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Quantum mechanical tunneling affects the rates of barrier 8
crossings in all chemical reactions, and there has been considerable
interest in identifying reactions where the impact of tunneling is
large. Experimental probes for tunneling most often involve kinetic 7
isotope effects (KIEs), and tunneling has been inferred from
unusually large KIEs or large differences in Arrhenius factors for
isotopomerg. Another important probe for tunneling involves the &
measurement of relative rates for protium versus deuterium versus
tritium and comparison of these rates with semiclasijmaldictions.

Most often, an approximate treatment first described by Swain and 5
Schaad is used as the measure of semiclassical expectakons.
example, experimental KIEs would be expected to fit eq 1 with a
Swain-Schaad exponent (SSE) of roughly 3.34 in the absence of 4
tunneling? A larger SSE might be taken as evidence for substantial
tunneling® Assuming semiclassical behavior, eqs 1 and 2 are often

used to extrapolate KIEs to different isotopes (e.g., estimation of ks
kn/kr from ku/kp).8 SSEs are also often used to assess intrinsic KIEs

and kinetic complexity in mechanisnis?

Ky, ko) SSE
== 1
o) =i (1)
1
kH kH SSE 0.6 0.8 1 k:l.lZ(T 1.4 1.6 1.8
LAY P R 2 H/
(kT kD 2) Figure 1. Distribution of SSEs for eq 1 visy/kr based on exact harmonic

semiclassical isotope effects. The blue dots are based on 15996 sets of
d EIEs, and the red open circles are based on 954 sets of KIEs. The limited
domain and range were chosen for clarity; the full distribution is shown in
tSupporting Information.

The determination of SSEs for hydrogen atoms being transferre
(1° SSEs) has been carried out for diverse reactions over the las
40 years A fair summary is that 1 SSEs are usually close to
semiclassical expectations, even for reactions in which other possibilities for the range of SSEs and not the likelihood of unusual
observations suggest extensive tunneling. More recently, SSEs forSSEs. In fact, they emphasize that the Swéchaad relationship
hydrogen atoms not being transferred &@SEs) have become an  should work well for large isotope effects. In addition, the expected
often-used probe for tunneling, particularly in enzymatic reacfiohs.  SSE of about 3.34 for eq 1 has been often observed for large¥KIEs.
The 2 SSEs vary from the SwairSchaad expectation much more  For real reactions, it is quite uncertain how often the theoretical
often than ® SSEs, and thus they are considered to be a more possibilities for deviation from the SwairSchaad relationship will
sensitive probe for tunneling. materialize.

The Swainr-Schaad treatment involves greatly simplifying as- We describe here an analysis of the range°083Es that may
sumptions versus the full semiclassical theory of isotope effects, be realistically expected at 2% in the absence of tunneling or
due to Bigeleisen and Mayé&tMore than 30 years ago, Stern and  kinetic complexity. The results define when & 3SE may be
Vogel analyzed in detail the range of possible SSEs within the full considered to implicate tunneling or kinetic complexity, revise the
theory!! They found that, for small KIEs, SSEs can in fact vary SSEs for extrapolation of°2KIEs, and serve as a guide to the
from negative infinity to positive infinity. Their results also show uncertainty in such extrapolations.
clearly that there is no reliable expectation for the value of an SSE  To evaluate the range of SSEs to be expected semiclassically,
for a small or inverse isotope effect. Even for “reasonably large” 15 996 sets ofxactharmonic semiclassical equilibrium isotope
isotope effects (defined as havikg/kp > 2.7), the SSEs can fall  effects (EIEs) were calculated for simple—@&/D/T exchange
in a broad range (SSE 1.33 to 1.58 for eq 2), and it was expected reactions and 954 sets of exact harmonic semiclassfcel/R/T
that deviations from this range should not be rare. KIEs were calculated for €H positions in simple organic

Given these conclusions, it may seem rather surprising that thereactions'?® This was accomplished by first optimizing diverse
Swain-Schaad relationship is used so commonly, or that it is used ground-state and transition structures in B3LYP/6-31G* calcula-
at all with small isotope effects, or that the modern literature tions, then calculating the isotope effects af@5rom the harmonic
contains consideration of a “semiclassical limit” for SSEs. frequencied® SSEs were then calculated for each set of isotope
However, Stern and Vogel had demonstrated only theoretical effects. The results are summarized in Figure 1.
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The B3LYP/6-31G* calculations here have previously led to E. r§.;WAanJg,/k.; Mcar:khamé %&ﬁ%g@fgggkggcﬁBenkovic,\ﬁ.J.;
P - . : ohen, A.J. Am. em. S0 . rancisco, .
accurat_e predictions of experimental KIE4.imited studies at other A.; Knapp, M. J.: Blackburn, N. 3. Klinman, J. B. Am. Chem. Soc.
theoretical levels (HF/6-31G* and B3LYP/6-31G**) gave a 2002 124, 8194-8195.
similar distribution of SSEs (2) “Semi-classical” in this context includes the quantum effects on vibrations
. . within conventional transition state theory, but does not include either
KIEs are harder than EIEs to calculate in large numbers, and tunneling or the effects of zero-point energy or barrier recrossing within
therefore we have far fewer°2SSEs based on KIEs. Within variational transition state theory.
semiclassical theory °ZEIEs and 2 KIEs are quite similar: EIEs ®) gngTéS% E%,Ssgg/grs, E. C.; Reuwer, J. F.; Schaad, U. Am. Chem.
are derived from the 3N-6 vibrational frequencies, while KIEs are (4 Streitwieser, A., Jr.; Hollyhead, W. B.; Pudjaatmaka, A. H.; Owens, P.
derived from 3N-7 vibrations plus a temperature-independent EHUK'\‘,’\?‘*IL’ TC' F-Nf;‘;ﬁg”gﬁe',ﬂ' ll:\,/i\]A 'Aﬂaﬁ‘é?ﬂ”%fa@ifségkggés@' -
contribution from the imaginary frequency. This imaginary fre- 5096. yer, f. S Am. ' '
guency factor is usually a minor contributor to significaht-2D/T (5) Saunders, W. H., Jd. Am. Chem. Sod 985 107, 164-169.
i > (6) (a) Kreevoy, M. M.; Konasewich, D. B. Phys. Chenil97Q 74, 4464
KIEs, and its effect of the av?rage of SSE.S m"kT 11 and 4472, (b) Lehrmann, G.; Quinn, D.; Cordes, E. H.Am. Chem. Soc.
ka/kr < 0.9 was<0.01. From this and the similarity of distributions 1980 102, 2491-2492. () Kresge, A. J.; Powell, M. £981 103 201~
for 2° SSEs based on KIEs versus EIEs, we expect that the 2%20- {gégrlugésﬂggsies% <(3e-$ \SYJTiIrt_]e,DR.A_._; %éacnﬁeg, Iﬁlél?gg.egn?:?.
distribution of 2 SSEs based on EIEs should adequately represent 1989 28, 3825-3833. () Yang, D.-y.; Shih. Y. Liu, H.-wd. Org. Chen¥.
semiclassical 2KIEs. 1991, 56, 2940-2946. (g) Zimmerman, M. P.; Djerassi, &.Am. Chem.
. . So0c.1991, 113 3530. (h) Sampson, N. S.; Knowles, J. Btochemist
_ For the purpose _of analysis, we vx_nll assume that the results c_Jf 1997 31 8488_8494_(@) RismB’ KA. Schramm, V. LJ. Am. Cherrny_
Figure 1 are statistically representative of the universe of organic S0c.1997 119, 27—37. (j) Capponi, M.; Gut, I. G.; Hellrung, B.; Persy,
reactions. This assumption leads to three conclusions: (1) In the
range 0.9< ky/kr < 1.1, the Swair-Schaad relationship is of no
value. SSEs as low as296 and as high as 2100 were observed in

G.; Wirz, J.Can. J. Chem1999 77, 605-613. (k) Lewandowicz, A.;
this range. There is no semiclassical limit for SSEs without the Miller, S. M.; Klinman, J. P.Biochemistry1983 22, 3091-3096. (€)

Schramm, V. L.Biochemistry2004 43, 1458-1468.
(7) (a) Northrop, D. BBiochemistryl975 14, 2644-2651. (b) Koch, H. F.;
Dahlberg, D. BJ. Am. Chem. S0d.98Q 102, 6102-6107. (c) Ryerson,
C. C.; Ballou, D. P.; Walsh, @Biochemistry1l982 21, 1144-1151. (d)
context of the magnitude of the isotope effect. (2) kgkr < 0.9
and kuy/kr > 1.1, the mean and mediarf BSE is 3.72. This
corresponds to 1.368 for SSH eq 2 [SSE = SSE/(SSE- 1)].
The use of the conventional values for SSE and'$&Extrapolate

2° KIEs should be discontinued, and conclusions based on these
values may need to be reevaluated. The original values came from

reduced masses for-@H stretching frequencigsignoring bending

vibrations, and it should not be surprising that they do not apply to
2° KIEs. (3) Forky/kr > 1.1, an approximate 95% confidence

interval is defined by the lines Max 3.66 + 0.24/ku/kr — 1)
and Min= 3.40-0.13/ku/kr — 1). Forky/kr < 0.9, the approximate
95% confidence lines are: Max 3.55+ 0.2/(1— ky/kr) and Min
= 3.52-0.12/(1 — ku/ky). Experimental 2 SSEs outside of this

range may be sufficiently unusual to be considered as evidence for
nonsemiclassical behavior or kinetic complexity, but SSEs inside

this range are not. Extrapolations of KIEs should take into
account the uncertainty.
Stern and Vogel warned of the variability of SSEJhe results

here amplify that warning, while providing a framework for the
interpretation of 2 SSEs and the extrapolation of KIEs with regard

Rendina, A. R.; Hermes, J. D.; Cleland, W. \Biochemistry1984 23,
6257—-6262. (f) Grissom, C. B.; Cleland, W. VBiochemistryl1985 24,
944-948. (g) Washabaugh, M. W.; Jencks, WJPAmM. Chem. So2989
111, 683-692. (h) Sweet, W. L.; Blanchard, J. Biochemistry1991, 30,
8702-8709. (i) Tipton, P. A.Biochemistry1993 32, 2822-2827. (j)
Argyrou, A.; Washabaugh, M. W.. Am. Chem. S0d999 121, 12054~
12062. (k) Karsten, W. E.; Hwang, C.-C.; Cook, PBtochemistryl999
38, 4398-4402. () Agrawal, N.; Hong, B.; Mihai, C.; Kohen, A.
Biochemistry2004 43, 1998-2006.

(8) (a) Lewis, E. S.; Robinson, J. K. Am. Chem. Sod 968 90, 4337

4344, (b) Grant, K. L.; Klinman, J. FBiochemistry1989 28, 6597~
6605. (c) Jonsson, T.; Edmondson, D. E.; Klinman, JB®chemistry
1994 33, 14871-14878. (d) Braun, J.; Limbach, H.-H.; Williams, P. G.;
Morimoto, H.; Wemmer, D. EJ. Am. Chem. Socdl996 118 7231-
7232.

(9) (a) Amin, M.; Price, R. C.; Saunders, W. H., JrAm. Chem. S0od.988

110 4085-4086. (b) Cha, Y.; Murray, C. J.; Klinman, J. Bciencel989
243 1325-1330. (c) Amin, M.; Price, R. C.; Saunders, W. H.,JrAm.
Chem. Soc199Q 112 4467-4471. (d) Rucker, J.; Cha, Y.; Jonsson, T.;
Grant, K. L.; Klinman, J. PBiochemistry1992 31, 11489-11499. (e)
Alston, W. C., Il; Kanska, M.; Murray, C. JBiochemistry1996 35,
12873-12881. (f) Bahnson, B. J.; Colby, T. D.; Chin, J. K.; Goldstein,
B. M.; Klinman, J. P.Proc. Natl. Acad. Sci. U.S.A.997 94, 12797
12802. (g) Kohen, A.; Klinman, J. FAcc. Chem. Red998 31, 397—
404. (h) Kohen, A.; Cannio, R.; Bartolucci, S.; Klinman, J.Nature
1999 399 496-499.

(10) (a) Bigeleisen, J.; Mayer, M. @. Chem. Physl947, 15, 261-267. (b)

Wolfsberg, M.Acc. Chem. Red.972 5, 225-233. (c) Bigeleisen, JI.
Chem. Phys1949 17, 675-678.

to the possible error. Ultimately, however, it should be recognized (11) (a) Stern, M. J.; Vogel, P. @. Am. Chem. Sod971, 93, 4664-4675.

that the Swair-Schaad treatment is an approximation that should
be applied only with proper caution. In many cases, a detailed

For warnings regarding other aspects of SSEs, see: (b) Albery, W. J.;
Knowles, J. RJ. Am. Chem. So&977, 99, 637—-638. (c) Cui, Q.; Karplus,
M. J. Am. Chem. So@002 124, 3093-3124.

theoretical analysis of the SSEs to be expected for the particular (12) Kohen, A.; Jensen, J. H. Am. Chem. So@002 124, 3858-3864.

system of interest would be most appropriate.
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