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ABSTRACT

— | Nu-C- X | — CL,=CLCL:Nu +X_

Nu + CL,=CLCL,X —

SN2' LE‘ . X -
| c=L=C |— CL;=CLCLNu + X

Nu LL

L=H,D; Nu=F,Cl; X=Cl

The secondary deuterium kinetic isotope effects (KIE) for both mechanisms were calculated by using ab initio results and transition state
theory. The Sy2' mechanism shows very inverse (ku/kp < 1) KIES, smaller than those for the Sy2 pathway. The difference is primarily originated
in the vibrational contribution to the KIE, and more specifically the mid-frequency factor. These results suggest that the reaction mechanism
can be determined by measuring the KIE.

Determining an ionic reaction mechanism in the gas phase|jjj | | N I

can be very difficult because most of the techniques used to Scheme 1

study those reactions detect only the ionic speldi€onsider )

for example the @ versus the Emechanisms(Scheme SN2 HH )
1). Since both reactions produce the same ionic product, the | NurrX | T RCHCHaNu + X
mechanism for a particular reaction cannot be discefned. CHR

However, both mechanisms can be distinguished by - gcy,cux —
measuring the deuterium kinetic isotope effects (KIBjhile -

the B mechanism exhibits primary, normah(k, >1) KIE; E2 LR -
. . L~ £=C, |—NuH +RHC=CH; +X

the S42 mechanism shows secondary, usually inveksé ( H o iH

ko < 1) KIE.>® This remarkable difference in the KIEs has N

been exploited successfully to distinguish these mechanisms
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case of the reactions of Fand HO with methyl chloride. || A

The a.gr.eem?nt V‘_”th experiments was excelfétit. Table 1. Heats of ReactionAEg) and Heats of Activation
A similar situation occurs between thg@ZSand the 2’ (AE®) with Respect to Reactants for thgSand {2’
mechanisms (see Scheme 2). As in the previous case, bottMechanisms (MP4(SDTQ)/6-31++G**//MP2/6-31++G**), in
kcal/moP
Scheme 2 nucleophile Sn? Sn? AEr
) Cl- 4.8 9.4 0
SN2 H -
. Nu~--'g-{-x — CH;=CHCH;Nu + X (3.7) (9.5)
P F- -12.1 -7.8 —-28.3
¢ (—12.4) (=7.6) (—27.4)

Nu + CHy=CHCH;X . , Lo . .
aValues in parentheses are corrected for vibrational zero point energies.

SN2’ H? o ,)( R
—| CFCH™C_ |— CH;~CHCH;Nu - X
Nu aH potential energy surface, typical for most gas-phase ionic

reactions:*15For the reaction of Cl, both mechanisms show
a transition state (TS) lying above the reactants, with the

. hani h , q dth Sv2 mechanism 4.6 kcal/mol more energetically favored (5.8
reaction mechanisms generate the same lon product and thuge,mq including the zero point vibrational energy correc-

cannot be d|scern|ple bY mass spectrometric methods. In thlstion). The activation barrier for they@ pathway is consistent
case, they also give rise to the same neutral product. In\with previous results for similar@ reaction$:6-23 Very
addition, both reactions exhibit secondary deuterium KIEs recently, an activation energy of 8.1 kcal/mol has been
and it is not straightforward to establish a priori if thg2S reported for the §2 reaction of Ct with 1 at the MP2/6-
mechanism will show a different KIE than that from the2S 31-++G*//MP2/6-31-++G** level2

In contrast to the & mechanism, very little is known about

the 5,2’ pathway in the gas phase: if it can compete with negative activation barriers in the reaction ofwith 1. This

the 2 mechanism, what kind of values the KIE is expected means that the energies of the TSs are located below those

to show, and Wha,‘t factors determine those vglues. This PaPElot the reactants and that, in principle, both mechanisms could
presents theoretical results on the energetics and KIEs for

be observed experimentally at thermal energies. However,
the reactions of Fand CI" with 3-chloropropenel() for P y g

both the 2 and $2' hani h | as in the case of C] the §2 is favored over the &'
ot t e &2 an .gm mechanisms. These resu ts rgpresent mechanism by about 4—5 kcal/mol. Thg2process is not
the first theoretical data available for nonidentity2S

) _ always the preferred mechanism; for instance, in the reaction
reactions as We_II as conclusive results t_hat suggest that theOf F~ with 3-fluoropropene, calculations show evidence that
KIEs are very different for both mechanisms and therefore o ¢ > mechanism is favoretf.Gronert also calculated that
can be distinguished in the gas phase. _ the two mechanisms can compete in the reaction of/th

Thel calculations were carried out py using the Gaussian halocyclohexene®. It has also been suggested, based on
94 suite of program¥. Geometry optimizations and fre-  eyperimental evidence, that the reaction of Gith 3-bro-
guency calculations were performed at the MP2/6~3G** mopropene in the gas phase may proceed by i S
level. These frequencies (not scaled) were used to calculateyechanisn?® The reaction energy (@) was also calculated
the zero point vibrational energies (ZPVE) and the KIES by fqr the reaction of F with 1. A value of —28.3 kcal/mol
using conventional transition state thedtyThe use of  \yag obtained27.4 kcal/mol including ZPVE correction),

variational transition state theory or the inclusion of tunneling \yhich could not be compared to the experimental value due
effects has been proven to have a minimal effect on the KIEs

in these types of reactioA%® MP4(SDTQ)/6-31+4G** (14) Shaik, S. S.; Schlegel, H. B.; Wolfe, $heoretical Aspects of
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to the unknown heat of formation of 3-fluoropropene. be larger than 1, as can be seen in Table 2, but display some
However, this value is consistent with the31.8 kcal/mol variability between the different reactions, depending on the
value estimated by using the heat of formation of the changes of the moment of inertia upon deuteration in the
halopropanes, the halogen atoms, andfd Ci;?"28it also TSs® Thus, for each mechanism, the higher mass nucleophile
agrees with a lower level calculatiéh. (CI7) shows a larger contribution than the lower mass one
The TSs for both & reactions show a 2-fold degenerate (F~). However, when comparing both mechanisms for the
structure ofCs andC; symmetry for Ct and F, respectively. same reactants (and therefore same masses),2Eaghway
Only the TS with the anti configuration was calculated for shows larger values, which agrees with the fact that in this
the S2' mechanism since it had been established that this mechanism the isotopic substitution occurs at positions
structure is preferred in the gas phase with respect to thefurther away from the moment of inertia axis. Therefore,
syn?*30The TS has the expected structureGafsymmetry the translational and rotational factors have a significant
for CI~, andC,; symmetry for F, as nucleophiles. normal contribution to the KIEs and thus the total KIEs
The KIEs for both mechanismsaS and &2, for the cannot be viewed only as a relative change in the zero point

reactions of E and CI with 1 are shown in Table 2. The energies (ZPE). In other words, even when the ZPE differ-
ence between the hydrogen- and deuterium-substituted

_ compounds is larger in the TS than in reactants, the total
. ) KIE could be normal due to the rotation and translation
Table 2. Factor Analysis of the KIEs for thex2 and %2 contributions. This is the case in both&reactions included

Mechanisms in Table 2.
nucleophile/ Mvib As in previous reports on then® mechanism, the
mechanism  7iow®  mid®  7high®  Mvin®  frot  Wwrans  Ttotal vibrational contribution shows the largest dispersion of values
Cl- SNz 1.19 1.04 0.78 0.96 1.16 1.03 1.15 for different reaCti0n§:8’3k33 AS ShOWh 'in Table 2,' thislalso
SN2 120 070 089 075 1.11 103 0.86 seems to be the case for thg2Smechanism. This vibrational
F Sv2 118 0.92 080 0.87 114 102 1.01 factor results from isotopically sensitive vibrational modes
Sn2' 116 0.68 099 078 1.09 102 0.87 that change in frequency when proceeding from the reactants
aContribution from modes with < 600 cnr® in perprotio case. {0 the TS. The further factorization of the vibrational
b Contribution from modes with 600 crh < »; < 2000 cn™. € Contribution contributions allows for a better understanding of which

from modes withv; > 2000 cnt?. d Total vibrational contributionyiow x

Hmig X Nhigh frequencies are the most important. It is clear from the values
mi igh-

reported in Table 2 that while the low frequencies group
displays no dependence, with normal contributions, the high
and middle frequencies groups (and particularly the latter)

On one hand, the,@ mechanism shows normal KIEs. In show large changes ranging from normal to very inverse

general, §2 reactions of methyl halides show inverse ValUes.

KIEs 5689but in some instances, as in the case of the reaction The high frequencies factor is inverse for each of the
of HS~ with methyl chloride, both the calculated and the reactions studied in this report, in agreement with results
experimental KIEs show normal valué@n the other hand, ~ obtained for other & reactions:#121631=33This factor

the KIEs are inverse for thex8 mechanism. To further  involves contributions from €H stretch modes. In thex@
understand the origin of these KIEs values, | partitioned the mechanism, this inverse effect has been rationalized in terms
contributions from the translational, rotational, and vibra- Of the C-H bonds from thex-carbon atom that change from
tional components of the partition functioh!¢In addition, ~ SP’ to sg hybridization when proceeding from the reactants
the vibrational factor was divided into the lowig,), middle to the TS2163133 The concomitant increase of the associated
(7mid), and high gnigr) frequency moded 16 (Table 2). No C—H stretching frequencies results in the inverse contribution
frequency was allowed to switch groups upon deuteration, from this factor. In contrast, in thexd' mechanism, this
and all the groups have the same number of frequencies inhybridization effect occurring at thew-carbon atom is
reactants and TSs. The only exception wag, which in partially compensated with the reverse process that is taking
the TSs incorporates the new frequencies that originate fromplace at the/-carbon atom. Thus, this factor should be larger
translational degrees of freedom in the reactants (except thefor this mechanism than for they8, in agreement with the
imaginary one). values shown in Table 2.

The translational contributions to the KIEs are constant The mid-frequencies factor involves a variety of modes
and normal for both nucleophiles and reaction mechanisms.and is the group that includes the largest number of
This is a consequence of the reactions being bimolecular.frequencies. This factor has been shown to depend greatly
For the same reason, the rotational contributions should alsoon the out-of-plane bending modes of tlehydrogen
atoms®33 and thus on the “crowdedness” of thg2STS8
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value for the most crowded TS; i.e., for the reaction of F smaller than those for they3 pathway. The difference

as a nucleophile, in agreement with the values shown in basically originates in the vibrational contribution to the
Table 2. In the §2' mechanism, bothe- and y-hydrogen isotope effect, and more specifically the mid-frequency
atoms are involved, doubling the number of hydrogen atoms factor, which is partially compensated by the high-frequency
and frequencies sensitive to the KIE. This effect produces one. These results suggest that for a particular reaction where
the more inverse values observed in Table 2 for this factor hoth mechanisms (& and $2') are possible, the reaction
when compared to those of th@ZSmechanism. In the case  mechanism can be easily determined by measuring the KIE.
of the S2' mechanism, the TS “crowdedness” is not | those adverse cases where the differences between the
determined by the compression of thehydrogen atoms  activation barriers between the two mechanisms are smaller
produced by the nucleophile and the leaving group as in thehan 1-2 kcal/mol, both mechanisms can compete and the
Sv2 mechanism, but rather by the leaving group in the measyred KIE will be intermediate to the calculated values.

a-carbon atom (and the nucleophile in theearbon atom) |, hese cases, it would only be possible to determine the
and the force to keep these hydrogen atoms in plane induceqy,minant reaction mechanism.

by the breaking (and forming) carbecarbon double bond.
This explanation also agrees with the lack of change in this
factor by changing the nucleophile fromClo F~ in this
mechanism (Table 2), in contrast to thg2Sathway.

In summary, for the reactions of Fand CI- with 1 the
Sv2' mechanism shows very inverse KIEs. The values
obtained indicate that for this mechanism the KIEs are OL990290S
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