H.J. Chem. Phys1935 3, 107.

elimination is thermodynamically allowed, sulfur-centered nu-
cleophiles exhibit less facile elimination reactions than do
oxygen-centered nucleophiléén intriguing feature is that other
oxygen-centered nucleophiles with similar basicities (e.g.,
C.FsCH,O~, which is slightly more basic than £ with
AHacid CoFsCH,OH) = 357 kcal/mol) also show a decrease in
the rate when going from methyl to ethyl chloritielowever,
the reactivity of @~ continues to increase for reaction with

(38) Born, M.; Ingemann, S.; Nibbering, N. M. Mlass Spectrom. Re
1997 16, 181-200.

(39) Olmstead, W. N.; Brauman, J.J. Am. Chem. Sod977, 99, 4219.

(40)NIST Chemistry WebBook, NIST Standard Reference Database
Number 69 Mallard, W. G., Linstrom, P. J., Eds.; National Institute of
Standards and Technology: Gaithersburg MD, 1998 (http://webbook.nist.
gov).
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Table 2. Stationary Point Energies (kcal/mol), Relative to
Reactants

reactiort AErs AE; AH(expt)
F~ + CHCI —-10.4 —27.4 —30.95+ 0.01
Cl~ + CHgCI 6.0 0.0 0.0
O~ + CHsCl —-5.9 —-17.5 -17.6¢
SO~ + CHCl —6.8 —15.8
OS~ + CHsCl -1.2 —25.2
S~ + CHCl 4.4 —-95
HOS + CHiCl -1.6 —29.3
HS™ + CHgCI 0.3 —24.4 —22.0+2.4
HO™ + CHsClI —12.8 —51.2 —49.7+ 0.1
HS + CHsF 9.3 2.9 9.0+ 24
HO™ + CHsF —-7.0 —23.8 —18.7+0.1

aClassical energies calculated at MP4/6-31G**//MP2/6-31++G**
level. AErs is the difference in energy between the TS and the reactants.
AE; is the energy difference between products and reactarigexpt)
is the experimental enthalpy of reaction at 300 K for the Brocess.
b Rate constants not included in Table R(F~ + CH;Cl) = (1.41+
0.01) x 10°° cm® molecule* s, ref 17; k(Cl- + CHsCl) ~ 3.5 x
107 cm® molecule?® s72, see ref 53k(HO™ + CHCl) = (1.80 +
0.04) x 107° cm® molecule! s7%, this paper;k(HS™ + CHzF) no
reaction;k(HO™ + CHgF) = 1.2 x 107 cm® molecule® s71, ref 4.
¢ The error could not be calculated due to the lack of error bars in the
heat of formation of ChD,,* AH; (CH;0,) = 6.7 kcal mot?,
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halides have well-structured transition states and that this
mechanism is preferred kinetically over substitution in nucleo-
philes with small or even negative electron detachment energies.
Nevertheless, for species with small EA values such as
cyanoformaldehyde (EA~ —2 to 7 kcal/mol from data
calculated by Shaik et §).a turnover from an @& to an ET
mechanism is observed in going from reaction of methyl
chloride to methyl bromide to methyl iodide; for this series the
right-hand side of eq 5b becomes larger (1.1 kcal/mol fer X

Cl, 9.3 kcal/mol for X= Br, and 15 kcal/mol for X= 1).40
These results suggest that'Q with an even higher adiabatic
electron detachment energy than the cyanoformaldehyde radical
anion, is expected to go through ag2Sreaction mechanism
with methyl chloride rather than through a short-range ET
mechanism. Furthermore, both the ET and th@ 8ansition
states seem to follow different reaction-specific orbital selection
rules. This valence bond configuration mixing analysis suggests
that the 2 and ET processes are two mutually exclusive
mechanisms and that the lowest energy structure will occupy
the saddle point, while the higher energy structure could be
located at a higher order saddle point (not a ¥9)If this is

true, the reaction @ + CHCl will have a higher energy saddle
point for the ET process than for thg&channel or will not

reacts 10 times faster (see Table 1). These results suggest thaiave a TS corresponding to ET at all. We have attempted to
either the calculations at this level are inappropriate only for locate the ET-TS for this reaction (eq 6b) without success at
O~ or that this anion is reacting through a different mechanism. the ROHF/6-31 G* level, a level that has proven to be adequate

The latter explanation seems more likely.
Since Q has an electron affinity (EA) of only 0.451 eV (10.4
kcal/mol)#° much lower than for the other nucleophiles in this

for this purposé.
Equation 6 shows the experimental thermochemical values
for the reaction of @~ with CH3Cl.4046

study (see Table 1), it seems reasonable to propose that elec-

tron transfer (ET) could play a role in this reaction, thus
enhancing the @ reactivity with respect to other anions.
Furthermore, this mechanism would give the same ionic product,
making it experimentally indistinguishable from thg2Smech-
anism (eq 4).

SN2
——

Nu- + CH;X —‘
ET

For a given general reaction (eq 4), thg2hannel will

NuCH; + X (4a)

Nu + CHy + X (4b)

S

2, [.00CH; + CI| — > .00CH; + CI AH, =-17.6 kcal/mol (6a)
0, + CH;C]*{

EL> [0; + CH;- + CI]—> 0y + CHy- + CI AH, = +10.5 keal/mol (6b)

[-00CH; + CI| —> .00CH; + CI' AH, =-17.6 keal/mol (6c)

These values preclude the possibility of direct ET followed
by dissociation to the products shown in eq 6b. However, an
alternate mechanism is possible (eq 6c¢). Let us assume that the
ET path can surmount the TS and reach the productdpole
complex [@ + CHsz* + CI7], which with about 15 kcal/mol

always be more exothermic than the ET path since an additionalstapjlizatiort® would still have about 4 kcal/mol excess energy.

bond is formed in the 2 pathway. On the other hand, as can

Within this ion—dipole complex @ and the methyl radical

be deduced from eq 4b, the ET process is also exothermic whencoyd react to give the more stabilizeg2Sion—dipole complex

the difference in EAs of Nu and the leaving group (X) is larger
than the bond dissociation energy (BDE) in the neutral (eq 5a).

EA(X) — EA(Nu) > BDE(CH,—X) (5a)

An example of this process is the well-known dissociative
electron capture reaction in methyl halidé€quation 5a can
be rearranged to give

EA(Nu) < EA(X) — BDE(CH,;—X) (5b)
which shows that a lower EA for Nu, a higher EA for the
halogen atom, and smaller BDE for the carbt¢ralogen bond
will favor an exothermic ET channel that could compete with
the S42 process.

Recently, Shaik et &71943-45 have demonstrated theoretically

[CH30O + CI7]; this could subsequently dissociate to give
the highly exothermic substitution products but through an ET
process in a stepwise mechanism. The second step in this latter
process (eq 6¢) has been shown theoretically to possess a lower
energy barrier than does the first step (ET) in similar systems.
The question of the origin of the supernucleophilicity gf O
still remains. Certainly, further inquiries into the mechanism
of its reactions with alkyl halides are necessary to understand
its reactivity. It is likely that reaction of & with methyl
chloride does not proceed through a classig# Biechanism
and that an ET process is probably favoféd|though a direct
ET with immediate dissociation as in 6b is thermodynamically
forbidden. Tunneling effects in the ET mechanism or an alternate
long-range ET mechanism could also play a role in enhancing
the ET process; these mechanisms are not expected to contribute

that short-range ET reactions between radical anions and methylto the $2 pathway.

(42) Bertran, J.; Gallardo, I.; Moreno, M.; Saveant, J.MAm. Chem.
S0c.1992 114 9576.

(43) Shaik, S.; Danovich, D.; Sastry, G. N.; Ayala, P. Y.; Schlegel, H.
B. J. Am. Chem. S0d.997, 119 9237-9245.

(44) Sastry, G. N.; Shaik, 3. Am. Chem. S0d998 120, 2131-2145.

(45) Shaik, S.; Shurki, AAngew. Chem., Int. Ed. Endl999 38, 587—
625.

(46) Benson, S. WThermochemical Kinetics2nd ed.; Wiley-Inter-
science: New York, 1976.

(47) Marcus, R. AJ. Phys. Chem. A997, 101, 4072-4087.
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Table 3. Comparison of Calculated Kinetic Isotope Effects for th@ Reaction Nu + CH;CI/CDsCl at 300 K, Using Different Methods

this work? Truhlar et ak Westaway et al.
Nu~ Ntans  Mrot  Nvlo Hvmi  Mvhi  Nvib n Ntrans  Wrot  Nvilo NWvmi  Nvhi  Nvib n Nvmi Nuvhi  Nvib n eXptF n
F 1.02 1.21 0.85 1.20 0.72 0.740.91 1.10 0.71 0.710.88 0.90+ 0.02
Cl~ 1.04 122 0.85 1.33 0.69 0.79.99 1.04 122 0.85 1.26 0.71 0.7®.95 1.18 0.68 0.740.94 1.2+0.T
F~(H20) 1.04 163 0.62 1.14 0.72 0.5D.86 1.04 1.66 0.61 1.07 0.74 0.48.83 0.85+ 0.03
F(H,0O/D,0)} 1.05 1.34 0.75 1.20 051 0.4®.65 1.05 1.35 0.74 1.14 0.55 0.4®.65 0.65+ 0.03

a See the Experimental Section for the definitions;0#yans 7rot, @NA17ib. 7v0, Hv,mi, @NA 7y ki @re the contributions tg.i, from low (v < 600
cm1), middle (600=< v < 2000 cnt!) and high ¢2000 cn) frequency modes, respectivelyAt MP2/6-314++G**//MP2/6-31++G** level and
by using conventional TST.Using a potential energy function based in results at the MP2/6-31G** level and improved canonical variational
transition state theory (ICVT), corrected by using the centrifugal-dominant small-curvature semiclassical adiabatic ground state (CD-SB&AG) me
to include tunneling, for C1.2° For F-(H,0) and F(H,0/D,0), MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ was used together with conventionalTST.
d Conventional TST used with geometries and frequencies from HF/833Xkalculations'® ¢ From ref 17 unless otherwise staté&rom ref 48;
see text for details in comparing this value with the othelEs for F-(H,O) + CHsCl vs F(D2O) + CHsCI.

Table 4. Calculated and Experimental Kinetic Isotope Effects

reaction Now Nstr,c—x Mben,out Mben,in Nstr,c—H Nstr,Nu Nvib Ntrans Nrot n KIE (exptl) Rre?
F~ + CHsCI 0.85 1.10 0.92 1.18 0.72 0.74 1.02 1.21 0.91 0t90.02 4.14
Cl~ + CHgCI 0.85 1.10 1.02 1.18 0.69 0.78 1.04 1.22 0.99 4.62
O~ + CHsCl 0.66 1.08 0.87 1.20 0.80 1.00 0.59 1.03 1.56 0.95 &@mo1 4.19
SO~ + CHgCI 0.66 1.06 0.72 1.20 0.78 1.18 0.56 1.04 1.60 0.930 98-+ 0.02 4.18
OS~ + CHCI 0.63 1.09 1.00 1.18 0.80 0.99 0.64 1.04 1.63 1.09™ ' 4.65
Sy~ + CHgCI 0.62 1.09 1.02 1.19 0.77 0.99 0.62 1.05 1.67 1.09 4.65
HOS + CHsCI 0.63 1.07 1.01 1.18 0.76 0.99 0.60 1.04 1.65 1.03 [SRU15{0)3 4.68
HS™ + CHgCI 0.76 1.10 1.08 1.18 0.71 1.00 0.77 1.04 1.34 1.06 @603 4.71
HO™ + CHCI 0.75 1.10 0.98 1.18 0.74 1.00 0.70 1.02 1.27 0.91 8:9803 4.26
F~+ CHsF 0.84 1.14 0.83 1.24 0.74 0.73 1.05 1.23 0.94 3.66
Cl~ + CHsF 0.85 1.14 0.99 1.21 0.70 0.81 1.07 1.23 1.06 4.14
HS + CHzF 0.75 1.14 1.04 1.24 0.72 1.00 0.79 1.06 1.35 1.12 4.21
HO™ + CHsF 0.78 1.14 0.88 1.25 0.76 1.00 0.74 1.04 1.29 0.99 3.76

aFrequencies calculated at MP2/6431G**//MP2/6-31++G** and using conventional transition state theory; see Experimental Section. See
Experimental Section for a definition of frequencies included in each fatRi,-c + R.g-c in angstroms¢ Possible contamination with the

HSO isomer; see text for detailé k(OH~ + CHsCl) = (1.804 0.04) x 107° cn?® molecule’* s71, k(OH~ + CDsCl) = (1.934 0.02) x 107° cm?®
molecule® s,

Kinetic Isotope Effects. Experimental KIE values for a  contributions toy for a given reaction are comparable among
variety of reactions have been used to rationalize their reactiondifferent authors, especially considering that they were calcu-
mechanisms; in addition these values have been calculated withated with completely different methods. We calculate normal,
theoretical methods in order to understand the origin of the large normal, and inverse contributions from translation, rotation,
inverse secondarny-deuterium KIEs found in thepN® reaction and vibration factors, respectively; as has been shown before,
mechanisni®18-2228The usual interpretation of KIEs in terms  the low- and high-frequency modes contribute to the inverse
of their correlation with the looseness of the TS recently KIE, while a large normal contribution from the middle
generated considerable controvef&i?-2®However, these KIEs  frequency modes brings the overall vibration factor closer to 1.
can provide clues about the mechanism of the reaction;of O Probably the most computationally challenging reaction in
with methyl chloride. Table 3 is the last one, ®H,0/D,0) + CHsCl, which involves

To test the theoretical results at the level used throughout g solvent KIE, since there are very low-frequency modes in both
this project, we calculated the KIEs for severalSeactions  reactants and TS. Nevertheless, our results are almost identical
that are well studied either experimentally or theoretically. The to the results obtained by Truhlar et al. at a higher l1&%ekcept
results are shown in Table 3, together with other theoretical for a small difference in the mid- and high-frequency factors;
and experimental values. The different contributions to the total these differences cancel out to give the same value for the total
11 have been calculated as shown in eq 2, and further partitioningK|E, which is in good agreement with the experimental value.
of b was done to allow direct comparison with previously This agreement suggests that dynamic recrossing effects are
published values. negligible as well as that the computational level used in this

As can be seen, our total calculated Kig$ re in excellent  paper is adequate for this purpose in this type of reaction.
agreement with experimental valués’®The experimental KIE Thus, we have calculated the KIEs for a set of 13 reactions
for the reaction of CI + CH3Cl/CD;CI obtained by Ervin et i, glving O~ and other related nucleophiles. The results are
al* needs further discussion. These researchers used a guidedresented in Table 4 including the detailed factoring of the
ion beam instrument and reported an average KIE o 1®1 —iprational contributions to the totaj. With the exception of
for the entire energy window StU(_IlIed-(@l.S eV). In fact,_the O~ and HOS, there is very good agreement between the
extrapolated value at low energies (thermal energy) is more cqicyated totah and the experimental values taken from Table
appropriate for comparison with flowing afterglow values as 1 Tpe gisagreement for© is not surprising on the basis of
well as with our theoretical values. From Figure 12 of their he giscussion in the preceding section, but the disagreement
papefé it is clear that the KIE falls to a value near 1.0 at low for HOS- is unexpected. Contamination with its isomer HSO
energies and that in this energy region the error bars increaseyhich, as discussed below, is expected to show a more inverse
to about 0.7. In addition, Table 3 shows that all individual |y js improbable due to its method of synthesis, but we cannot

(48) DeTuri, V. F.; Hintz, P. A.; Ervin, K. MJ. Phys. Chem. A997, rule out that some isomerization occurs at the SIFT injector. It
101, 5969. is interesting to note that the experimental KIE for the reaction




1746 J. Am. Chem. Soc., Vol. 122, No. 8, 2000

of SO~ with methyl chloride is intermediate between the

vida and Bierbaum

This mass effect is not the only one affecting; as evident

calculated values for oxygen (inverse) and sulfur (normal) attack from the differents;o; values for OS and SO~ which have
but much closer to the former; this suggests that oxygen attackthe same mass. In fact, as eq 7 shows, the spatial distribution
is preferred, in agreement with the relative energies of the of the different atoms (even when the total mass is the same)

transition states shown in Table 2.

We will now analyze the changes in the KIEs from one
reaction to another. The contributions to thshow the typical
profile: slightly normal contribution from translations, large

also plays a role in determining the value of the moments of
inertia andyo; by a similar argument as above for the masses,
a TS with more widely distributed atoms will produce a higher
value for . This effect will depend on the distribution of

normal effects from rotations, and large inverse contributions atoms in the TS and becomes more difficult to estimate a priori

from vibrations. Since the total KIEs iny3 reactions are usually

inverse, this latter factor is generally recognized as the cause

without knowledge of its structure.
In practice, both effects are important since we cannot modify

for these overall inverse effects. This is particularly true since the nucleophiles without changing the TS structure and vice

vibrations are theonly inverse contributions for all reactions
considered in this study.
The translational contributiony(and does not change ap-

versa, except by isotopic substitution. However, as Table 4
shows, it seems that the latter effect dominates and two groups
of reactions emerge. The first group involves monatomic nucleo-

preciably and lies between 1.02 and 1.07 for all reactions phjles and diatomic nucleophiles containing a hydrogen atom
studied. In contrast, the factor involving rotations clearly shows (light atoms such as hydrogen make only small contributions
large variations among different reactions. This effect can be to the moment of inertia) withy; values between 1.2 and 1.35;
easily rationalized in terms of the changes in the moments of the second group contains di- and triatomic nucleophiles with
inertia produced upon deuteration of the corresponding hydrogenat |east two heavy atoms and has; values around 1.6.

atoms and how they affect thg,.. The moment of inertial} is
related to the atom masses according to eq 7, wineege the

=% mr? (7)

atom masses and are their perpendicular distances to the
reference axis. The rotational partition functigy)is directly
related to the moments of inertia, according to eq 8, whgre

_ .7'[1/2(8.7Z2kBT)3/2(| AI 5 [ C) 1/2

oh®

8)

v

Ig, andlc are the moments of inertia with respect to the three
axes ands is the symmetry number. According to transition
state theoryyrot is

Qi
MNrot — QP'TS/QIP'R

)

As mentioned before, the vibrational contribution is the only
inverse factor, and since it also deviates most from unity,
changes in the vibrational contribution will most significantly
affect the final  value. Thus, 7,y was partitioned into
contributions from different groups, each of them containing
frequencies whose normal modes share some physical signifi-
cance (see Experimental Section above). These contributions
are also shown in Table 4.

Some groups of frequencies contribute with a constant factor
for all reactions studied. This is the case @& c-x, #str.Nw
andmnpen,in This is not surprising fonsy,c-x, since it is expected
that the changes of this frequency upon deuteration in going
from reactants to transition states do not change for reactions
involving the same neutral. In addition, only a very slight
variation is observed in going from the methyl chloride to the
methyl fluoride series. A similar situation occurs g ny With
the exception of the reaction of SOwith methyl chloride,
where the SO stretching frequency is surprisingly coupled with
some H(D) motions in the transition state. Thg,in factor,
whose frequencies involve perpendicular movements of the H

where superscripts indicate perprotio (H) or perdeuterio (D) atoms with respect to the reaction coordinate, show very small
labeled species and reactants (R) or transition state (TS)’changes when going from methyl chloride to methyl fluoride

respectively. Equation 9 can be rearranged to

H, TS D,R
r r

D, TS ’ H,R
r Qr

(10)

Mrot =

as a neutral. This feature and the fact that their contributions
are normal (larger than 1) while,i, are inverse (smaller than
1) suggest a minor contribution from these factors.

The other three factors are those that dominate and determine
the inverse value fopip,. Thensy.c-n factor has inverse values

The numerical value of the second term in eq 10 will depend for all the reactions studied and has been claimed to be the factor

on the neutral molecule since contributions from the ion will
cancel out; this value is 1.73 for methyl chloride. Thus, for
different reactions with the same neutral, the final valueser
will be determined bythe ratio of the perprotio to the
perdeuterio labeled rotational partition functionsgyauated at
the transition stateslt follows that for a reaction involving a
heavy nucleophile, the variation of the massasrt eq 7) upon

that governsyip andy in Sy2 reactions:?-2228 however, other
authors contend that the bending vibratioms ouin this case)
determine their magnitudé& As can be seen in Table 4, this
latter factor {penow) Changes substantially from one reaction
to another having, in some cases, values larger than unity
(normal contributions). This is a very interesting point to
analyze. Whileysy - values fluctuate only between 0.7 and

deuteration of the neutral will produce a smaller relative change 0.8, thenpen ouivalues are considerably more variable (between

in the moments of inertia than in a reaction with a lighter

0.72 and 1.08). The changes in the former have been correlated

nucleophile. Thus, the first term in eq 10 becomes closer to with the C-H bond strength or bond length in the transition
unity for heavier nucleophiles, and since its value is smaller states with respect to reactafit®while those of the latter have
than 1 (because deuterium is heavier than hydrogen, egs 8 andbeen associated with the transition state looselfe3he

10), it follows thatthe final 17,0t becomes larger for heder
nucleophiles reacting with the same neutiihis is clearly seen
in Table 4, for example, by comparing thg,: for HO™ and
HS~ with methyl chloride or methyl fluoride.

transition state looseness (or tightness) is a simple idea that
indicates how compressed a transition state is; however, this
concept is difficult to quantify. There are two methods widely
used to measure transition state looseness:Lthrd theRrs
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Therefore, theRrs (as well as the L) looseness parameters
will not correlate with thegpen outfactor, unless we choose the
appropriate nucleophiles (e.g., monatomic anions), but instead
will correlate with thecrowdednes®f the transition state. A
recent paper compares the different looseness parameters and
identifies a new parametepR¥, that correlates well with the
out-of-plane bending contributions to the KIESAR* include
corrections for the nucleophile and leaving group atomic radius
that will also affect the transition state crowdedness. Unfortu-
nately, these authors included only three identity reactions
involving monatomic nucleophiles. As we have shown, this
parameter is also expected to fail in other cases, as in reactions
of polyatomic nucleophiles.

In light of these results, the idea of transition statewd-
ednessshould be used instead of the conceptlafseness
particularly in systems where the attacking nucleophile has bulky
Figure 3. Structures of the transition states for the reactions of OH 3toms away from the reaction axis .(fa?c'”g towar.d mhy-_ .
and Q= with methyl chloride showing the space available for the roggns) and in .CrOWdEd sy.stems. This is the case in substitution
a-hydrogen atoms bending vibrations and fe parameter. reactions occurring in proteins, where the looseness concept has

been widely associated witit-H(D) secondary KIEZ4-2749
parameters. The former is the sum of the percent change of the Finally, the 50, factor involves values that substantially
carbonr-nucleophile (G-Nu) and carbon leaving group (€ deviate from unity. This factor is similar in importancerig c-
LG) bond lengths at the transition state with respect to products and ;pen ot in determining the total value. This feature has
and reactants respectively®jland with respect to the reactant peen discussed previously by TruRf#2:30.5051hyt has been
and product complexes {k).192 These methods give similar  overlooked by other authors mainly due to the improper
results. The latter is calculated by the sum of theNi and grouping of frequencies where this effect remains hiddéf28
C—LG bond lengths at the transition sta#his approach seems  There are three groups of reactions in Table 4, each of them
more appropriate since it is related to the distance (“space”) showing a constant contribution. Clearly, it depends primarily
available for the out-of-plane bending vibrations. These values on the type of nucleophile: monatomic nucleophiles with values
are included in Table 4. of ~0.85, diatomic nucleophiles with one hydrogen atom with

As evident in Table 4, there is a good correlation between values of~0.76, and diatomic or polyatomic nucleophiles with
1ben,out @aNd theRrs values for monatomic nucleophiles and at least two heavy atoms with values-e0.64. This trend seems
diatomic nucleophiles with one hydrogen atom for either methyl to follow the number of frequencies appearing in this group
fluoride or methyl chloride reactions, in agreement with previous whose associated degrees of freedom in reactants correspond
reportst® However, this correlation fails when considering to rotations and translations; this depends on the number of
polyatomic nucleophiles or even diatomic anions with two heavy atoms present in the nucleophile which determine the number
atoms; this can be clearly seen by comparing, for exampte, O of degrees of freedom. In addition each new frequency included
and HO™ which have similaRrs values but very differenfoen,out in this group will contribute to a more inverse value because
contributions. We rationalize this fact by proposing that the there is no associated frequency in the reactants (see eq 1).
change in the out-of-plane bending vibrations upon deuterating Therefore we recognized that this behavior may be an artifact
the TSs, with respect to the neutrals, depends on the apaet and that if we include the associated degrees of freedom in the
available for then-hydrogens and that th&paceis not always ~ same group, these effects could be canceled. Effectively, if we
proportional to the distance between nucleophile and leaving define a new group obtained by multiplying the values obtained
group. This idea is clearly depicted in Figure 3, which Shows for 1o, #irans @ndzre, Which will have a correlated and constant

the TSs for the reactions of Otand G~ with methyl chloride. number of degrees of freedom, we obtain a constant value of
Even when theéRrs values are comparable for these reactions, 1.07 + 0.0352

thespaceavailable for thex-hydrogens is clearly different, and These results lead us to conclude that KIEs in th@ S
this is observed in the different contributions frofgen outfor reactions are mainly determined by thgn oucontribution and
each reaction. that this factor depends on tleeowdednes®f the transition

A similar and very interesting situation is observed fof O state for a given neutral, in accord with the accepted empirical
and SO. These TSs have the sarRgs value, but as can be  rule. We restate this idea in light of our new results: for a
anticipated, replacing an oxygen atom igrQwith a much larger  particular substrate, a highly crowded transition state (as defined
sulfur atom (see Figure 3) will decrease thjgaceand further  above) will have a smaller secondary KIE value than a less
interfere with the out-of-plane bending vibrations; this causes crowded transition state.

a decrease (a more inverse) in its contribution to the KIE, in
agreement with the results shown in Table 4. In light of these Conclusions

results it can also be anticipated that this effect will be less  The enhanced reactivity of £ with alkyl halides has been
important at long NtC distances and become much more confirmed in comparison with anions and radical anions of
important at shorter distances where the atoms in the nucleophile 9) Wi I F.3. Am. Chem. Sod984 106 7206-12

[P Hniams, 1. A.J. Am. em. S0 .
are much closer to the-hydrog(_ans.. This is clearly obferved (50) Truhlar, D. G.: Lu, D. H.. Tucker, S. C.; Zhao, X. G.; Gonzalez-
when comparing theyen ouccontribution for 0OS$™ and $°~ as Lafont, A.; Truong, T. N.; Maurice, D.; Liu, Y. P.; Lynch, G. @CS Symp.
nucleophiles. Since the-8 bond distance is significantly = Ser.1992 No. 502 16—36.

; i (51) Hu, W.-P.; Truhlar, D. GJ. Am. Chem. S0d.996 118 860-9.
longer than the GC distance by about 0.4 A replacing the (52) The reported error bars correspond to one standard deviation.

oxygen atom by sulfur in this case does not changestout (53) Barlow, S. E.; Van Doren, J. M.; Bierbaum, V. NI. Am. Chem.
value. Soc.1988 110, 7240.
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similar basicity. Potential energy surface calculations and shows a constant slightly normal contribution. (&) c-n and
experimental and theoretical KIEs suggest that this anion is not#pen,in reveal almost constant values with small changes for
reacting by a classicalih@ mechanism. A simple ET process is different leaving groups. Alsgsy nuShow constant values except
not thermodynamically allowed, but ET followed by radieal  for the reaction of S© with methyl chloride. (4) Although the
radical coupling in the product well is possible; this process total KIE is determined by bothysyc-n and #penou the
will generate the same products as th@ 8action in a stepwise  contribution from the;sy c-n factor does not change significantly
mechanism. However, we are unable to locate a structured ET-compared withypen outfor all the reactions studied. This latter
TS as suggested by Shaik and co-workef§;moreover their component, on the other hand, changes markedly from one
VBCM analysis excludes the existence of this structure as areaction to another. Thus, the magnitude of the total KIE is
first order saddle point, suggesting that a long-range (weakly primarily determined bynpenout @nd the accepted empirical
bonded) ET process may occur in this system. relationship between the secondardeuterium KIEs and the
We have performed an exhaustive analysis of the secondaryaC—H(D) out-of-plane bending vibrations is basically correct.
a-deuterium KIEs in the @ mechanism including mono- and  (5) #ven,out Which largely determines the magnitude of the total
polyatomic nucleophiles. The agreement between experimentalKIE for a particular neutral, is related to the transition state
and theoretical results is extremely good and factoring of the crowdednessand not to the usualooseness(or tightnes$
different contributions leads to the following conclusions: (1) interpretation.
Total KIEs are not always inverse<{) as has been assumed
in the past; therefore assigning the effect to a single factor
because its contribution is inverse (as c-+) is not necessarily
correct. (2)n0w IS, in general, one of the most inverse factors;
however the produejiowniandsror that includes a constant number
of degrees of freedom and a correspondence between thenJA993093X
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