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The quality of geometries given by electronic structure 
calculations may be readily verified by direct comparison 
with experimental data. Excellent agreement between 
theory and experiment is commonplace even at the 
Hartree-Fock level of theory provided that an adequate 
basis set is employed. When post-Hartree-Fock methods 
are included, the energetics of a great many reactions 
may be accurately determined, as confirmed by matching 
with experimentally derived thermochemistry. In the 
gas phase, calculated activation barriers are also found 
to be quite reliable. However, an assessment of the 
accuracy of transition state geometries remains a pri- 
mary goal of the applied quantum chemist. An experi- 
mentally determined kinetic isotope effect (KIE) is one 
of the few available tools that can probe the geometry of 
a transition state.' A number of studies have been 
reported in which theoretically calculated KIE have been 
used in an effort to predict transition state structures.2 
In this paper we describe a direct comparison of calcu- 
lated KIE to experimental values for several intra- 
molecular elimination reactions to evaluate the accuracy 
of transition state geometries determined by ab initio 
methods. 

The intramolecular Cope elimination (TS-2), involving 
the thermal decomposition of an amine oxide, provides 
an ideal test case for theoretical study of both primary 
and secondary isotope effects. Stereochemical3 and iso- 
topic labeling studies4 have established this reaction to 
be an intramolecular syn-elimination. Deuterium label- 
ing studies5 have also established a syn-periplanar 
transition state for the related Wittig modification6 of the 
Cope elimination. Comparison with the corresponding 
ylide pathway (TS-4) provides a probe of the effect of base 
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strength on the position of the transition structure along 
the reaction pathway for this five-membered Ei mech- 
anism. Both reactants, although dipolar in nature, afford 
neutral elimination products, which simplifies the overall 
theoretical treatment. 

Prior experience7 with zwitterionic structures such as 
water oxide (HzO+-O-) suggested that the MP2/6-31G* 
level of theory would provide adequate geometries for 
dipolar reactants 1,3, and 5 (Figures 1 and 218 Classical 
barrier heights for TS-2 and TS-4 are predicted to be 28.2 
and 10.8 kcal/mol, respectively, at the MP2/6-31G* level 
of theory. Activation barriers of 29.1 and 11.4 kcaumol 
were found for these two elimination reactions, respec- 
tively, using full fourth-order Moller-Plesset perturba- 
tion theory (MP4SDTQ/6-31G*//MP2/6-3lG*). The bar- 
rier for the Cope elimination is consistent with experiment 
(AH$ = 24.3-29.4 kcal/mol for 2-phenylethyldimethyl- 
amine oxide)."" The lower barrier ( A M *  = 17.7 kcal/ 
mol) for the ylide mechanism is a consequence of the more 
highly basic carbon atom that is reflected in a much 
earlier transition state. Accordingly, the Cope elimina- 
tion is endothermic by 4.9 kcal/mol, while the overall 
ylide reaction affording isolated products is exothermic 
by 45.1 kcal/mol. The C,j-H1 bond elongation is only 6% 
in TS-4 compared to 27% in the Cope elimination. In 
both transition structures the internal bond angles 
involving hydrogen abstraction are noticeably smaller 
than the anticipated -108" H-0-N and H-C-N bond 
angles (Figure 1).lb The percent C-N bond stretch in 
TS-2 (34%) and TS-4 (18%) also gives an indication of 
the position of the TS along the reaction coordinate, as 
does the extent of double-bond formation indicated by the 
change in C-C bond distances. Another indication in 
the amount of double-bond character in the TS is the 
approach toward planarity at C, and C,j as measured by 
the sum of the three valence angles (28,) of the incipient 
alkene (Figure 1). The 20" change experienced by C, in 
the cope elimination indicates a change in rehybridization 
nearly twice as large as that in the ylide reaction. 

The secondary KIE, attending the change in hybridiza- 
tion from sp3 to sp2, is still thought to be primarily a 
consequence of the change in out-of-plane bending fre- 
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Figure 1. Geometries (MP2/6-31G*) for the starting materials and transitions states of the Cope elimination reaction (TS-2) 
and its respective ylide elimination (TS-4) with experimental conditions shown over the arrow. Total energies are in au, and 
activation barriers at the level indicated given in kcaymol. 

E ~ p z -  -286.77435 E ~ p p  -286.73340 A E L ~ p p  25.7 

Figure 2. Geometry and transition state (MP2/6-31G*) for the Cope elimination reaction (TS-6) affording 1,3-butadiene and 
hydroxylamine. Energies are in au and relative energies in kcaymol. Bond distances are in A and angles in degrees. 

quency.12 The above analysis of the geometry of the two 
transition structures is quite consistent with the mag- 
nitude of the calculated KIE (Table 1). These data are 
in excellent accord with experimental values, and the 

agreement with the secondary KIE is particularly grati- 
fying. By comparison, the KIE calculated from Hartree- 
Fock structures are significantly poorer in agreement 
with experiment because of the lesser extent of rehybrid- 
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Table 1. Calculated Primary and Secondary KIE for the Cope Elimination (TS-2) and the Wittig Modification of the 
Hofmann Elimination (Ylide) of Ethylene (TS-4) Using MP2/6-31G* Analytical Frequencies (KIE in Parentheses are 

Computed from an Analytical Frequency at HF/6-31G*) 
Cope elimination ylide elimination 

KIEcalcd KIEcalcd 
25 "C 120 "C KIEobsd ref 25 "C -33 "C KIEobsd ref 

Primary KIE 
P-dl 4.83 3.37 3.5 (110")b 4a 1.53 1.66 1.69 (-33")b,h 5c 

3.92" 2.90" (8.96) 
(5.48) (3.80) 1.23 (25")b,' 5b 

2.2 (120°F 4b 1.52 (25"IbJ 5b 
2.9 (6O"Yg l l a  

a-dl 1.16 
(1.07) 

P-dl 1.05 
(1.09) 

a-dz 1.29 
(1.11) 

P-dz 1.11 
(1.22) 

1.11 
(1.05) 
1.04 

(1.06) 
1.19 

(1.08) 
1.09 

(1.16) 

Secondary KIE 
1.16 1.20 

(1.09) 
1.06 (120°F 4b 1.03 1.03 

(1.11) 
1.29 1.39 

(1.15) 
1.07 1.09 

(1.30) 

Heavy Atom KIE 
aJ4C 1.059 1.04gd 1.061 (65°F l l b  1.160 1.188 
PJ4C 1.017 1.015d 1.036 (65°F l l b  1.023 1.025 
1bN 1.016 1.015d 1.013 (40"Yf l l c  1.045 1.055 

KIE without Wigner tunneling correction. Formation of cis-cyclooctene in liquid ammonia. Formation of apopinene. Calculated 
a t  the experimental temperature. e Formation of styrene. f Hofman elimination. g In DMSO solvent. Average for three different amine 
leaving groups for a syn-elimination. tert-Butyl lithium in ether. 1 n-Butyl lithium in pentane. 

ization at both carbon atoms. The discrepancy between 
the calculated pdl primary KIE for the ylide elimination 
(TS-4) at the HF and MP2 levels is a case in point. While 
the MP2 KIE (kH/kD = 1.66) is in excellent agreement 
with experiment, the primary P-deuterium isotope effect 
calculated at HF is much higher ( k ~ / k ~  = 8.96). The 
transition state calculated at HF comes much later along 
the reaction coordinate with a C,j-H1 bond distance of 
1.379 A and an Hl-CHZ bond distance that has been 
reduced from 1.900 to 1.455 A. Calculation of heavy 
isotope effects, especially 15N,llc has presented difficulties 
when other theoretical methods have been used.ll Ap- 
preciable kH/kD and heavy atom k1dk13 @-carbon tunneling 
corrections (1.015-1.025) have been required to reach 
agreement between calculated and observed values.lb 

Since a great many of the substrates used in the 
experimental studies contained a phenyl substitutent in 
conjugation with the developing carbon-carbon double 
bond, we elected to add a vinyl substituent to our model 
alkene precursors. The predicted classical activation 
barrier for elimination of butadiene from amine oxide 5 
is 25.7 kcallmol (MP2/6-31G*). Thus, we see only a 2.5 
kcavmol decrease in barrier height when a vinyl group 
is placed in conjugation with the developing double bond 
in TS-6 (Figure 2). The geometrical parameters in TS-6 
are very similar to those for Cope elimination affording 
ethylene (TS-2). The primary KIE computed (Table 2) 
at 120 "C ( k ~ / k ~  = 3.40) is very close to  that found for a 
Cope elimination affording styrene (kH/kD = 3.5 at 110 
oC).4a This is about the magnitude anticipated for a 
nonlinear transition state where the C-H-0 bond angle 
is 146.7'. We predict a KIE for P-deuterium substitution 
to be slightly higher (1.079 vs 1.06) than that observed.4b 
We calculate a slightly smaller aJ4C KIE than that 
observed, and we found virtually no effect for PJ4C 
isotopic substitution (Table 2). 

Table 2. Primary and Secondary KIE for the Cope 
Elimination Reaction (TS-6) Affording 1,3-Butadiene and 

Hydroxylamine Calculated with and without 
(Parentheses) Wigner Tunneling Corrections 

type 25 "C 65 "C 120 "C 

NED1 4.930 (4.030) 4.110 (3.445) 3.399 (2.936) 

KIEDp 1.099 (1.091) 1.091 (1.083) 1.079 (1.074) 
KIED, 1.110 (1.110) 1.098 (1.096) 1.079 (1.079) 

KIED,, 1.280 (1.278) 1.244 (1.240) 1.200 (1.197) 
KIE15N 1.024 (1.021)= 1.020 (1.0171 1.015 (1.013) 
KIE14Ca 1.070 (1.064) 1.059 (1.053jb 1.046 (1.042) 
KIEl4C,r 1.014 (1.007) 1.012 (1.005)' 1.009 (1.004) 

a Calculated 1.0202 (1.020) a t  40 "C; experimental: 1.013 a t  40 
"C for the formation of styrene; ref l l c .  Experimental: 1.061 for 
the formation of styrene, ref l l b .  Experimental: 1.036 for the 
formation of styrene, ref l l b .  

Except for the primary KIE in the Cope reaction, 
tunneling correction by the Wigner formalismlob changed 
the remaining KIE by less than 0.01. The KIE obtained 
using tunneling corrections calculated by the more ac- 
curate procedure developed by Bell1& were approximately 
1-3% higher than the values obtained with the Wigner 
tunneling corrections. In the case of primary KIE 
however, the use of Bell's tunneling corrections predicted 
larger values by a factor of 2. This significant difference 
can be attributed to the tendency of the Wigner correction 
to underestimate the tunneling effects whenever the 
magnitude of the imaginary frequency is smaller than 
1000 cm-', as discussed in detail by Melanders and 
Saunders.lb In all cases the trends are reproduced and 
agreement is quite good considering the fact that we are 
using a model system and substituents should exert an 
influence on the KIE. The transition vector for the Cope 
elimination has a much larger component of the primary 
hydrogen motion than the ylide TS and could potentially 
require a more sophisticated tunneling ~0rrection.l~ 
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In conclusion, the excellent agreement between the 
calculated and experimental KIE allows a much greater 
confidence in the geometry of the transition structures 
calculated at the MP2/6-31G* level of theory. Transition 
states calculated at this ab initio level appear to provide 
reliable data for the calculation of secondary N E  in syn- 
elimination reactions. Since little double-bond character 
is present in TS-4, these data provide a rationale for how 
the ylide pathway with cyclooctylammonium salts can 
form the highly strained (9 kcal/mol) trans-cyclooctene 
as the major pr0duct.j 
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