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in a recent paper:15 With use of known heats of formation at 
298 K and (/Z298

0 - H0
0)11 and the 6-31G(d) frequencies16 scaled 

by a factor of 0.89,17 "experimental" energy changes are estimated 
to be -112.0 and -113.6 kcal/mol for propane and cyclobutane, 
respectively. The theoretical values in Table I overestimate the 
exothermicity of both reactions. 

Higher level calculations on these reactions, as well as the 

(15) Gordon, M. S.; Truhlar, D. G. J. Am. Chem. Soc. 1986, 108, 
5412-5419. 

(16) Disch, R. L.; Schulman, J. M.; Sabio, M. L. J. Am. Chem. Soc. 1985, 
107, 1904. 

(17) Pople, J. A.; Luke, B. T.; Frisch, M. J.; Binkley, J. S. J. Phys. Chem. 
1985, 89, 2198. 

Derivatives of the highly reactive three membered heterocycle, 
oxirane 1, are intermediates in the metabolic activation of many 
known or suspected carcinogens. These include the intensively 

O 

A 
1 

studied polycyclic aromatic hydrocarbons, la,2i1,3 the aflatoxins,lb,2b'4 

and many vinylic compounds.5,6 The carcinogenic properties7 

of these epoxides appear to be associated with their ability to 
alkylate, or aralkylate, nucleic acid base sites.1"3,8 However, where 

(1) (a) Dipple, A.; Moschel, R. C; Bigger, A. H. In Chemical Carcinogens; 
ACS Monograph 182; Searle, C. E., Ed.; American Chemical Society: 
Washington, D.C., 1984; Vol. 1, pp 41-174. (b) Busby, W. F., Jr.; Wogan, 
G. N., ref la, Vol. 2, pp 945-1136. (c) Osborne, M. R., ref la, Vol. 1, pp 
485-524. 

(2) (a) Phillips, D. H.; Sims, P. In Chemical Carcinogens and DNA; 
Graver, P. L., Ed.; CRC Press: Boca Raton, FL, 1978; Vol. 2, pp 29-58. (b) 
Garner, R. C; Martin, C. N„ ref 2a, Vol. 1, pp 187-225. 

(3) Polycyclic Aromatic Hydrocarbons and Carcinogenesis; ACS Mono
graph 283; Harvey, R. G., Ed.; American Chemical Society: Washington, 
D.C., 1985. 

(4) Irvin, T. R.; Wogan, G. N. Proc. Natl. Acad. Sd. 1984, 81, 664-668. 
(5) Ehrenberg, L.; Hussain, S. Mutat. Res. 1981, 86, 1-113. 
(6) Guengerich, F. P.; Mason, P. S.; Stott, W. T.; Fox, T. R.; Watanabe, 

P. G. Cancer Res. 1981, 41, 4391-4398. Guengerich, F. P.; Geiger, L. E.; 
Hogy, L. L.; Wright, P. L. Ibid. 1981, 41, 4925-4933. Citti, L.; Gervasi, P. 
G.; Turchi, G.; Bellucci, G.; Bianchi, R. Carcinogenesis 1984, 5, 47-52. 

(7) "IARC Monographs on the Evaluation of the Carcinogenic Risk of 
Chemicals to Humans. AHyI Compounds, Aldehydes, Epoxides, and Per
oxides", International Agency for Research on Cancer: Lyon, 1985, Vol. 36, 
p 189. Vainio, H.; Hemminki, K.; Wilbourn, J. Carcinogenesis 1985, 6, 
1653-1665. 

analogous silylene insertions and CH 2 and SiH2 insertions into 
strained and unstrained C-Si and Si-Si bonds, are currently under 
way in this laboratory. 
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they have been studied, the kinds and amounts of such adducts 
formed depend markedly on the structure of the epoxide.5,9 
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In neutral aqueous media it is now generally accepted,10,11 that 
epoxides undergo initial protonation in a fast reversible step (eq 
1) followed by rate determining opening of the conjugate acid. 
This is usually discussed in terms of two limiting processes.11 In 

(8) Singer, B.; Grunberger, D. Molecular Biology of Mutagens and 
Carcinogens; Plenum: New York, 1983. 

(9) Hemminki, K. Arch. Toxicol. 1983, 52, 249-285. 
(10) Wohl, R. A. Chimia 1974, 28, 1-5. 
(11) Parker, R. E.; Isaacs, N. S. Chem. Rev. 1959, 59, 737-799. 
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Table I. Calculated Total Energies (au)° 

molecule' 

2 
3 
4 
5 
6 
7 
8 
9 

symmetry 

C1 

C1 

C1 

C1 

C1 

C1 

C1 

C1 

5, 1987 

optimized 

HF/3-21G 

-152.32561 
-152.29522 (0) 
-152.36786' 

d 
d 

-228.00634 
-227.98068 

geometries 

HF/6-31G* 

-153.17710 (0) 
-153.15306 (1) 
-153.22612' (0) 
-229.20913 (0) 
-229.20457 (1) 
-229.24476 (0) 
-229.22779 (0) 
-229.22546 (1) 

HF/6-31G* 

HF/6-31G** 

-153.19077 
-153.16734 
-153.24028* 
-229.23533 
-229.23071 
-229.27085 
-229.25410 
-229.25164 

Ford and Smith 

geometries 

MP2/6-31G** 

-153.64371 
-153.59934 
-153.68439 
-229.88629 
-229.87844 
-229.92140 
-229.90048 
-229.89862 

"The number of negative eigenvalues of the calculated force constant matrices is given in parentheses. 'Structures are identified in Figure 1. 
'Data from Quantum Chemistry Archived ''Not a stationary point at this level. 

Table II. Calculated Relative Energies 

HF/3-21G//A 

3 19.1 
2 0 
4 -26.4 

> for the Unimolecular Reactions of 2"' 

AE 

HF/6-31G7/B 

15.1 
0 

-30.8 

HF/6-31G**//B 

14.7 
0 

-31.1 

AE 

27.8 
0 

-25.5 

MP2/6-31G**//B 

AH 

24.6 
0 

-26.3 

AG 

23.9 
0 

-27.4 

AH 
exptl 

24*« 
0 

-26 ' 

"All energies in kcal mol"'. 'Geometry: A = HF/3-21G; B = HF/6-31G*. 'Thermodynamic quantities calculated from scaled HF/6-31G* 
frequencies. Free energies refer to 1 mol of the ideal gas at 1 atm and 298 K. ''Reference 48. 'Reference 40. 

Table III. Calculated Relative Energies for the Bimolecular Hydrolysis of 2" 

H2O + 2 
5 
6 
7 
8 
9 

HF/3-21G//A 

0 

-59.5 
-43.3 

AE 

HF/6-31G* 

0 
-13.4 
-10.5 
-35.7 
-25.1 
-23.6 

7/B HF/6 -31G**//B 

0 
-13.2 
-10.3 
-35.5 
-24.9 
-23.4 

AE 

0 
-14.6 

-9.6 
-36.6 
-23.5 
-22.3 

MP2/6-31G**//B 

AH 

0 
-13.2 
-9.1 

-33.6 
-21.0 
-20.3 

AC 

0 
-6.1 
-0.6 

-23.1 
-11.8 

-9.7 

AH 
exptl 

0 

~ - 2 8 * 
~ - 1 9 ' 

"Table II, footnotes a-c. 'From an estimated value of AH1(I) 
of AH1(S) ~ 88 kcal mol"1 (see text) and data in ref 40 and 69. 

79 kcal mol ' (see text) and data in ref 40 and 69. 'From an estimated value 

one, the protonated oxirane undergoes nucleophilic attack with 
concomitant ring opening in a single kinetic step (eq 2a). In the 
other, ring opening without nucleophilic assistance to form an 
intermediate 2-hydroxycarbenium ion is envisioned (eq 2b). In 
Ingold's terminology12 these are designated A-2 and A-I, re
spectively.13 For simple epoxides, the observed stereospecific trans 
addition11,14 and lack of skeletal rearrangements11,15 argue against 
a limiting Al mechanism. However, the marked tendencies of 
unsymmetrically substituted oxiranes to open at the more sub
stituted carbon,11,16 as well as the significant rate acceleration by 
electron releasing substituents,17 have been taken as evidence 
against a fully synchronous bimolecular process and led Parker 
and Isaacs11 to suggest a so-called "border-line" A2 mechanism 
in which the opening of the oxirane ring significantly preceded 
bond formation to the incoming nucleophile. 

The gas-phase unimolecular ring opening and related processes 
for protonated oxirane 2 have been studied theoretically by Ra-
dom18 and others19,20 with use of ab initio molecular orbital theory. 
Larger systems analogous to those occurring in the metabolism 

(12) Ingold, C. K. Structure and Mechanism in Organic Chemistry; 
Cornell University Press: Ithaca, NY, 1953. 

(13) For a more recent formulation in terms of ion-paired species, see: 
Lamaty, G.; Meloq, R.; Selve, C; Sivade, A.; Wylde, J. J. Chem. Soc, Perkin 
Trans. 2 1975, 1119-1124. 

(14) Rosowsky, A. In Heterocyclic Compounds with Three- and Four-
Membered Rings; Weissberger, A., Ed.; Interscience: New York, 1964; pp 
270-308. 

(15) Pocker, Y.; Ronald, B. P.; Ferrin, L. J. Am. Chem. Soc. 1980, 102, 
7725-7732. Poker, Y.; Ronald, B. P. Ibid. 1978, 100, 3122-3127. Carr, M. 
D.; Stevenson, C. D. J. Chem. Soc, Perkin Trans. 2 1973, 518-520. 

(16) Dewar, M. J. S.; Ford, G. P. J. Am. Chem. Soc. 1979, 101, 783-791. 
(17) Koskikallio, J.; Walley, E. Trans, faraday Soc. 1959, 55, 815-823. 

Pritchard, J. G.; Long, F. A. J. Am. Chem. Soc. 1956, 78, 2667-2670. 
(18) Nobes, R. H.; Rodwell, W. R.; Bouma, W. J.; Radom, L. J. Am. 

Chem. Soc. 1981, 103, 1913-1922. 
(19) Hopkinson, A. C; Lien, M. H.; Csizmadia, I. G.; Yates, K. Theor. 

Chim. Acta 1978, 47, 97-109. 
(20) Lischka, H.; Kohler, H. J. Chem. Phys. Lett. 1979, 63, 326-331. 

of the polycyclic aromatic hydrocarbons1"23,3 have been studied 
with use of semiempirical molecular orbital theory.21 The cor
responding reactions with nucleophiles, however, have received 
far less attention.22 

In ongoing work in our laboratory we are using molecular orbital 
calculations in an attempt to understand the physicochemical 
determinants of the widely differing regioselectivities of biologically 
significant electrophiles toward nucleic acids.23"27 As a prelude 
to such studies for substituted oxiranes, we have investigated the 
gas-phase attack of water on protonated oxirane using both ab 
initio and semiempirical MNDO molecular orbital calculations. 
Related MNDO28 calculations for other nucleophiles are presented 
elsewhere.27 

Methods and Results 
Ab Initio Calculations. Ab initio molecular orbital calculations 

were carried out with the GAUSSIAN 7729 and GAUSSIAN 8230 pro-

(21) Ferrel, J. E., Jr.; Loew, G. H. J. Am. Chem. Soc. 1979, 101, 
1385-1388. Adams, S. M.; Kaminsky, L. S. Mol. Parmacol. 1982, 22, 
459-464. 

(22) Although transition-state geometries were not determined, relevant 
studies in this area include the following: Alagona, G.; Scorocco, E.; Tomasi, 
J. Theor. Chim. Acta 1979, 51, 11-35. Politzer, P.; Daiker, K. C; Estes, V. 
M.; Baughman, M. Int. J. Quantum Chem.: Quantum Biol. Symp. 1978, 5, 
291-299. 

(23) Ford, G. P.; Scribner, J. D. J. Am. Chem. Soc. 1981,103, 4281-4291. 
(24) Ford, G. P.; Scribner, J. D. J. Am. Chem. Soc. 1983,105, 349-354. 
(25) Ford, G. P.; Scribner, J. D. J. Org. Chem. 1983, 48, 2226-2233. 
(26) Ford, G. P. J. Am. Chem. Soc. 1986, 108, 5104-5108. 
(27) Ford, G. P.; Smith, C. T. Int. J. Quantum Chem., Quantum Biol. 

Symp. 1986, 13, 107-119. 
(28) Dewar, M. J. S.; Thiel, W. / . Am. Chem. Soc. 1977, 99, 4899-4907, 

4907-4917. 
(29) GAUSSIAN 77 program package: DeFrees, D. J.; Levi, D. A.; Pollack, 

S. K.; Hoit, R. F.; Blurock, N.; Pietro, W. J.; Hehre, W. J„ University of 
California at Irvine, 1981. We are most grateful to Professor Hehre for 
making his program available to us prior to publication. 

(30) GAUSSIAN 82 program package: Binkley, J. S.; Frisch, M.; Ragha-
vachari, K.; Fluder, E.; Seeger, R.; Pople, J. A., Carnegie-Mellon University, 
1984. 
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Figure 1. Calculated geometries of structures 2-12. Unparenthesized data refer to ab initio HF/6-31G* and parenthesized values to semiempirical 
MNDO calculations. Ab initio data for 4 from ref 35. 

gram systems. All geometries were completely optimized within 
the specified point groups with use of both the 3-2IG31 and 6-
3IG* 3 2 basis sets and gradient based algorithms33 incorporated 
as standard program options. The optimized HF/6-31G* geom
etries are displayed in Figure 1. The HF/3-21G geometries are 

(31) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980, 
102, 939-947. 

(32) Harihan, P. C; Pople, J. A. Theor. Chim. Acta 1973, 28, 213-222. 
(33) Schlegel, H. B. J. Chem. Phys. 1982, 77, 3676-3681. Schlegel, H. 

B. J. Comput. Chem. 1982, 3, 214-218. 
(34) Binkley, J. S.; Pople, J. A. Int. J. Quantum Chem. 1975, 9, 229-236. 

not included here but may be obtained from the authors on request. 
Single point 6-31G** calculations,32 including second-order 
Moller-Plesset34 (MP2) valence electron correlation corrections, 
were carried out on the optimized HF/6 -31G* geometries. 

The calculated total energies are summarized in Table I. 
These, together with additional data from the Carnegie-Mellon 
Quantum Chemistry Archive,35 were used to compute the relative 

(35) Whiteside, R. A.; Frisch, M. J.; Pople, J. A. The Carnegie-Mellon 
Quantum Chemistry Archive, 3rd ed.; Carnegie-Mellon University: Pitts
burgh, PA, 1983. 
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OH ' 

H 

Figure 2. Calculated (MP2/6-31G**//HF/6-31G*) enthalpy profile for 
reactions of 2. 

energetics summarized in Tables II and III. The energies for 
the vibrationless species at 0 K were converted to AH values by 
using the classical36 rigid-rotor harmonic-oscillator approximation 
(cf. ref 37) and the HF/6-31G* moments of inertia and scaled38 

harmonic frequencies. In an alternative procedure, recommended 
in the recent book by Pople and co-workers,37 torsional modes 
below 500 cm"1 were treated as free rotations (each contributing 
\/2RTto the total enthalpy.) Reaction enthalpies calculated in 
this way were slightly more negative by ;S1 kcal mol"1. The results 
(MP2/6-31G**//HF/6-31G*) in Tables II and III were com
bined to generate the overall enthalpy profile shown schematically 
in Figure 2. Absolute entropies were also calculated36 from the 
scaled HF/6-31G* frequencies, in which all modes were treated 
as harmonic vibrations,39 and used to estimate reaction free en
ergies. 

At the MP2/6-31G**//HF/6-31G* level (including vibrational 
contributions) the proton affinity of 1 is calculated to be 188.1 
kcal mol"1, in quantitative agreement with the experimentally40 

derived 187.9 kcal mol"1. In a careful study of calculated proton 
affinities Del Bene41 found that the small errors inherent in (a) 
the inclusion of limited electron correlation and (b) the less than 
optimum basis sets partially canceled. Thus, the agreement noted 
above may be slightly fortuitous. Nevertheless, while it would 
have been desirable to have included higher levels of correlation, 
and a somewhat more extensive basis set, the highest level used 
here, MP2/6-31G**//HF/6-31G*, was judged to represent a 
useful compromise. 

The structure of 2 has been discussed by several groups.16,22,42 

Of special note is the predicted1635 elongation of the CO bond 
and the widening of the angle between the CC bond and CH2 plane 

(36) McQuarrie, D. A. Statistical Mechanics; Harper and Row: New 
York, 1976; pp 129-140. Calculations referenced to a zero of energy for the 
stationary separated atoms, cf.: Nash, L. K. Elements of Statistical Ther
modynamics; Addison-Wesley: Reading, MA, 1986; pp 79-82. 

(37) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; Wiley-Interscience: New York, 1986; pp 251-261. 

(38) HF/6-31G* frequencies multiplied by 0.9, cf.: Hout, R. F„ Jr.; Levi, 
B. A.; Hehre, W. J. J. Comput. Chem. 1982, 3, 234-250. 

(39) Chalk, C. D.; Hutley, B. G.; McKenna, J.; Sims, L. B.; Williams, I. 
H. J. Am. Chem. Soc. 1981, 103, 260-268. 

(40) Lias, S. G.; Liebman, J. F.; Levin, R. D. /. Phys. Chem. Ref. Data 
1984, 13, 695-808. 

(41) Del Bene, J. E. J. Comput. Chem. 1985, 6, 296-301. 
(42) Catalan, J.; Yanez, M. J. Am. Chem. Soc. 1978, 100, 1398-1401. 

Ford and Smith 

^ 0 ) ^ 

Figure 3. HF/6-31G* transition-state geometry and form of the imag
inary vibration interconverting reactants and products for 2 -»• 4. 

O 

Figure 4. HF/6-31G* transition-state geometry and form of the imag
inary vibration interconverting reactants and products for H2O + 2 —• 
7. 

(0.096 A and 7.1° at the HF/6-31G* level) relative to 1. Both 
phenomena are readily understood in terms of the greater ir-
complex character associated with the protonated ring.16,43 

At the HF/3-21G level the C1 structure of the 2-hydroxy-
carbenium ion 3 was calculated to be a local minimum. However, 
when optimized with the more flexible 6-31G* basis set, it was 
found to be a transition state (one negative eigenvalue of the force 
constant matrix44) for the concerted rearrangement of 2 to pro
tonated acetaldehyde 4. The form of the imaginary vibrational 
mode which interconverts reactants and products is shown in 
Figure 3. 

The location of the completely asymmetric transition state 6 
for the bimolecular attack of water on protonated oxirane 2 proved 
to be significantly more difficult. A two-dimensional energy 
surface was constructed at the HF/3-21G level with use of the 
opening CCO angle and the distance to the approaching nu-
cleophile, r(CO), as independent reaction coordinates. Each 
geometry was then fully optimized with respect to all remaining 
geometrical variables. Initially CCO was varied from 65 to 95° 
in steps of 10° and r(CO) from 2.2 to 2.8 A in steps of 0.2 A. 
Further calculations provided additional points in the vicinity of 
the anticipated transition state; those in obviously less critical 
regions were obtained by quadratic interpolation of the original 
grid. However, the resulting two dimensional energy contour 
diagram revealed a monotonically descending pathway between 
reactants and products. In other words the water assisted ring 
opening of protonated oxirane was predicted to take place without 
activation and with no intervening minima at the HF/3-21G level. 

We next investigated the potential surface for the same process 
at the higher HF/6-31G* level. To circumvent the substantial 

(43) Dewar, M. J. S.; Reynolds, C. H. J. Am. Chem. Soc. 1984, 106, 
1744-1750 and references therein. 

(44) Mclver, J. W„ Jr. Ace. Chem. Res. 1974, 7, 72-77. 
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Figure 5. Calculated (MNDO) enthalpy profile for reactions of 2. 
Structures are identified in Figure 1. 

computational expense required to generate the full surface with 
this basis set single point HF/6-31G* calculations were carried 
out with use of the HF/3-21G geometries. Here we identified 
a saddle point at ZCCO ~ 77° and r(CO) ~ 2.25 A. Complete 
optimization with the 6-3IG* basis set then led to a transition 
structure with the necessary44 single negative force constant 
(Figure 4). The energy of the latter was calculated to be below 
that of the isolated reactants. It therefore followed that another 
minimum energy structure must separate the reactants and 
transition state. This was identified as the electrostatically bound 
complex 5. 

The gauche 7 and anti 8 conformations of the ring opened 
products were predicted to be local minima at both the HF/3-21G 
and HF/6-31G* levels. The transition state for their intercon-
version 9 was also located at latter level by using a short reaction 
path followed by gradient minimization. 

MNDO Calculations. Parallel MNDO28 calculations were 
carried out45 with complete geometry optimization with use of 
standard gradient methods.46 Transition-state geometries were 
located by one-dimensional reaction paths or two-dimensional grid 
searches followed by gradient refinement and vibrational analysis. 
The resulting MNDO reaction profile and relative enthalpies are 
summarized in Figure 5. The optimized geometries are shown 
in parentheses in Figure 1. 

MNDO, which systematically underestimates the proton af
finities of ethers,47 leads to a proton affinity for oxirane (177.2 
kcal"1) which is too low40 by 10.9 kcal mol"1. Like the present 
HF/3-21G, and previous smaller basis set ab initio calculations,18 

MNDO predicts the 2-hydroxycarbenium ion 3 to be a local 
minimum separating individual transition states for the ring 
opening 10 and H-shift 11, cf. Figure 5. The construction of 
detailed energy contour maps for these reactions revealed no 
concerted pathway between 2 and 4 at the MNDO level. 

The MNDO bimolecular reaction pathway differs from the 
6-3IG* one by the appearance of 12, a stable hydrate of 3. Despite 
considerable effort, we found no evidence for such a structure at 
any of the ab initio levels. We also examined the corresponding 
pathway involving approach of the attacking water molecule from 
"above". Here the transition state was calculated to be somewhat 

(45) The majority of the MNDO calculations were carried out on pro
grams adapted for Harris Corp. minicomputers from CDC versions originating 
in the laboratories of M. J. S. Dewar, University of Texas, Austin. Others 
used an IBM version of the MOPAC package: Olivella, S. QCPE Bull. 1984, 
4, 109. 

(46) "Unconstrained Nonlinear Optimization Techniques and Their Ap
plication to Semi-empirical Molecular Orbital Calculations". Weiner, P. K. 
Ph.D. Dissertation, University of Texas at Austin, 1975. 

(47) Ford, G. P.; Scribner, J. D. J. Comput. Chem. 1983, 4, 594-604. 
Halim, H.; Heinrich, N.; Koch, W.; Schmidt, J.; Frenking, G. Ibid. 1986, 7, 
93-104. 

less stable than 6 (Ai/* = 7.4 kcal mol*1) and the complex sep
arating reactants and products somewhat more stable (7.4 kcal 
mol-1 below the reactants) than 5. Since we were primarily 
concerned with the gas-phase counterpart of the aqueous-phase 
reaction, which is known to involve inversion at the reaction site,11'14 

this pathway was not pursued in detail. 

Discussion 
Unimolecular Ring Opening. The absence of a stable primary 

carbenium ion in the gas-phase ring opening of 2 was anticipated 
by Williams and co-workers in their studies of the appearance 
potentials of related ions.48 They estimated the heat of formation 
of a structure analogous to 3 to be —189 kcal mol-1, i.e., ~24 
kcal mol"1 above that of 2,40 in quantitative agreement with the 
MP2/6-31G**//HF/6-31G* result. The overall barrier for the 
unimolecular rearrangement, and the absence of a distinct Al 
pathway in the gas-phase, is thus associated with the special 
instability of primary carbenium ions49 especially those bearing 
electronegative substituents /3 to the sp2 center.50 Although the 
details of the intervening potential surfaces at the MNDO and 
smaller basis set ab initio levels differ, all methods predict the 
overall rearrangement (2 —• 4) to be exothermic by about the same 
amount. At the highest ab initio level the agreement with the 
experimental value40 (-26 kcal mol"1) was quantitative. MNDO 
predicts the rearrangement to be somewhat too exothermic. 

It is noteworthy that the rates and orientation of Lewis acid 
catalyzed ring opening of substituted oxiranes in non-nucleophilic 
solvents strongly suggest a transition state with carbenium ion 
character.11,51 

The Bimolecular Hydrolysis of 2. The absence of a definite 
transition state on the HF/3-2IG surface for the bimolecular 
hydrolysis of protonated oxirane 2 is probably an artifact of the 
unrealistically large exothermicity predicted for the overall reaction 
with this basis set. At the HF/6-31G* and higher levels, where 
the predicted heat of reaction is similar to our best experimental 
estimate (see below), the reaction profile is of the form now 
familiar for the gas-phase substitution reactions of anions52,53 and, 
for which evidence54 is also accumulating, for cations. Thus, the 
transition state itself (6) is preceded by an electrostatically bound 
ion-dipole complex. According to the highest level ab initio 
calculations the complex 5 lies 13.2 kcal mol"1 below the reactants 
with a 4.3 kcal mol"1 barrier hindering its conversion to products 
via 6. Thus, most of the driving force for the gas-phase reaction 
can be attributed to the electrostatic attraction between the 
reactant moieties. From the calculated transition-state geometry 
it appears that bond formation to the incoming water molecule 
plays a significantly smaller role than would have been anticipated 
for a fully concerted process. While the extent of bond formation, 
or cleavage, in the transition state is difficult to quantify in terms 
of the bond lengths themselves, this is conveniently27 accomplished, 
at least in an approximate manner, using the related bond orders. 
Equation 3 expresses the extent to which a given bond is formed 
(or cleaved) in the transition state as a percentage of that for the 

(48) Bowen, R. D.; Williams, D. H.; Hvistendahl, G. J. Am. Chem. Soc. 
1977,99,7509-7515. 

(49) Raghavachari, K.; Whiteside, R. A.; Pople, J. A.; Schleyer, P. v. R. 
J. Am. Chem. Soc. 1981, 103, 5649-5657. 

(50) Apeloig, Y.; Schleyer, P. v. R.; Pople, J. A. J. Am. Chem. Soc. 1977, 
99, 5901-5909. 

(51) House, H. O.; Ryerson, G. D. / . Am. Chem. Soc. 1961, S3, 979-983. 
Staude, E.; Patat, F. In The Chemistry of the Ether Linkage; Patai, S., Ed.; 
Wiley-Interscience: New York, 1967; pp 21-80. 

(52) Caldwell, G.; Magnera, T. F.; Kebarle, P. J. Am. Chem. Soc. 1984, 
106, 959-966. Henchman, M.; Paulson, J. F.; Hierl, P. M. Ibid. 1983, 105, 
5509-5510. Bohme, D. K.; Mackay, G. I. Ibid. 1981,103, 978-979. Pellerite, 
M. J.; Brauman, J. I. Ibid. 1980, 102, 5993-5999. Olmstead, W. N.; Brau-
man, J. I. Ibid. 1977, 99, 4219-4228. 

(53) (a) Chandrasekhar, J.; Jorgensen, W. L. J. Am. Chem. Soc. 1985, 
107, 2974-2976. (b) Chandrasekhar, J.; Smith, S. F.; Jorgensen, W. L. Ibid. 
1985, 107, 154-163. (c) Carrion, F.; Dewar, M. J. S. Ibid. 1984, 106, 
3531-3539. (d) Morokuma, K. Ibid. 1982, 104, 3732-3735. (e) Wolfe, S.; 
Mitchell, J.; Schlegel, H. B. Ibid. 1981, 103, 7692-7694, 7694-7696. 

(54) Sharma, R. B.; Sen Sharma, D. K.; Hiraoka, K.; Kebarle, P. J. Am. 
Chem. Soc. 1985, 107, 3747-3757. Sen Sharma, D. K.; Kebarle, P. Ibid. 
1982, 104, 19-24. 
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Figure 6. Calculated HF/6-31G* (MNDO) charge development in the 
transition state for H2O + 2 - • 7. Data refer to the difference q* - qK, 
where q* is the calculated Mulliken56 atomic charge at the specified atom 
in the transition state and qR is the corresponding quantity in the reactant 
in units of 10"3e. 

overall reaction. Here, n*, nR, and nf are the orders of the cor
responding bond in the transition state, reactant, and product 
respectively. Introducing the Pauling relationship55 (eq 4) leads 

n(%) = 1 0 0 ( « * - « R ) / ( n p - « R ) 

n = exp[(r0 - r ) /0 .26] 

(3) 

(4) 

«(%) = 100[exp(-r*/0.26) -
exp(-rR/0.26)]/[exp(-rp/0.26) - exp(-rR/0.26)] (5) 

to a convenient form (eq 5) in which r0, the length of a "normal" 
bond of the same kind (arbitrarily assigned a bond order of unity), 
does not explicitly appear. Setting the length of the forming bond 
in the reactant (/*) to °° and those in the transition state (/•*) and 
products (rp) to their HF/6-31G* values (2.191 and 1.541 A, 
respectively) suggests that in the transition state this bond reaches 
8% of its final strength. Similarly cleavage of the breaking bond 
(rR = 1.498; r* = 1.827; rp = 2.309) is predicted to be 75% 
complete in the transition state. 

As described in the introduction, an early transition state in 
the corresponding reactions of 1 and its derivatives in aqueous 
acid had long been assumed.11 This so-called borderline A2 
mechanism" allowed the rate and regiochemical data for sub
stituted oxiranes to be reconciled with the observed11'14 Walden 
inversion. Thus, while free carbocations were excluded, a sig
nificant buildup of positive charge at the reaction site was en
visioned.11 The HF/6-31G* calculations do indeed predict a rather 
early transition state. However, positive charge development at 
the reaction site is predicted to be a rather modest 0.092e (cf. 
Figure 6). 

Unlike the ab initio calculations the MNDO transition structure 
6 lies 6.2 kcal mol"1 above the reactants, 12.4 kcal mol"1 above 
the complex. It seems likely (cf. ref 53a and 58) that MNDO, 
which overestimates nonbonded repulsions in crowded systems,59 

predicts both to be too unstable. 
The calculated transition structures themselves are qualitatively 

similar. In both, the water molecule approaches in the plane of 
the three-membered ring with an angle between the entering and 

(55) Pauling, L. J. Am. Chem. Soc. 1947, 69, 542-553. 
(56) Mulliken, R. S. J. Chem. Phys. 1962, 36, 3428-3439. 
(57) A standard Mulliken population analysis was performed on the 

deorthogonalized MNDO eigenvectors. Stewart, J. J. P. MOPAC Manual. 
A General Molecular Orbital Package, 2nd ed; Quantum Chemistry Program 
Exchange: Bloomington, 1984; No. 486, pp 3-12. 

(58) Dewar, M. J. S.; Storch, D. M. J. Chem. Soc, Chem. Commun. 1985, 
94-96. 

(59) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. 
Am. Chem. Soc. 1985, 107, 3902-3909. 

leaving atoms of somewhat less than the ideal 180°. The principal 
difference lies in the length of the bond to the incoming water 
molecule which is calculated to be considerably longer at the 
MNDO level. Thus the latter predicts the transition state to be 
even "earlier" than does the ab initio HF/6-31G* procedure.60 

Applying the analysis of eq 5 (forming bond, r* = 3.007 and rp 

= 1.475; breaking bond, r* = 1.943, r* = 1.484, and r* = 2.355) 
cleavage of the endocyclic bond in the MNDO transition state 
is 86% complete while the bond to the incoming water molecule 
reaches less than 1% of its final strength. Unlike the HF/6-31G* 
calculations described above, MNDO does predict a significant 
accumulation of positive charge57 at the reaction site (cf. Figure 
6). The well known basis set dependence56 of the Mulliken 
population analysis precludes quantitative comparison of the ab 
initio and semiempirical results. However, at least some of the 
qualitative difference appears to be associated with the earlier 
character of the MNDO transition-state geometry. When the 
HF/6-31G* calculations were repeated with the MNDO tran
sition-state geometry, for example, the predicted positive charge 
development at the reaction site increased from 0.092 to 0.154e. 
It is interesting to speculate that the inherent shortcomings of the 
MNDO method (overestimation of nonbonded repulsion) may 
quite accidently result in transition-state geometries that are in 
fact more akin to the true solution phase than to the gas-phase 
structures. 

An unexpected feature of the MNDO potential surface was 
the presence of a second minimum (12) on the pathway linking 
6 (and the corresponding transition state for attack from "above") 
to the product conformational manifold. Structure 12 is a hy
dration complex of 3, from which it is also formed without ac
tivation. Thus, at least in MNDO, 12 is a common intermediate 
in both the unimolecular and bimolecular pathways. However, 
this rather appealing intermediate is probably again an artifact 
of the tendency of MNDO to overestimate nonbonded repulsions.59 

Protonated 1,2-Ethanediol. At the highest level of theory the 
gauche conformation of protonated ethanediol 7 is predicted to 
be more stable than the anti 8 by 12.6 kcal mol"1. While 1,2-
ethandiol itself also adopts a gauche conformation in the gas phase 
the energetic difference is only about 1 kcal mol""1.65 The extra 
stability in the former case presumably derives from favorable 
charge dipole interactions, as well as the intramolecular hydrogen 
bond present in this conformation. As suggested by Meot-Ner,66 

the latter is formed at the expense of some angle strain (cf. 
structures 7 and 8) resulting in a far weaker hydrogen bond than 
the ~30 kcal mol-1 typical in clusters of the type 13.67 

From the known40 heat of formation of 14, which exists in the 
analogous intramolecularly hydrogen bound gauche conformer,67 

(60) The small negative activation entropies observed for acid catalyzed 
oxirane hydrolysis are frequently cited as evidence for an early transition state, 
cf.: Schaleger, L. L.; Long, F. A. Adv. Phys. Org. Chem. 1963, /, 1-33. The 
experimental and theoretical quantities can be compared in the following way. 
From the appropriate thermocycle61 AS"(aq) - AS'(g) = A£8~H2°(6) -
A S S - H 2 0 ( 2 ) _ AS8^H2°(H20). The experimental62 activation entropy for the 
hydrolysis of 1 in aqueous perchloric acid (-6.1 cal mor1 deg-1) with the 
HF/6-31G* gas-phase value (-28.5 cal mol"1 deg"1) and63 Ai"^H2°(H20) = 
-26.2 cal mol"1 (ref 63) then leads to AS'-^°(6) - AS«-H2°(2) = -3.8 cal 
mol-1 deg-1. The same calculation based on the MNDO activation entropy64 

gives -12.1 cal mol"' deg-1. Unfortunately, in the absence of an independent 
estimate of this difference it is not clear which of these values is more correct. 

(61) Taft, R. W.; Wolf, J. F.; Beauchamp, J. L.; Scorrano, G.; Arnett, E. 
M. J. Am. Chem. Soc. 1978, 100, 1240-1249. 

(62) Long, F. A.; Pritchard, J. G.; Stafford, F. E. J. Am. Chem. Soc. 1957, 
79, 2362-2364. 

(63) Handbook of Chemistry and Physics; Weast, R. C, Astle, M. J., 
Eds.; CRC Press: Boca Raton, FL, 1979. 

(64) Scaling factor of 0.85 was used for all vibrations except for CC and 
CO tortions which were scaled by 1.26 and 1.42, respectively. Dewar, M. J. 
S.; Ford, G. P.; McKee, M. L.; Rzepa, H. S.; Thiel, W.; Yamaguchi, Y. J. 
Mol. Struct. 1978, 43, 135-138. 

(65) For a review of experimental data, see: Viti, V.; Indovina, P. L.; Podo, 
F.; Radics, L.; Nemethy, G. Mol. Phys. 1974, 27, 521-539. See also: Al-
linger, N. L.; Chang, S. H.; Glaser, D. H.; Honig, H. Isr. J. Chem. 1980, 20, 
51-56. Duin, M. v.; Baas, J. M. A.; Bastiaan, B. v. d. J. Org. Chem. 1986, 
57, 1298-1302. 

(66) Meot-Ner (Mautner), M. J. Am. Chem. Soc. 1983, 105, 4906-4911. 
(67) Larson, J. W.; McMahon, T. B. J. Am. Chem. Soc. 1982, 104, 

6255-6261. 
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we estimate68 an upper limit of around 79 kcal mol"1 for the heat 
of formation of 7. The actual value is probably somewhat lower 
since the intramolecular hydrogen bond in 7 should be stronger 
than that in the more congested 14. Our estimated heat of 

H 

\ 
0 —R NH2 

H C H 3 O C H 2 C H 2 O H C H 3 / ^ \ y 

R - O 1 4 OH 

13 

formation for 9 proceeds from the isodesmic process70 represented 
by eq 6. Here, AH, which corresponds to the destabilization of 

CH3CH2OH2
+ + HOCH2CH2OH — 

CH3CH2OH + HOCH2CH2OH2
+ (6) 

the onium group by a vicinal OH, is just the difference between 
the proton affinities of EtOH and HOCH2CH2OH. This should71 

be of the same order as the corresponding difference72 (2.4 kcal 
mol"1) between the proton affinities of cyclohexylamine and the 
amino alcohol 15 in which the NH3

+ group is analogously de
stabilized. An estimate of A//f(9) ~ 88 kcal mol"1 then follows 
from the known40'69 heats of formation of the remaining species. 
Given the uncertainties involved, both the estimated overall heats 
of reaction and conformation energy differences are consistent 
with our best ab initio calculations. They do, however, imply that 
the overall heat of reaction predicted at the HF/3-21G level is 
far too negative. As suggested above, the resulting distortion of 
the potential energy surface almost certainly accounts for the 

(68) Estimated assuming group additives from the following approximate 
relationship: AiZf(HOCH2CH2OH2

+) ~ A//f(cH3OCH2CH2OH+CH3) + 
PA(EtOMe) - PA(EtOH) + 2[A//f(EtOH) - ATZf(EtOMe)]. Heats of 
formation and proton affinities (PA) are from ref 40 and 69. 

(69) Pedley, J. B.; Rylance, J. Sussex-N.P.L. Computer Analysed Ther-
mochemical Data: Organic and Organometallic Compounds, Sussex Univ
ersity: Brighton, U.K. 1977. 

(70) Hehre, W.; Ditchfield, R.; Radom, L.; Pople, J. A. J. Am. Chem. Soc. 
1970, 92,4796-4801. 

(71) The effects of remote substituents on the stabilities of onium ions can 
be largely accounted for by classical "through space" charge dipole interac
tions. See: Aue, D. H.; Bowers, M. T. In Gas-Phase Ion Chemistry; Bowers, 
M. T., Ed.; Academic: New York, 1979; Vol. 2, pp 1-86. 

(72) Houriet, R.; Rufenacht, H.; Carrupt, P.-A.; Vogel, P.; Tichy, M. J. 
Am. Chem. Soc. 1983, 105, 3417-3422. 

absence of a distinct transition state at this level. 
On the basis of these estimates MNDO predicts the overall 

reaction to be slightly too exothermic and the conformational 
energy difference (5.1 kcal mol"1) too small. The latter reflects 
the known73 failure of the method to properly describe hydrogen 
bonds. 

Summary and Conclusions 
At the highest level of ab initio theory studied, MP2/6-

31G*7/HF/6-31G*, the inductively destabilized 2-hydroxy-
carbenium ion 3 is predicted to be a transition state for the re
arrangement of protonated oxirane 2 to the conjugate acid of 
acetaldehyde 4 {AH* = 24.6; AG* = 23.9 kcal mol"1). At this 
level of theory there is apparently no gas-phase counterpart of 
the classical Al hydrolysis. 

In contrast, the water assisted bimolecular ring opening, the 
gas-phase counterpart of the classical A2 reaction, is predicted 
to be extremely facile proceeding via an early, or reactant-like, 
transition state lying 9.1 kcal mol"1 below the reactants on the 
enthalpy surface. The transition state is separated from the 
reactants by an electrostatically bound complex 5, itself 13.2 kcal 
mol"1 below the isolated reactants. The transition structure leads 
directly down to the product gauche ^ anti interconversion 
manifold, the intramolecularly hydrogen bound gauche conformer 
7 being the more stable by 12.6 kcal mol"1. 

Apart from the predicted intermediacy of 12, a stable carbenium 
ion hydrate separating the transition state and product manifold, 
the MNDO bimolecular reaction profile is qualitatively similar 
to the ab initio MP2/6-31G**//HF/6-31G* one. The predicted 
existence of 12, the substantially looser geometries and lower 
stabilities of the transition state 6 and ion-dipole complex 5, and 
the smaller energetic difference between the product gauche and 
anti conformers, are probably all related to the tendency of 
MNDO to overestimate nonbonded repulsions. 
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