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Kinetic Isotope Effects

The secondarw- andj-deuterium, thex-carbon, the nucleophile carbon, the nucleophile nitrogen, and

the chlorine leaving group kinetic isotope effects for the $eaction between cyanide ion and ethyl
chloride were determined in the very slightly polar solvent THF at@0A comparison of these KIEs

with those reported earlier for the same reaction in the polar solvent DMSO shows that the transition
state in THF is only slightly tighter with very slightly shorter NC, and G—CI bonds. This minor
change in transition state structure does not account for the different transition structures that were earlier
suggested by interpreting the experimental KIEs and the gas-phase calculations, respectively. It therefore
seems unlikely that the different transition states suggested by the two methods are due to the lack of
appropriate solvent modeling in the theoretical calculations. Previously it was predicted that the transition
state of {2 reactions where the nucleophile and the leaving group have the same charge would be
unaffected by a change in solvérithe experimental KIEs support this view.

Introduction number of theoretical methods were also reported. Interpreting

In a recent studysix different kinetic isotope effects (KIES) the expgrimentallkineti.c isotope effects by using the traditional
for the Su2 reaction between ethyl chloride and cyanide ion in (qualitative) relationships suggested the transition state for the
DMSO, eq 1, were determined experimentally and used to féaction was product-like W|th_ a short NC, bond and a Iong

C.—Cl bond. All of the theoretical methods, however, predicted

CHy ¥ a reactant-like transitiqn st'ructure with a long NC, and a

NGE + CHICHSCl == | NG---- b O | > CHCHON + CE (1) short G—Cl bond. This disagreement between theory and
/; % experiment for a small reaction system is troublesome because
HH these are the two approaches used by chemists to obtain

transition state structures.

Unfortunately, the KIEs for this & reaction could not be
determined in the gas phase because the reaction was toé slow.
* Laurentian University. In addition, theory continues to have some difficulty making
*Uppsala University. predictions for reactions involving highly energetic and strongly

8 Technical University ofddz. i i

(1) Westaway, K. CCan. 3. Chem1978 56, 26912699, solvated states. To assess whether the lack of solvation in the

(2) Fang, Y.-r.; Gao, Y.; Ryberg, P.; Eriksson, J.; Kotodziejska-Huben,
M.; Dybata-Defratyka, A.; Madhavan, S.; Danielsson, R.; Paneth, P.; (3) Private communication, V. Bierbaum, University of Colorado,
Matsson, O.; Westaway, K. @hem. Eur. J2003 9, 2696-2709. Boulder, CO, 80309-0215.

estimate the structure of the transition state for the reaction.
The transition state structures and the KIEs calculated by a
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Su2 Reaction between Cyanide lon and Ethyl Chloride

TABLE 1. The 2° a-D; KIEs for the Sy2 Reaction between
Tetrabutylammonium Cyanide and Ethyl Chloride in Anhydrous
THF at 30.000+ 0.002°C
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TABLE 2. The 2° -D3 KIEs for the Sy2 Reaction between
Tetrabutylammonium Cyanide and Ethyl Chloride in Anhydrous
THF at 30.000+ 0.002°C

expt 10ky [M1s712 10%p [Mts 1) (kn/Kp)o. expt 10ky [M~1s71a 10%p [M1s1)2 (kn'ko)p
1 6.571 6.565 1.001 1 6.501 6.487 1.002
2 6.591 6.585 1.001 2 6.549 6.527 1.003
3 6.582 6.549 1.005 av 6.525 6.507 1.003 0.00%
av 1.002+ 0.00%

aThe substrate and nucleophile concentrations in these experiments were

aThe substrate and nucleophile concentrations in these experiments wereapproximately 0.05 and 0.07 M, respectiveélyhe error was estimated
approximately 0.04 and 0.08 M, respectivelystandard deviation. from the errors in the individual rate constahts.

calculations is a major reason for the difference between the reaction in THF. Although there is no completely accepted way
transition state structure predicted by theory in the gas phaseof relating the magnitude of these KIEs to transition state
and interpreting the experimental KIEs in DMSO, the six structure, the best interpretation of these KIEs is that their

previously measured KIEs for the ethyl chlorigeyanide ion
Sn2 reaction were determined in THF (dielectric constat (
= 7.3 as compared to DMSO which has= 49)# Although
THF is not close to the gas phasi,was chosen because it is

magnitude is related to the nucleophileaving group distance
in a symmetric §2 transition state° or to the length of the
shorter of the nucleophiteo-carbon anda-carbon-leaving
group bonds in an unsymmetric transition stétevhen only

much less polar and would not solvate the anions and transitionthe solvent is changed. The vibrational contribution to these

state significantly thereby approximating the gas phase (
1.0) as closely as one could experimentéllyhus, the KIEs in

KIEs is the result of changes that occur in both the-€&
stretching and the HC,—H bending vibrations when the

THF should be closer to those expected in the gas phase, i.e.reactant is converted into the transition state. The-i&
from theory. This experimental approach should suggest whetherstretching vibration is of higher energy in the transition state
the absence of solvent in the calculations could be the cause ofgenerating an inverse contribution to the KIE that is the same
the difference in the structure of the transition state predicted for all the Sy2 reactions with a particular substrate and leaving
by the two methods. group? The contribution due to theHC,—H bending vibrations
This study is also of interest because a few of the theoretical is larger (in the absolute sense), i.e., less inverse or more normal
calculations indicated that adding solvent with continuum for a looser transition state, i.e., one with longer nucleophile
models had little or no effect on the structure of the transition a-carbon and/own-carbon-leaving group bond®Therefore, a
state. Also, the results will provide a test for the experimentally less inverse or more normal KIE is observed for a looser
based “Solvation Rule for\® Reactions! that suggests the transition state. Although the®2.-D KIE for the Sy2 reaction
transition state for this reaction would not be affected signifi- between ethyl chloride and tetrabutylammonium cyanide in
cantly by a change in solvent. THF, Table 7, is only very slightly larger (1.062 0.003 versus
0.990+ 0.004) than that in DMSO, the difference is very small
considering the experimental errors in the measurements. In fact,
the two KIEs are not significantly different at a 95% confidence
Six different KIEs for the 52 reaction between Cyanide ibn level. Therefore' it appears that neither the nuc|eophﬂ.e
and ethyl chloride, eq 1, were measured in anhydrous THF t0 carbon (NG-C,) nor the a-carbon-leaving group (G—Cl)
learn how a significant change in solvent affects the transition transition state bond is altered significantly even though there
state structure of the reaction and to attempt to learn Whetherhas been a |arge and Signiﬁcant Change from the dipo|ar aprotic
the lack of appropriate solvent modeling in the theoretical solvent DMSO where the cyanide ion and ionic transition state
calculations was the reason that different transition states wereyould be highly solvated to a low dielectric aprotic solvent THF
suggested by interpreting the experimental KIEs and theory. yhere the cyanide ion and ionic transition state is very much

Results and Discussion

The secondarny-deuterium (2 o-D,) and S-deuterium (2
B-D3), the a-carbonC/*C, the nucleophile carboC/3C,
the nucleophile nitrogeHN/5N, and the chlorine leaving group

less solvated.
The 2° -D3 KIE. The 2 3-D3 KIE of 1.003+ 0.005 found
for the §2 reaction between cyanide ion and ethyl chloride in

SCIS'CI KIEs for the S2 reaction between ethyl chloride and  THF, Table 2, is also very small. Although the magnitude of a
tetrabutylammonium cyanide in anhydrous THF are presented e g.p, KIE is affected slightly by steric crowding and the

in Tables 6. Then, the KIEs found previously in anhydrous

inductive effect of the deuteriunds,it is primarily determined

DMSO are compared with those found in anhydrous THF, Table py the amount of positive charge on thecarbon in the

7.
The 2° a-D, KIE. A small 2 o-D, KIE of 1.0024 0.003,
Table 1, was found for the ethyl chlorigeyanide ion {2

(4) Gordon, A. J.; Ford, R. A. IThe Chemist’'s Companipdohn Wiley
& Sons: New York, 1972; pp 6 and 7.

(5) Bogdanov, B.; McMahon, T. Bnt. J. Mass Spectron2005 241,
205-223.

(6) Attempts to study the reaction in cyclohexane, hexane, and benzene

transition state (hyperconjugatiol).This means that large,
normal 2 5-D3 KIEs are observed when positive charge on

(8) Westaway, K. C. InAdvances in Physical Organic Chemistry
Richards, J., Ed.; Elsevier: New York, 2006; Vol. 41; In press.

(9) (a) Pairier, R. A.; Wang, Y. L.; Westaway, K. @. Am. Chem. Soc.
1994 116, 2526-2533. (b) Kato, S.; Davico, G. E.; Lee, H. S.; DePuy, C.
H.; Bierbaum, V. M.Int. J. Mass Spectron2001, 210/211 223-229.

(10) Barnes, J. A.; Williams, I. Hl. Chem. SocChem. Commuri.993

failed because the reaction was too slow to measure even at the highestL286.

possible tetrabutylammonium cyanide concentrations (the fastest rate) in

these solvents.
(7) A conductivity study in our laboratories shows significant levels of

(11) Westaway, K. C.; Pham, T. V.; Fang, Y.Jr. Am. Chem. So4997,
119 3670-3676.
(12) Westaway, K. C. lisecondary and Saént Isotope Effecfdsotopes

cyanide ion pairs in both DMSO and THF. This suggests the reacting in Organic Chemistry, Vol. 7; Buncel, E., Lee, C. C., Eds.; Elsevier Science

cyanide ion is the same in both solvents.

Publishers B.V: Amsterdam, The Netherlands, 1987; Vol. 7, Chapter 5.
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TABLE 3. The a-Carbon C/*“C KIEs for the Sy2 Reaction
between Tetrabutylammonium Cyanide and Ethyl Chloride? in
Anhydrous THF at 30.0 °C

Fang et al.

TABLE 4. The Nucleophile Carbon!2C/*3C KIE for the Sn2
Reaction between Tetrabutylammonium Cyanide and Ethyl
Chloride in Anhydrous THF at 30.0 °C

fraction of fraction of
expt  sample reactionf) Ri/R® (KWK  av perexpt sample reaction f) ot k12/KkL3
1 1 0.2332 0.9486 1.2484 1 0.33 —25.56
2 0.4080  0.9042  1.2376 2 0.39 —24.88
3 0.5495  0.8646  1.2231  1.2364 3 0.50 —24.89
2 1 0.5800 0.8677 1.1955 4 0.60 —25.24
2 0.7221 0.8029 1.2068 5 0.14 —24.61
3 0.7906  0.7582  1.2151  1.2058 6 0.25 —24.64
3 1 0.4668 0.8939 1.2169 7 0.40 —24.75
2 0.6830  0.8351  1.1860 8 0.49 —24.95
3 0.7756  0.7777  1.2032 9 0.57 —24.95
4 0.8182  0.7642  1.1873  1.1982 10 0.10 —27.16
11 0.27 —26.34
total av 1.212+ 0.021 12 031 5552
2 The substrate and nucleophile concentrations in these experiments were 13 0.42 —26.54
approximately 0.05 and 0.05 M, respectivel\Beveral samples from each 14 0.47 —25.70

experiment were withdrawn and analyzed with regard to ethyl chiéiRie.
is the isotopic ratio of ethyl chloride at fraction of reactibnR, is the
isotopic ratio at 0% conversiof.The isotope effect is calculated by using
the formulak!¥k'* = In(1 — f)/[(1 — f )(R/Ry)]. ¢ Experiment performed
without addition of unlabeled ethyl chlorideStandard deviation.

kinetic isotope effect 0.999& 0.0007b

aStandard deviatior?. The KIE was calculated from the slope of the
linear plot of In(1000+ 613C) vs In(1— f). Thed'3C was measured against
a Pee Bee Dolomite (PBD) standard.

the o-carbon has increased significantly on going from the
reactant to the transition state. Therefore, the small values for
these KIEs in DMSO and in THF, Table 7, indicate that there
is little or no positive charge on the-carbon in the transition
state of this reaction in either solvent, i.e., that the reaction is
of the constant or increased total bonding type. The slightly
larger KIE in anhydrous DMSO (1.014 0.003 versus 1.003

+ 0.005 in THF) suggests there is slightly more positive charge
on thea-carbon in the transition state in DMSO than there is
in THF. This suggests the transition state in THF is slightly
tighter with either a slightly shorter N&C,, and/or G—Cl bond

in the transition state.

The 1C/“C o-Carbon KIE. A large, normal 1C/4C
a-carbon KIE = 1.212 + 0.021 was found for the ethyl
chloride—cyanide ion {2 reaction in THF, Table 3. The
magnitude ofx-carbon KIEs is large for & reactions and small
for a carbenium ion (GL) reactiont3 Thus, the largéC/‘C
a-carbon KIEs observed in both DMSO and THF (1.268
0.019 in DMSO and 1.212 0.021 in THF), Table 7, confirm
the Sy2 mechanism for the reaction in both solvents. The
relationship between the magnitude of these KIEs and transition
state structure for & reactions has been interpreted by using
the MelanderWestheimer relationshiff. However, a recent
publicatiort® has suggested that near maximorgarbon KIEs
will be observed for §2 reactions with a wide range of
transition structures. As Matsson et'alpredicted, the large,
and identicalp-carbon!¥C/A4C KIEs in the two solvents, 1.208
4+ 0.019 in DMSO and 1.212 0.021 in THF, are near the
experimental maximum KIE found fon@ reactions. Since the
KIEs in the two solvents are identical, no change in transition-
state structure can be deduced from these KIEs.

The Nucleophile Carbon2C/33C KIE. An inverse nucleo-
phile carbon KIE ofk'%k!® = 0.99904+ 0.0007, Table 4, was
found for the ethyl chloridecyanide ion {2 reaction. The
nucleophile carboR?C/*3C KIE becomes more inverse as the
amount of bonding between the nucleophile anddbearbon

TABLE 5. The Nucleophile 2 Nitrogen N/1°N KIE for the Sn2
Reaction between Tetrabutylammonium Cyanide and Ethyl
Chloride in Anhydrous THF at 30.0 °C

fraction of
sample reaction f) OMN k14/k15
1 0.00 0.92
2 0.00 0.81
3 0.00 0.76
4 0.33 1.90
5 0.39 1.90
6 0.50 2.06
7 0.60 2.16
8 0.14 1.18
9 0.25 0.85
10 0.40 1.20
11 0.49 1.33
12 0.57 1.77
13 0.10 0.81
14 0.27 0.84
15 0.31 1.00
16 0.42 1.24
17 0.47 2.04

1.0014 0.0003-

aStandard deviatior?. The KIE was calculated from the slope of the
linear In(1000+ 6%3N) vs In(1 — f) plot. The >N was measured against
a home standard sample of nitrogen.

kinetic isotope effect

increases in the transition st&té® Thus, the slightly smaller
nucleophile carboR?C/A3C KIE found in THF, i.e., 0.999a:
0.0007 versus 1.000% 0.0007 in DMSO, Table 7, suggests
that the NC-C, transition-state bond is slightly shorter in THF
than it is in DMSO.

The Nucleophile Nitrogen “N/5N KIE. A very small
nucleophile nitrogen KIE ok!¥/k!> = 1.0014+ 0.0003 was
found for the ethyl chloride cyanide ion |2 reaction in THF,
Table 5. This indicates there is very little change in the bonding
to the cyanide nitrogen in going from the reactant to the
transition state for the reaction. The KIE in THF is slightly larger
(1.0014+ 0.0003 versus 1.0002 0.0006) than that in DMSO,
Table 7. However, the difference between the two very small

(13) Matsson, O.; Dybata-Defratyka, A.; Rostkowski, M.; Paneth, P.;
Westaway, K. CJ. Org. Chem2005 70, 4022-4027.

(14) Melander, L.; Saunders, W. H., Jr. Reaction Rates of Isotopic
Molecules John Wiley & Sons: New York, 1980; p 130.

4744 J. Org. Chem.Vol. 71, No. 13, 2006

(15) Matsson, O.; Persson, J.; Axelsson, B. S.; Langstrom, B.; Fang,
Y.; Westaway, K. CJ. Am. Chem. S0d.996 118 6350-6354.

(16) Westaway, K. C.; Fang, Y. R.; Persson, J.; Matssod, @m. Chem.
So0c.1998 120, 3340-3344.



Su2 Reaction between Cyanide lon and Ethyl Chloride

TABLE 6. The 35CI/37Cl Chlorine (Leaving Group) Kinetic Isotope
Effect for the Sy2 Reaction between Tetrabutylammonium Cyanide
and Ethyl Chloride? in Anhydrous THF at 30.000 & 0.002°C

sample ¢ value avf Ro/RP k35/K37
1 —10.956 0.1197 0.993696 1.006766
2 —10.626 0.1469 0.994021 1.006519
3 —10.612 0.1841 0.994035 1.006655
4 —10.351 0.2138 0.994291 1.006491
5 —10.228 0.2460 0.994412 1.006492
av 1.00659+ 0.00012
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on going to THF indicating there is less€Cl bond rupture

in the transition state in THF. Both these changes indicate there
is a slightly tighter transition state in THF. The change in the
NC—C, and G,—Cl transition state bonds can be estimated by
comparing the observed change in the KIE with the maximum
possible change in the KIE. For the NC, bond, the change

in the KIE on going from DMSO to THF is (0.19/5.3) 100%

or only 3.6%48-20 while the corresponding change in thg-€

Cl bond is only (0.040/1.90x 100% or 2.1%-"21 Thus, the
changes in the nucleophile carbon and the chlorine leaving group

& The substrate and nucleophile concentrations in these experiments wereg|Es in THF suggest that the transition state is only very slightly

approximately 0.05 and 0.08 M, respectivelythe averageR, from five

different samples was 3.13046 relative to a standard methyl chloride sample.

The R; values were obtained frolRy = R(1 — 6/1000), whereR; is the

35CI/37Cl ratio of the standard methyl chloride samgl@he isotope effect
is calculated with the formul®%k®” = In(1 — f)/In(1 — (Ry/Rs)f ), where

f is the fraction of reactionR; is the 3°CI/3’Cl ratio in the chloride ion
isolated after the fraction of reactidnandRy is the 3°CI/3"Cl ratio of the

chlorine in the starting material.Standard deviation.

TABLE 7. The 2° a-Dy, the 2° $-Ds, the a-Carbon 1C/*4C, the
Nucleophile Carbon 12C/*3C, the Nucleophile Nitrogen“N/1°N, and
the Chlorine 35CI/37Cl Leaving Group KIEs and the Rate Constants
Found for the Sy2 Reaction between Ethyl Chloride and
Tetrabutylammonium Cyanide in Anhydrous DMSO and THF at 30
°C and the Best Set of KIEs Calculated by Theory

KIE

KIE DMSO THF theory?
(kn/ko)a 0.990- 0.004 1.002+ 0.004 0.994
(ko) 1.014+ 0.003 1.003+ 0.005 1.005
(KYKL) 1.208+ 0.019 1.212+ 0.021 1.17
(KAZIK23) 1.0009+ 0.0007  0.999Gt 0.0007  0.993
(KA4/K2) 1.0002+ 0.0006  1.0014= 0.0003  1.0003
K357k 1.00699+ 0.00026  1.0065% 0.00012  1.0070
10kg (M~1s7Y)  4.22 6.58

tighter in THF. This conclusion is consistent with the slightly
smaller 2 §-D3 KIE found for the reaction in THF. Only the
change in the 2a-D; KIE and in the nucleophile nitrogefiN/

15N KIE with solvent is inconsistent with this interpretation.
The 2 a-D; KIE would be expected to be smaller in THF where
the transition state is tighter. However, although the KIE is larger
in THF than in DMSO, the KIEs in THF and in DMSO are the
same considering the experimental errors in the measurements
and it appears that this KIE is not sensitive enough to detect
the small change in transition state structure that occurred when
the solvent was changed.

The very small nitrogen KIE, i.e., only approximately 0.1%,
is slightly larger in THF rather than smaller as one would
expect?? However, the change in the nitrogen KIE of ap-
proximately 0.1% is very small and probably does not represent
a significant change in the KIE and transition state structure at
the nitrogen. Thus, the best interpretation of the small changes
in the KIEs in the two solvents is that the transition state is
very slightly tighter in THF. The direction of this change in
transition state structure is expected on going from the highly
polar solvent DMSO ¢ = 49) to the less solvating THR &

aThe KIEs quoted were calculated at the B3LYP/aug-cc-pVDZ level of 7.3)4 A tighter, less ionic, transition state would be expected

theory. They represent the best set of calculated KIEs based on the absolut

value of (KIEbmso — KlEcaig) for all six KIEs?

KIEs is very small (ca. 0.001). Therefore, the best interpretation
of these KIEs is that the C bond has not been altered
significantly by the change in solvent.

The Chlorine Leaving Group KIE. A chlorine leaving
group KIE of 1.00659+ 0.00012 was found for the ethyl
chloride—cyanide ion |§2 reaction in THF, Table 6. Although
a recent publicatioff has questioned the usual relationship

between the magnitude of an observed chlorine leaving group

KIE and transition state structure, it is believed that chlorine

Swhen the solvent's ability to stabilize the ionic transition state

is decreased.

The transition-state structure of the ethyl chlordgyanide
ion S\2 reaction in DMSO has recently been estimated by
interpreting experimental KIEs, using the traditional qualitative
relationships and by theoretical calculatiériBhe calculations
predicted an early transition state with a long NC, bond
and a short ¢—ClI bond whereas the experimental KIEs implied

(18) The maximum change in the nucleophtf€/3C KIE has been
estimated by adjusting the nucleophil€/*“C KIE calculated by Matsson
et al® for the different masses of the isotopes to be 5.0%. This agrees

leaving group KIEs measured for the same reaction in different very well with the maximunt?C/*3C KIE of 5.5% and 5.4% suggested by

solvents will follow the usual relationship, i.e., that a larger KIE
will be observed when there is morg,€Cl bond rupture in
the transition state. Since a smaller chlorine KIE was found in
THF (1.0065% 0.00012 versus 1.00699 0.00026 in DMSO),
Table 7, the transition state in THF must have a slightly shorter
C,—Cl transition state bond.

The Effect of Changing the Solvent from DMSO to THF
on the Structure of the §y2 Transition State. An examination
of the KIEs in Table 7 shows that only two of the KIEs, the

Maccoll® and Buddenbaum and Shirf@respectively. The average of these
values (5.3%) was used in calculating the change in the nucleophile carbon
KIE with solvent.

(19) Maccoll, A.Annu. Rep. Prog. ChenfSect. APhys. Inorg. Chem.
1974 71, 77-101.

(20) Buddenbaum, W. E.; Shiner, V. J., Jri$otope Effects on Enzyme-
Catalyzed Reactionleland, W. W., O’Leary, M. H., Northrop, D. B.,
Eds.; University Park Press: London, UK, 1977; p 18.

(21) Paneth P. Isotopes in Organic Chemistrduncel, E., Saunders,
W. H., Jr., Eds.; Elsevier: New York, 1992; Vol. 8, Chapter 2.

(22) Because the vibrational frequency of trel bond increases from
2057 cntt in cyanide ion to 2250 crt in the product of this reaction in

nucleophile carbon and the chlorine leaving group KIEs, change DMF 2 this KIE behaves like the nucleophile carbon Kfi2fand should

significantly when the solvent is changed from DMSO to THF.
The nucleophile carbon KIE becomes inverse on going to THF
signaling that NC-C, bond formation is more advanced in the
transition staté>1® The leaving group chlorine KIE decreases

(17) Dybata-Defratyka, A.; Rostkowski, M.; Matsson, O.; Westaway,
K. C.; Paneth, PJ. Org. Chem2004 69, 4900-4905.

decrease with more NEC, bond formation in the transition state. Since
the NC-C bond is very slightly shorter in THF than in DMSO and since
the vibrational energy of the=&C bond increases on going to the product,
one would have expected that shortening the-MX0g bond in the transition
state would also lead to some shortening of tke@\bond and a smaller,

not the larger, KIE that is observed in THF. However, the change in the
very small secondary nitrogen KIE of approximately 0.1% is very small
and probably does not represent a significant change in the KIE and
transition state structure at the nitrogen.
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a late transition state with a short NC,, bond and significant  that the KIEs calculated by theory for several2Sreactions
C,—ClI bond rupture. It is important to note, however, that have been close to the KIEs found experimentaly.
changing the solvent only causes a slight tightening of & S A fourth reason for suggesting the transition state predicted
transition state, but does not cause the large shift required toby theory is correct is that the difference between the best set
change the transition state from product-like in DMSO to of KIEs calculated from the transition structures and the
reactant-like in THF even though THF bridges the gap between experimental values, although outside experimental error, are
the reaction in DMSO and the gas phase to as large an extensmall? i.e., the A(KIEcac — KlIEey) are 0.004 ¢-Dy), 0.009
as possible experimentally. Even though the solvation in THF (5-Ds), 0.04 @-C), 0.008 (nucleophile C), 0.0001 (nucleophile
is far from that in the gas pha8éhe great difference in the  N), and 0.0000 (leaving group CI). This means theory, without
polarity of the two solvents should show a trend toward an early solvent modeling, reproduces the experimental KIEs quite well.
transition state if it is mainly the absence of solvent in the gas Also, finding that the transition state structure and the KIEs
phase calculations that is responsible for the difference in the calculated with the solvent continuum model were close to those
transition states predicted by the two methods. Therefore, it is Obtained in the gas-phase calculatitmsggests that solvent does
highly unlikely that the absence of solvent in the gas-phase not affect transition state structure significantly. This is not
calculations is responsible for the very different transition states SUrprising since the results of this study suggest the transition
that were predicted by interpreting the experimental KIEs found State is not affected significantly by solvent.
in DMSO and by the gas-phase calculations. Finally, it is worth noting that this lack of change in transition
Apart from the minor variations in transition structures, every Stéte structure with solvation found in this experimental study
level of theory that was investigated predicted the transition IS supporged by theoretical c_alculanons. For instance, Yamataka
state was reactant-like. In fact, it now appears likely that the and A'dé. showed that adding 10 more water mol_ecules to t_he
theoretical calculations, even in the absence of solvent modeling,s'\‘2 reaction between water and methyl chioride, i.e., changing

give the most accurate transition state structure. The following the¢solvat|ng water molgcules from 3 to 13 anq phanglng the
LS . 2 AG* by 13.5 kcal/mol, did not change the transition structure
arguments appear to support this view: First, a recent theoretical

investigation has demonstrated that the observed chlorine Ieavinqj;gglgi?ngyigi’ wrﬁlgrlﬁggfnl?ht%—ec?ttrr:: ss||ttl|(()): :tt:tt: 8823
group KIE for a particular § reaction cannot be simply related Yo

1 th t of C-Cl bond rupture in the t it 4t was only 0.074 A. This very small change in transition state
° he ;n;)oun 0 @. Ionb lrup L:jre Im ¢ et r?ﬂs' |on§ tel'k structure with the change in solvation is surprising because this
as had been previously believed. In fact, the product-like ;q o Type Il (the charges on the nucleophile and leaving group
transition state for the reaction between cyanide ion and ethyl

X - ; are different) {2 reaction where Saunders and co-workers
chloride was suggested originally because the chlorine KIE was 4,4 Westaway and Jia#igound the transition state was altered
large suggesting there was significant-€Cl bond rupture in

g | i ) significantly by a change in solvent. In another study of the
the transition state. It is worth noting that the experimental g5 reaction between chloride ion and methyl chioride, Mo-
a-deuterium, theg-deuterium, thea-carbon, the nucleophile  hamed and Jens#hfound that microsolvation by four water

carbon, and the nucleophile nitrogen KIEs are all consistent with mojecules did not affect the transition state structure significantly
a reactant-like transition state and since the chlorine KIE of gjthough they changed the rate constant (@) for the

1.0070 could be found for a reactant-like transition state, there yreaction by approximately 16 kcal/mol. The results from our
is no good reason to conclude that the transition state is product-study show experimentally that a significant change in solvation
like. does, indeed, not alter transition state structure significantly and
Second, another finding which suggests that the theory givesgives some assurance that transition state predicted by theory
a good model for the transition state is that the experimental is also correct. It is worth noting that both the above theoretical
AH¥ (18.7 kcal mot?) for the reaction in DMSO was very well ~ results and our experimental results suggest that the lack of
reproduced with use of several continuum solvent motiEts:. solvent modeling is not the reason the transition state structure
example, SM5.42/HF/6-31G(d) calculated thdd* exactly, predicted by theory and by interpreting the experimental KIEs
while COSMO/PM3 calculated it within 0.4 kcal/mol, and using the traditional method differ.
several others gave values that were within 4 kcal/mol of the  Finally, it is interesting that the rate constant for the reaction
experimental value. It is worth noting that Almerindo and is not very sensitive (it only changes from 42107 to 6.58
Pliegd* calculated aAG* in DMSO with the geometry x 1074 M~1s71 see Table 7) to the significant change in solvent
optimized at the B3LYP/6-31G(d) level and the activation from DMSO to THF. The larger rate constant in THF indicates
energy calculated at the MP2/6-3tG(2df,2p) level with the ~ the change in solvation is greater at the cyanide ion than at the
PCM continuum solvent model, that is within 1.5 kcal/mol of ~S2 transition state. This is what one would expect because the
the experimentaAG* if one uses the experimentalSt 2 Also cyanide ion has a greater negative charge density than the charge
the transition state found by Almerindo and Pliego and that in dispersed transition state.

our 2003 paper using different levels of theory were similar,
i.e., the NG-C, transition state bonds were 2.156 and 2.392 A
and the G—Cl transition state bonds were 2.332 and 2.134 A,
respectively.

Another reason for favoring the transition state found by

theoretical calculations rather than the one suggested by

interpreting the experimental KIEs in the traditional manner is

(23) Jobe, D. J.; Westaway, K. Can. J. Chem1993 71, 1353-1361
(24) Almerindo, G. |.; Pliego, J. R., JOrg. Lett 2005 7, 1821-1823.
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A discussion of the lack of change in transition state structure
with a significant change in solvent is warranted. Several
investigations of the effect of changing the solvent on transition

(25) Davico, G. E.; Bierbaum, V. MJ. Am. Chem. So00Q 122
1740-1748 and references therein.

(26) Yamataka, H.; Aida, MChem. Phys. Lett1998 289 105-109.

(27) Hargreaves, R. T.; Katz, A. M.; Saunders, W. H.JJAm. Chem.
Soc.1976 98, 2614-2617.

(28) Westaway, K. C.; Jiang, WCan. J. Chem1999 77, 879-889.

(29) Mohamed, A. A.; Jensen, B. Phys. Chem. R001, 105 3259~
3268.
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state structure have been done witf2 8eactions:?”-28.:30.31Two the change of solvent from DMSO to THF. However, this is
different effects of a change in solvent have been reported. In not observed.

one study, Saunders and co-workéfsund that the transition

state of the §2 reaction between trimethylsulfonium ion and Conclusions

ethoxide ion in several ethaneDMSO mixtures was very A comparison of the six KIEs measured for the ethyl
strongly affected by the solvent. In fact, the sulfur leaving group chloride—cyanide ion §2 reaction in DMSO and THF has

kinetic isotope effect for the reaction decreased regularly from i gicated that the transition state is effectively the same in these
1.0095 to 1.0035 as the mole percent DMSO in the solvent ¢ vents. but with very slightly shorter N&C, and G—Cl

(EtOH-DMSO) was increased from 0% to 65%. The rateé ponds in THE.
constant for the reaction, however, only increased by five times 56 reason for undertaking this study was to learn whether
over this range of solvents. the lack of solvent in the theoretical calculations could account
In another study, Taylor and co-worké&tdound that the  for the very different transition state structures predicted by
chlorine leaving group KIEs for the\@ reaction between  theory and by using the traditional qualitative relationships to
n-butyl chloride and thiophenoxide ion (ranging from 1.0096 estimate transition state struct#&he results strongly suggest
to 1.0093 with an average of 1.009440.00012, or less than  that the lack of solvation in the calculations is not responsible
the experimental error in the individual KIEs) were independent for the discrepancy between the transition-state structures
of the solvent even though the solvent was varied from dipolar predicted by the calculations and interpreting the experimental
aprotic solvents, to aprotic solvents, to protic solvents and the KIEs in DMSO. These conclusions further suggest that the
rate constant changed by over 3 orders of magnitude. Theirtransition state structure calculated by theory is correct and that
conclusion that the transition state structure was not affectedthere are problems in determining transition state structure from
by a change in solvent was later confirmed by Westaway and interpreting the experimental KIEs with use of the traditional
Lai,** who found that the 2a-D, KIEs for this Si2 reaction  qualitative relationships. Despite this it is believed that experi-
(1.12+ 0.01) did not change significantly when the solvent mental KIEs are still the best method of determining the change
was varied over the same range of solvents. in transition state structure caused by a change in solvent or
The two different types of behavior found when the solvent substituent. Although this study appears to have resolved the
was changed in the\2 reactions studied by Saunders and source of the different transition state structures predicted by
Taylor were first rationalized by Westawayt was suggested  theory and interpreting the experimental KIEs for the ethyl
that there were two types of3 reactions, a Type I\ reaction chloride-cyanide ion {2 reaction, these two approaches to
where the leaving group and the nucleophile have the sametransition state structure have only been compared in this one
charge and a Type Il reaction where the charges on the system. Obviously, these two methods of obtaining transition
nucleophile and leaving group are different, and that the effect state structure must be tested on other reactions and reaction
of changing the solvent should be different for Type | and Type types. Also, a more complete investigation of the effect of
Il SN2 reactions. A “Solvation Rule fory® Reactions” stating solvent on transition state structure by theory is required. Finally,
that a change in solvent will not affect the structure of the the failure to detect any pronounced change in transition state
transition state of a Type I\& reaction significantly but will structure upon changing the solvent is in accordance with the
have a marked effect on the structure of the transition state of “Solvation Rule for §2 Reactions”.
a Type Il §y2 reaction was proposed. The results from this study
of the Type | Q2 reaction between ethyl chloride and cyanide Experimental Section
ion are consistent with this idea because changing the solvent \jaterials. THF was distilled over sodium and benzophenone.
from DMSO to THF does not change the transition state zinc chloride was dried at 130C overnight, then stored in a
structure significantly, i.e., the change in the two reacting bonds desiccator over #s. The tetrabutylammonium cyanide was also
is <4% when the solvent is altered drastically. It is interesting stored in a desiccator over®s once it had been opened.
that the change in solvent has so little effect on the transition ~The procedures used to synthesize the labeled substrates and
state for this reaction because when the “Solvation Rule” was Mmeasure the isotope effects reported in this paper are given in ref
proposed, it was suggested that Type | transition states with 2: The precursor for the [Y'Clethyl chloride was produced as
very different nucleophiles, e.g., they® reaction between prewo_usly describeé? bytwnhamodlflca_tlon: hydrogen gas was
fluoride ion and methyl iodide, might indeed be sensitive to used instead of water in the carbonylation process.
change in solvent. This was because the solvation of the two  Acknowledgment. The authors gratefully acknowledge
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