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ABSTRACT: Gas-phase heats of formation for the four
butene oxide isomers are reported. They were obtained by
measuring the condensed-phase heat of reduction to the
corresponding alcohol using reaction calorimetry. Heats of
vaporization were determined and allow gas-phase heats of
formation to be obtained. The experimental measurements are
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compared to calculations obtained using a variety of computational methods. Overall, the G3 and CBS-APNO methods agree
quite well with the experimental data. The influence of alkyl substituents on epoxide stability is discussed. Comparisons to
alkenes, cyclopropanes, aziridines, thiiranes, and phosphiranes are also made. Isodesmic-type reactions were used to determine
strain energies of the epoxides and related compounds with various substituents.

B INTRODUCTION

Epoxides are strained heterocycles that are encountered
throughout chemistry. Epoxides are simple to synthesize and
reasonably stable. They react readily, often via reactions that
relieve ring strain, such as the addition of a nucleophile to a ring
carbon." It is reasonable to think that the reactivity of a specific
epoxide is related to its strain, which is likely to be dependent
on the number and nature of the substituents on the epoxide
ring.

However, there is currently little information on energies and
strain in epoxides with alkyl substituents. Gas-phase heats of
formation (AH;) are known for oxirane, methyloxirane, and
some simple cyclic epoxides,”* though some of these data have
high uncertainty. AH; have not been measured for compounds
as simple as cis- and trans-2,3-dimethyloxirane. Isodesmic-type
reactions® are commonly used to obtain strain energies. This
type of analysis relies on the availability of either AH; or high-
quality calculations.

An extreme example of the influence of structural variation
on epoxide reactivity is the competing mechanisms of base-
induced isomerizations of epoxides.® Most epoxides react with
bulky lithium amides via S-elimination, to generate the allylic
alcohol. However, in epoxides presumed to have greater strain,
such as cyclopentene oxide and cyclooctene oxide, the
bridgehead ring protons are more acidic, and under the same
reaction conditions, a-elimination to a carbenoid intermediate’
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The chemistry of aziridines has expanded greatly in recent
years." However, only the AH; of aziridine itself is known,” and
as such the influence of substituents on the enthalpy and strain
of aziridines is not well quantified. Unlike epoxides, aziridines
treated with strong bulky base favor a-deprotonation over f-
elimination, when nitrogen is substituted with anion-stabilizing
substituents.® Experimentally, B-elimination has been observed
in few cases, such as when a-protons are not present.9 The
enhanced a-deprotonation of aziridines may be due to greater
strain.

In this study, a combination of experiment and theory is
presented that will expand our knowledge of epoxides. The
experiments include reaction calorimetry and ebulliometry,
which ultimately allow AH; to be determined. Reaction
calorimetry has been carried out to determine the heat of
reducing simple epoxides to the corresponding alcohols.
Lithium triethylborohydride is an ideal reducing agent; the
reaction is rapid at room temperature and gives a quantitative
conversion to a well-defined product.10 In addition, only one
hydride is available on the reducing agent. This method has
been used previously in a calorimetry study in which aldehydes
and ketones were reduced to alcohols.' The AH; of the
product alcohols are well-known, allowing the epoxide AH; to
be obtained from the heat of reduction. Including heats of
vaporization (AH,) provides gas-phase results. While combus-
tion calorimetry can also be used to obtain AHj, the technique
has drawbacks. Combustion energies tend to be large, on the
order of hundreds if not thousands of kilocalories per mole.
As such, even highly precise combustion measurements can
have large absolute uncertainty. Reaction energies tend to be
much smaller, 20—50 kcal mol™!, and smaller error can be
obtained. In addition, a variety of computational methods are
used to model the reduction enthalpies, some methods with
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significantly better success than others. Comparisons to sub-
stituted cyclopropanes, alkenes, aziridines, and other hetero-
cycles are also made, and the influence of substituents on the
stability and strain energies of the various compounds is
discussed.

B RESULTS AND DISCUSSION

Experimental Studies: Reaction Calorimetry. In the
reaction calorimetry experiment, the enthalpy of reaction is
determined for the process in which the pure liquid epoxide
substrate reacts with lithium triethylborohydride in solution to
form the lithium salt of the alcohol, in solution (AH,;, eq 1).
In a second measurement, the pure liquid alcohol is dissolved in
the reaction medium containing the reducing agent, producing
the same solvated lithium salt of the alcohol, plus H, (AH,,,
eq 2). Subtracting eq 2 from eq 1 yields the condensed-phase
heat of reduction (AH,4) of pure liquid epoxide to pure
liquid alcohol. Lithium triethylborohydride is known to give
quantitative reactions with epoxides,'® with Markovnikov regio-
selectivity.'” The reaction is generally rapid at 25.1 °C, the
temperature at which the calorimetry experiments were carried
out. Triethylene glycol dimethyl ether is used for the solvent; it
is high boiling so that the generation of H, does not cause
solvent to evaporate significantly, which would affect the
measured heat of reaction with the alcohol. Heats of reduction
of simple aldehydes and ketones to alcohols have previously
been determined by reaction calorimetry using this LiEt;BH
method."" The literature value for the liquid-phase reduction of
acetone to 2-propanol is —16.43 + 0.10 kcal mol™,"" and this
was reproduced in this study, —16.30 =+ 0.12 kcal mol™". Table 1
presents the results of the calorimetry experiments, each number
representing the average of at least four measurements.

Ethyloxirane and cis- and trans-2,3-dimethyloxiranes reduce
to 2-butanol, and 2,2-dimethyloxirane reduces to tert-butyl
alcohol. The condensed-phase AH; of the epoxides are also
tabulated, determined from the AH,.4 and the known AH; for
the alcohols.”

The AH; obtained for methyloxirane in this study matches
the literature value. However, the values for ethyloxirane are
significantly different. The literature value' here is likely to be
in error; this study reported AH; for oxirane and methyloxirane
that are also 4—S5 kcal mol™' more exothermic than the

accepted literature values. Further, high-level computational
results (vide infra) agree with our value and the accepted
literature values for oxirane and methyloxirane. The reductions
of cis- and trans-2,3-dimethyloxirane and the deprotonation
reaction of tert-butyl alcohol were slower than the ideal 30 min,
leading to greater uncertainty in the measurements. Also, fert-
butyl alcohol is a solid at 25 °C, and the heat of melting is
complicated, with several distinct crystalline transitions
occurring around room temperature.'* As such, the calorimetry
experiments for this compound were carried out for liquid tert-
butyl alcohol at 26.1 °C. The error introduced with this 1 °C
deviation from standard conditions is expected to be minor and
less than the uncertainty due to the phase transitions of the
solid and is ignored.

The gas-phase epoxide AH;and AH, 4 can be obtained when
AH, are known (Table 2). The epoxide AH, were determined

Table 2. Heats of Vaporization and Gas-Phase Enthalpies of
Formation and Reduction (kcal mol™)

epoxide AH, AH (g) AH, 4 (g)
methyloxirane 6.67 £ 0017 =229 +02 —422+02
ethyloxirane 7.98 £ 0.3 -278 £ 04  —422 £ 0.5
cis-2,3-dimethyloxirane 811+ 03 -31.6 £ 05 —384+0.5
trans-2,3-dimethyloxirane ~ 7.90 + 0.3 -334+£07 —366 07
2,2-dimethyloxirane 7.39 + 0.3 —334 + 0.6 —41.3 + 0.6

“Reference 2.

by ebulliometry. Here, the boiling point is measured at a variety
of pressures. The data are fit to the Clausius—Clapeyron equa-
tion and corrected to 25.15 °C as previously described."® The
AH,, (g) were calculated from the epoxide AH; (g) and
alcohol AH; (g) from the literature.” A comparison of the AH;
(g) of the isomeric epoxides allows their relative stability to be
determined. The stability trend is the same as in alkenes, with
the gem- and trans-dimethyl epoxides as the most stable and the
monosubstituted isomer as the least stable. These results will be
discussed in more detail below and will be compared to other
functional groups.

Calculated Heats of Reduction, Heats of Formation,
and Substituent Effects. A series of calculations has been
carried out to identify the most reliable methods for predicting

o oLi
, —
) + L1Et3BH(Solyn) (sol'n) Et;B(sorm) AH, Eq. 1
OH OLi
_ —_—
o+ LiEtBHomm) (sol'n) Et;Bory +Ha AHp Eq.2
Table 1. Condensed-Phase Enthalpies of Reduction and Formation of Epoxides (kcal mol™")
epoxide AH, AH,, AH, 4 (1) AH; (1) AH; (1), lit.”
methyloxirane —53.463 + 0.086" —6.992 + 0.031 —46.47 + 0.09 —29.55 + 0.15 —29.30 £+ 0.15
ethyloxirane —52.707 £+ 0.216 —6.636 + 0.104 —46.07 + 0.24 —35.80 + 0.33 —40.46 + 0.62
cis-2,3-dimethyloxirane —48.812 + 0.291 —6.636 + 0.104 —42.18 + 031 —39.69 + 0.39
trans-2,3-dimethyloxirane —47.185 £ 0.591 —6.636 + 0.104 —40.55 + 0.60 —41.32 + 0.64
2,2-dimethyloxirane —46.320 + 0.230 —1.235 +£ 0371 —45.08 + 0.44 —40.78 + 0.48

“Reference 2. "Uncertainties are twice the standard deviation from the mean.
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Table 3. Gas-Phase Enthalpies of Reduction (kcal mol™")

AH, 4 (g) this RHF/ MP2/  B3LYP/ B3LYP/ CBS- CBS-
study AH, 4 (g) lit.” AM1 321G 6-31G*  6-31G* 6-311++G** QB3 G2 G3 APNO
Epoxides
oxirane —43.66 + 0.17 —43.9 —55.7 —34.2 -39.1 —43.4 —41.9 —42.2 —43.2 —43.4
methyloxirane —422 + 02 —42.49 + 0.20 —43.0 —54.8 —36.1 -37.3 —41.8 —41.2 —41.5 —42.4 —42.6
cis-2,3-dimethyloxirane —384 + 0.5 —42.3 —52.1 -31.9 —33.0 —37.5 —37.1 —37.6 —383 —384
trans-2,3-dimethyloxirane —36.6 + 0.7 —41.5 -50.3 -30.4 -31.6 -36.0 -35.9 -36.3 -37.0 -372
2,2-dimethyloxirane —41.4 + 0.6 —40.0 —54.4 -354 -35.5 —40.1 —40.5 —40.9 —41.7 —41.9
ethyloxirane —422 + 0.5 —422 —54.8 =359 —37.1 —414 —41.1 —414 —-42.3 —42.4
mean error, epoxides 1.9 12.9 6.8 S.1 0.7 11 0.8 0.3 0.3
Alkenes
propene —29.71 £ 0.21 -19.0 —34.7 -30.8 —31.6 —28.5 -29.1 —29.6 —29.6 —30.6
cis-2-butene —28.50 + 0.26 —15.6 -34.0 -29.2 —29.2 —26.5 —27.8 —282 —284 -29.2
trans-2-butene —27.37 + 024 —15.6 -32.3 -27.6 -27.8 -25.5 —26.5 —26.8 -27.1 —-28.0
2-methylpropene —28.15 + 0.20 —16.4 =335 —28.8 —28.5 —26.0 -27.3 —25.7 =279 —28.8
1-butene —30.16 + 0.21 —-19.3 —34.6 -30.8 -31.7 —28.6 —-29.3 —29.4 -29.7 =30.7
mean error, alkenes 11.6 5.0 0.7 1.0 1.8 0.8 0.8 0.2 0.7
mean error, all 6.3 9.4 4.0 33 12 1.0 0.8 0.3 0.5

“Reference 2.

gas-phase reduction enthalpies of epoxides to alcohols, by
comparison to the experimental results (Table 3). In these
calculations, the geometry was optimized at each level of theory
studied. Table 3 also compares calculated alkene reduction
enthalpies to experimental values determined using AH; (g)
from the literature.” The best computational method is then
applied to additional functional groups, such as simple
aziridines that are difficult to obtain in pure form, making
experimental studies difficult.

In several cases, the molecules of interest have multiple
low energy conformations, within 3 kcal mol™! of the global
minimum. The conformational profiles of these molecules were
explored, and the tabulated enthalpies reflect contributions of
the various conformers based on a Boltzmann distribution. The
effects of including these higher-energy conformations can be
significant. For example, nine conformations of 2-butanol were
considered, and the weighted enthalpy is 0.36 kcal mol™
greater than the global minimum, at the CBS-QB3 level of
theory.

A review of the results in Table 3 suggests that G3 and CBS-
APNO are the most reliable methods for modeling epoxide
reductions. Similarly, G3 and CBS-APNO work best for alkene
reductions. In a recent study of alkene and carbonyl reduc-
tions, Wiberg concluded that CBS-APNO, G4, and W1PW
methods best reproduce experiment.'® The energies of reac-
tions involving H, are difficult to calculate accurately. The bond
in H, is significantly different than other bond types, so defects
in a computational model do not cancel out as well as when
bond types in the reactants and products are more closely
matched. It is thus not surprising that many of the methods
agree poorly with experiment. The commonly used AMI
method is within ~S kcal mol™ on the epoxide reduction
enthalpies with a mean error of 1.9 kcal mol™, but consistently
over 10 kcal mol™" off for the alkene reductions. The B3LYP/
6-31G* method also does a poor job reproducing the epoxide
reduction enthalpies. However, B3LYP/6-31G* performs much
better on the alkene reduction enthalpies, generally within
2 keal mol™ of experimental values. Problems with the B3LYP/
6-31G* method have recently been attributed to the way
London dispersion forces and basis set superposition error are
treated; the B3LYP-D3 and B3LYP-gCP-D3 methods address
these issues."”
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The relative enthalpies of the isomeric epoxides and alkenes
were also considered, as shown in Table 4. More methods
compare favorably to experiment: MP2/6-31G*, CBS-QB3, G2,
G3, and CBS-APNO. Both density functional methods used, as
well as AM1 and RHF/3-21G, still do not perform as well.
Gas-phase AH; are available for the thiiranes™ and are also
included in Table 4. These experimental data do not agree with
any of the computational methods. The best computational
methods found for epoxides and alkenes tend to converge on
the same values for the thiiranes, suggesting that the calculations
are more likely correct than the experimental data. Liebman and
Greenberg have previously noted that the experimental data for
thiiranes are likely to be in error.'®

It is also of interest to compare substituent effects on other
functional groups for which experimental data are not available.
The G3 data are used, given the good results with this method
as shown in Tables 3 and 4. Note that CBS-APNO methods
cannot currently be applied to third-row atoms. Figure 1 shows
the influence of substituents on the relative stabilities of
epoxides, alkenes, cyclopropanes, and aziridines as determined
using G3 calculations. In some of the aziridines, the NH group
can be either anti or syn to the alkyl substituent(s). The
inversion barrier at the aziridine nitrogen is known to be on
the order of 20 kcal mol™’; the stereoisomers interconvert at
room temperature,”"” so the values tabulated reflect the energy
weighted average determined by Boltzmann distribution.

In all cases, the gem-dimethyl isomer is most stable, and the
relative enthalpies in Figure 1 are compared to that isomer.
Substituents have the greatest influence on epoxide enthalpies,
with a range of S kcal mol™". Substituents have less impact on
the relative enthalpies of the alkenes and cyclopropanes. Figure 1
also shows the relative enthalpies of the phosphiranes and
thiiranes. The barrier to invert phosphorus is significantly greater
than nitrogen,20 and results for the configurationally stable, lower
energy anti structures are shown.

It has previously been observed that methyl substituents
stabilize cyclopropanes; the unusually strong C—H bonds are
replaced with strong C—C bonds.”' In contrast, the stabilization
of alkenes by alkyl substituents has been attributed to the
electron-donating capacity of the alkyl groups, through orbital
mixing of the substituent C—H bonds with the 7* orbital of the
alkene.”> We have explored whether similar hyperconjugation

dx.doi.org/10.1021/j04002867 | J. Org. Chem. 2013, 78, 43034311
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Table 4. Relative Gas-Phase Enthalpies of Epoxides, Alkenes, and Thiiranes (kcal mol™")

AAH; (g) RHF/ MP2/ B3LYP/ B3LYP/ CBS- CBS-
this study ~ AAH; (g) lit®  AM1 321G 6-31G* 6-31G* 6-311++G** QB3 G2 G3 APNO
Epoxides
cis-2,3-dimethyloxirane 1.8 £ 0.8 -0.92 1.73 1.84 0.67 0.63 1.60 1.82 1.67 1.49
trans-2,3-dimethyloxirane 0.0 + 04 -1.79 —0.12 0.32 —0.78 -0.77 0.38 0.53 0.40 0.30
2,2-dimethyloxirane 0.0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ethyloxirane 5.6 £0.7 -1.07 4.38 5.87 4.78 4.61 5.55 560  S.61 548
mean error, epoxides 3.7 0.5 0.2 0.9 1.0 0.2 0.2 0.2 0.2
Alkenes
cis-2-butene 240 + 0.25 -2.09 231 2.71 1.79 1.81 2.64 291 2.70 2.57
trans-2-butene 127 + 0.23 —2.08 0.64 1.07 0.34 0.48 142 1.54 1.39 1.36
2-methylpropene 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
1-butene 4.06 + 0.20 1.63 291 4.25 4.27 3.84 4.13 4.10 4.02 4.13
mean error, alkenes 3.4 0.6 0.2 0.6 0.5 0.2 0.3 0.2 0.1
mean error, epoxides and 3.6 0.5 0.2 0.7 0.8 0.2 0.2 0.2 0.2
alkenes
Thiiranes
cis-2,3-dimethylthiirane 0.00 + 0.71 —0.94 1.78 2.03 0.77 0.81 1.79 1.96 1.86
trans-2,3-dimethylthiirane —1.84 £ 0.71 —-1.93 0.21 0.47 -0.70 —0.69 0.57 0.61 0.58
2,2-dimethylthiirane 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ethylthiirane -1.05 8.25 6.73 4.00 3.46 3.72 3.72 3.79
mean error, thiiranes 0.5 1.9 22 1.0 1.0 2.1 22 2.1
“Reference 2.
6
] C3/_\02”"\“H orMe X =CH, O,NH, S, PH
4 Hgauche\\C“{ Hgauche
3 m trans-dimethy| |
2 cis-dimethyl Hant
1 +— = ethyl Figure 2. Structural features used in Tables S and 6.
o
& & & & & & best alignment for hyperconjugation, does in fact have a slightly
& » Q«°’D ,(,«‘S;\& & ,,&‘@ elongated bond, compared to the two C—H that are gauche,
& § but again the effect is quite small, on the order of 0.001 A.

Figure 1. Relative enthalpies, compared to gem-dimethyl isomer, kcal
mol™!, G3 calculations.

or bond strengths account for the differences observed for
the various heterocycles, using a combination of calculated
geometries and charges obtained using the Natural Population
Analysis”»** methodology. The calculated structures and
charges (Tables S and 6) suggest that only a weak hyper-
conjugation may occur if any. If hyperconjugation were to
occur, one would expect alkyl substitution to cause the C—X
bond to lengthen, the C2—C,,, bond to shorten, and the
Ciethy—H bond to lengthen. Also, one would expect the charge
on X to become more negative, and the charge to become more
positive on the hydrogen in the alkyl substituent that is
antiperiplanar with respect to the heteroatom. Figure 2 defines
the relevant structural features.

In the epoxides, the C—O bond lengthens slightly from
1.437 A in oxirane to 1.446 A in 2,2-dimethyloxirane. The effect
is small but consistent with hyperconjugation. Similarly, the
charge on oxygen becomes slightly more negative with each
additional alkyl substituent. However, the bond between the
ring carbon and the methyl carbon is actually longer in the 2,2-
dimethyloxirane compared to the other substituted compounds,
but this may be due to steric crowding. The C—H bond in the
methyl substituent that is antiperiplanar to the oxygen, with the
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Hyperconjugation is thus not a major source of stabilization
due to alkyl substitution.

The charge on the ring carbons changes significantly with
alkyl substitution, going from —0.104 in oxirane to +0.086 in
2-methyloxirane, to +0.252 in 2,2-dimethyloxirane, a trend
expected when the number of attached hydrogens decreases.
In the case of epoxides, the destabilizing electrostatic interaction
between the negative oxygen and the negative ring carbon in
oxirane becomes a stabilizing interaction between the negative
oxygen and a positive ring carbon with alkyl substitution. However,
with this greater electrostatic stabilization, one might anticipate the
C—0O bond to shorten, and this is not observed. The influence of
the methyl substituent on the ring carbon charge also leads to a
greater electrostatic stabilization between the positively charged ring
carbon and the negatively charged substituent carbon.

Similar but weaker trends are observed in the aziridines. The
nitrogen does not exert as strong an inductive effect on the
adjacent carbon, and the aziridine ring carbons with sub-
stituents are not as positive as in the epoxides. As such, the
electrostatic stabilization of the negatively charged substituent
carbon with the ring carbon is not as important a factor, but
rather there is a decrease in destabilization due to two adjacent
atoms with negative charge. Thus the polarization due to the
oxygen and nitrogen atoms leads to stabilization between the
ring carbon and both the heteroatom and the substituent
carbon.

dx.doi.org/10.1021/j04002867 | J. Org. Chem. 2013, 78, 43034311
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Table 5. Selected Structural Features, MP2(full)/6-31G(d) Optimization in G3 Calculation

r(X-C2), A r(X-C3),A r(C2-C3
oxirane 1.437 1.463
methyloxirane 1.441 1.441 1.464
2,2-dimethyloxirane 1.446 1.444 1.466
trans-2,3-dimethyloxirane 1.445 1.465
cis-2,3-dimethyloxirane 1.444 1.469
2-ethyloxirane, global min 1.443 1.441 1.464
cyclopropane 1.501 1.501
methylcyclopropane 1.502 1.505 1.502
gem-dimethylcyclopropane 1.503 1.508 1.503
aziridine 1.472 1.479
2-methylaziridine, NH anti to Me 1.472 1.476 1.479
2,2-dimethylaziridine 1.475 1.481 1.480
thiirane 1.814 1.479
2-methylthiirane 1.822 1.818 1.479
2,2-dimethylthiirane 1.831 1.821 1.479
phosphirane 1.866 1.488
2-methylphosphirane, PH anti to Me 1.873 1.870 1.486
2,2-dimethylphosphirane 1.879 1.875 1.487

), A

(Cye—H), (Cye—H) C—X-C,
r(C2—Cy), A anti to X, A gauche, A deg
61.2
1.500 1.094 1.092 61.1
1.093
1.508 1.095 1.092 60.9
1.094
1.500 1.094 1.092 60.9
1.093
1.501 1.094 1.090 61.1
1.093
1.501 1.097 1.095 61.0
60.00
1.507 1.094 1.095 59.9
1.094
1.509 1.096 1.094 59.9
1.096
60.3
1.502 1.094 1.092 60.2
1.094
1.508 1.095 1.095 60.1
1.506 1.092 1.095
48.1
1.505 1.095 1.093 47.9
1.093
1.510 1.096 1.092 47.0
1.094
47.0
1.509 1.095 1.094 46.8
1.093
1.511 1.097 1.094 46.7
1.514 1.094

The charges in the thiiranes and phosphiranes are completely
different. Here, the heteroatoms are positively charged, and
in the parent heterocycles, the ring carbons are even more
negatively charged than in cyclopropane. In these compounds,
the ionic stabilization between the heteroatom and the adjacent
ring carbon actually decreases with alkyl substitution; the
substituent effect thus appears to occur because the substituent
carbons repel the ring carbons less.

Strain Energies. Strain energies are a useful way to
compare energies of compounds that are not isomers, and they
reveal the energetic cost associated with deforming a molecule
away from ideal structural parameters.”® For the compounds of
interest to this study, only cyclopropane has a commonly
accepted strain energy, 27.5 kcal mol™.*® Isodesmic and related
reaction types> are often used to determine strain energies.
These hypothetical reactions are useful in computational
studies because many systematic errors cancel out since the
number and type of each bond is the same for the reactants
and the products. Most commonly, strain energies are
obtained using equations in which all but one compound is
strain-free; here, the AH,, is the strain energy. It is also
possible to use the equations when all but one compound
has known strain energy. In this case, the AH,, is the
difference in strain between reactants and products. The
AH,,, can be quite dependent on the reference compounds
chosen for comparison, as recently detailed by Wheeler,
Houk, Schleyer, and Allen.” The analysis below presents a
variety of equations.
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First, the strain energies of the parent epoxide and related
heterocycles were determined. Two separate reactions were
used, eqs 3 and 4, and giave similar results as shown in Table 7.
Enthalpies calculated using the G3 method are used in the
analysis as above and are compared to experiment when
appropriate AH; are available.” For molecules with more than
one conformation, only the lowest energy conformer was used
in the strain analysis.

The reactant heterocycles in eq 3 may have strain them-
selves; this strain can be determined using eq 5, where all
molecules except the heterocycle are considered to be strain-
free. The strain energies of the 1,4-diheterocyclohexanes were
thus calculated to be 4.1 kcal mol™ for X = O; 0.9 keal mol™!
for X = NH; —1.7 kcal mol™ for X = S; —2.1 for X = PH.
These compare favorably to strain energies determined by Cox
using an additivity scheme: 4.0 kcal mol™ for X = O and
0.0 keal mol™ for X = NH.*® Interestingly, the more stable
conformation where X = PH has the P—H in the axial positions,
with the unshared pairs of electrons in the equatorial positions.

The strain energies of oxirane and aziridine are comparable
to that of cyclopropane, as has been known for quite some
time. Cox reported strain energies based on additivity to be
27.5 keal mol™" for cyclopropane, ~28 kcal mol™" for oxirane,
and ~23 kcal mol™" for aziridine.*® Using an updated AH for
aziridine,” its strain becomes 26.7 kcal mol™". Also using an
additivity scheme, Benson found the strain in oxirane to be
26.8 kcal mol™'*” There are several offsetting factors. The
number of destabilizing torsional interactions between adjacent

dx.doi.org/10.1021/j04002867 | J. Org. Chem. 2013, 78, 43034311
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Table 6. Selected NPA Atomic Charges, MP4/6-31G(2df,p), from G3 Calculation

X Cc2 C3 Che H,.4 Hgauche Hon X
oxirane —0.610 —0.104
methyloxirane —0.619 0.086 —0.098 —0.673 0.226 0.231
0.229
2,2-dimethyloxirane —0.624 0.252 —0.089 —0.658 0.224 0.228
0.233
trans-2,3-dimethyloxirane —0.629 0.092 —-0.670 0.225 0.228
0.231
cis-2,3-dimethyloxirane —0.629 0.092 —0.673 0.226 0.227
0.232
2-ethyloxirane, global min —0.623 0.086 —0.093 —0.462 0.225 0.226
cyclopropane —0.457 —0.457
methylcyclopropane —0.453 —0.258 —0.453 —0.637 0.221 0.214
0.221
gem-dimethylcyclopropane —0.446 —0.083 —0.446 —0.626 0.219 0.219
aziridine —0.710 —0.267 0.382
2-methylaziridine, NH anti to Me -0.716 —0.071 —0.263 —0.652 0.220 0.228 0.383
0.224
2,2-dimethylaziridine —0.711 0.100 —0.255 —0.646 0.228 0.217, 0.233 0.378
—0.639 0.218 0.224, 0.222
thiirane 0.098 —0.543
2-methylthiirane 0.084 —0.337 —0.530 —0.653 0.225 0.231
0.234
2,2-dimethylthiirane 0.080 —0.152 —0.517 —0.641 0.222 0.236
0.231
phosphirane 0.500 -0.712 —0.075
2-methylphosphirane, PH anti to Me 0.487 —0.498 —0.701 —0.643 0.222 0.221 —0.072
0.230
2,2-dimethylphosphirane 0.493 —0.308 —0.687 —0.631 0.219 0.226 —0.075
—0.634 0.228
strain in thiiranes”® and phosphirane® are also well established;
Eq. 3 both thiiranes and phosphiranes have longer bonds and a

)2

VAN
—>A N~ Eq.4

+ 2\/X\/

— [j+ NN

methylene groups in cyclopropane is reduced in the hetero-
cycles. In addition, the ideal bond angle about a heteroatom is
smaller than for CH,, leading to reduced angle strain. However,
the strain calculated for cyclopropane is less than one might
expect due to the stabilization of the unusually strong C—H
bonds;*® there are fewer of these bonds to stabilize the hetero-
cycles. This idea has been demonstrated by Borden in a
comparison of cyclopropene and cyclopropane.”® The low
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smaller bond angle around the heteroatom.

The influence of substituents on the strain energies of the
various substituted compounds can also be determined using
isodesmic-type reactions. First, the substituted ring compounds
were compared to the corresponding substituted alkenes
(eq 6). Note that ethylene is often considered strain-free, but
other alkenes can experience olefinic strain that can either
increase or decrease molecular strain.”> However, the strain in
the reference alkenes is small and is ignored. The strain of the
parent heterocycles used in eqs 6 and 7 is the average of the
values obtained in egs 3 and 4. In egs 7 and 8, the heterocycles
are compared to cyclopropanes and require the strain energies
of the substituted cyclopropanes calculated in eq 6.

Alkyl substituents on epoxides and aziridines lead to greater
reduction in strain energies than cyclopropanes. As described
above, this is attributed to the influence of substituents on
the charge of the ring carbon. The stabilization in the thiiranes
is apparent but not nearly as pronounced as in epoxides.
Phosphirane strain does not appear to be influenced by alkyl
substituents.

The analysis detailed above utilizes the assumption that cyclo-
hexane is strain-free. This is not strictly true;** Bach has cal-
culated the strain energy in cyclohexane to be 2.2 kcal mol™' *°
using Bachrach’s group equivalent approach® and CBS-APNO
methodology. Bach has revised the strain energy in cyclo-
propane upward to 28.6 kcal mol™. This correction would
similarly increase all of the strain energies in Table 7 by 1.1 kcal
mol ™! but would not affect the trends.
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Table 7. Strain Energies of Cyclopropanes and Heterocycles Calculated Using Eqs 3—8, G3 Calculations (kcal mol™")

X X X X X
/ 3< /\ A %
X=CH; | Eq3:28.1 (27.5 expt) | Eq 6: 28.2 Eq 6:28.2 Eq 6:28.2 Eq6:27.4
X=0 Eq 3:27.7 (27.3 expt) | Eq 6: 23.0 Eq 6: 22.0 Eq6:21.9 Eq6:24.4
Eq4:27.1 (27.4 expt) | Eq 7: 23.0 Eq7:22.1 Eq7:22.0 Eq7:244
Eq 8:22.7 Eq 8:21.7 Eq 8:21.6 Eq 8:24.1
X=NH | Eq3:28.0 Eq 6:25.5 Eq 6: 24.9 Eq 6:24.2 Eq 6: 25.6
Eq4:27.5(27.1 expt) | Eq 7: 25.6 Eq7:24.9 Eq7:24.2 Eq7:25.6
Eq8:25.2 Eq 8:24.6 Eq 8:23.9 Eq8:25.3
X=S8 Eq 3:18.2 Eq6: 16.1 Eq6:15.3 Eq6:15.2 Eq6: 15.6
Eq4:17.6 Eq7:16.1 Eq7:15.3 Eq7:15.2 Eq7:15.6
Eq8:15.8 Eq 8:15.0 Eq 8: 14.9 Eq8:15.3
X=P Eq 3:20.0 Eq 6: 20.5 Eq 6:20.4 Eq 6:20.4 Eq6: 19.1
Eq4:19.4 Eq7:20.5 Eq7:204 Eq7:204 Eq7:19.1
Eq 8:20.2 Eq 8:20.1 Eq 8:20.1 Eq 8: 18.8
X To avoid the potential issue with strained reference com-
+ pounds, eqs 9 and 10 are proposed, where the only strained
RV N/R,
Rz R3 °
R R, AR; + 2 ——OH
X X=CH,O, Eq.6 R 5
+ NH, S, PH ! z
R3 Rs R
R, Rs
X — > /O\+ )\ + >< Eq.9
AR + A OH OH
R \\\\\\\ D ///R
1 i ke 4 o
X / \ Ry
— + Eq 7 R1 R2
R1\\\\\\ & 4
Rz Rs X =0,NH, S, PH i Ry Rs
X — )\ >< Eq. 10
+ /\/\ o
W ty compound is the heterocycle. e strain energies for oxirane
Y N\, pound is the heterocycle.*> Th gies f
Ry Rs and the substituted epoxides are shown in Table 8. The strain
energy in oxirane is similar to that calculated in the equations
Eq.8 above. However, the substituent effects on the epoxid
- > . ) poxides are
. , N X/\ significantly smaller when using eq 9. Note that while the
R1\\\“\ "’//R4 X =0,NH, S, PH groups are well balanced in eq 9, the carbon—carbon bond
R; Rs types are not. For oxirane itself, the reactants have CH;—CH,
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Table 8. Strain Energies of Epoxides Calculated Using Eqs 9 and 10, G3 Calculations (kcal mol ™)

o o) o) o} O
Eq. 9 27.8 (27.5 expt) 26.3 26.2 27.5 27.0
Eq. 10 28.1 (27.4 expt) 23.8 24.5 25.8 26.3

and CH,—CH, bonds that are matched by two CH;—CH,
bonds in the products. This becomes a more significant
mismatch in bond strengths when the epoxide is substituted.
Modifications of eq 9 can be made to address this problem;
however, the complexity of the reactant alkane and product
alcohol(s) rapidly increases. Equation 10 also experiences the
same type of differences in C—C bond types as seen in eq 9, yet
the results are more similar with those obtained above. The
choice of reference compounds in determining strain energies is
clearly important, as has been known for some time.

Part of our motivation in undertaking this study is to
understand the difference in the behavior of epoxides compared
to aziridines in the presence of strong base. As noted above, the
strain in oxirane and aziridine is about the same. Simple alkyl
substituents decrease strain in both groups, but more so for the
epoxides. We have also calculated strain energies in cyclo-
pentene oxide and cyclohexene oxide and the corresponding
aziridines, using eq 7. The strain energies of the bicycloalkanes
are taken from the literature.”> The calculated strain energies
of cyclopentene oxide and cyclohexene oxide are 21.8 and 19.5
keal mol™!, respectively, while those of the corresponding
aziridines are 24.3 and 22.5 kcal mol™". The higher strain in all
of the aziridines and cyclopentene oxides is reflected in their
propensity to undergo deprotonation at the a-position rather
than f-elimination, as observed experimentally.

B CONCLUSIONS

A combination of experiment and theory has been used to
study the thermochemistry of epoxides and related compounds.
Heats of reduction of four isomeric butene oxides are reported,
and heats of formation of the epoxides in the liquid and gas
phases are derived. The substituent trend in epoxides is the
same as in alkenes, but epoxide relative energies vary more with
substitution. Strain energies of the epoxides and related hetero-
cycles are reported as well. The G3 and CBS-APNO computa-
tional methods best reproduce the experimental data. The
computational results suggest that in epoxides bond strengthen-
ing due to greater electrostatic attractive interactions accounts
for the increased stability with alkyl substitution, rather than
hyperconjugation.

B EXPERIMENTAL SECTION

Sample Preparation. All epoxides and alcohols used in this
study are available from commercial sources and were purified by
fractional distillation or preparative gas chromatography in a fume
hood. The purity of the compounds used for calorimetry was >99.5%
as determined by capillary gas chromatography. Samples were vacuum
transferred from a drying agent (CaSO, for epoxides; 3 A molecular
sieves for alcohols) and flame-sealed under vacuum in preweighed
spherical glass ampules.*® The sample mass was determined using a
microgram balance, and mass was recorded to the nearest 0.000 001 g,
reproducible to +0.000 005 g.

Reaction Calorimetry. The procedure for the calorimetry experi-
ments has been described previously.>* Briefly, the reaction solvent,
triethylene glycol dimethyl ether, was purified by passing it through
a column of freshly activated alumina under argon. Approximately
150 mL of the solvent was transferred via cannula into the oven-dried,
argon-filled glass calorimetry vessel, which was already attached to the
calorimeter head, and into which the sample ampule had already
been placed. A commercially available 1.0 M solution of lithium
triethyl borohydride in tetrahydrofuran was added by syringe (4.7 mL;
0.0047 mol, 0.5 g LiEt;BH); this is a safer alternative than using the
highly flammable solid reducing agent.

A custom reaction calorimetry system was used for the measure-
ments. This is a largely modified Wads6-style submarine solution
calorimeter,>*** The airtight reaction vessel has been previously
described.* The data acquisition system uses LabView Version 8.6 on
a PC.Y7 The temperature was measured using a Hewlett-Packard
quartz thermometer, and the oscillations of the crystal over 10-s
intervals were counted using a National Instruments 6605 counter-
timer board. The oscillation frequency of the crystal is directly
proportional to temperature. The oscillation count was added to a
constant to give the temperature to the nearest ten-thousandth of
a degree, which was logged into a datafile. The analysis of the
temperature data using a FORTRAN program has been previously
described.*** The thermometer was calibrated against a water triple-
point cell at 0 °C.

For each reaction run, an electrical calibration is also carried out.
A 0.5 Q heater made of manganin wire was powered by a National
Instruments PXI-4130 power supply running at 100 mW for a set time
interval, allowing the heat capacity of the system to be determined.
Each reaction was repeated multiple times to obtain the uncertainty in
the measurement, which is reported as twice the standard deviation
from the mean, as suggested by Rossini.*®

Ebuillometry. The boiling point of the compound (>99.5% 5pure)
was determined at various pressures as described previously."> The
temperature was measured using a Hewlett-Packard quartz thermom-
eter, and the pressure was measured using a Wallace and Tiernan
gauge. The data were fit to the Clausius—Clapeyron equation, which
gives the AH, at the midpoint of the temperature range. The
procedure to correct to 298.15 K using the heat capacities of the gas
and liquid was previously reported,"® and in this study the correction
amounts to 0.1—0.3 kcal mol™". The C,s of the liquids were
determined using the additivity values proposed by Chueh and
Swanson.” The C,’s of several epoxide gases are known.* Gas-phase
C/s can also be obtained computationally. The B3LYP/6-31G*
calculated C,’s for the four butane oxide isomers, methyl oxirane, and
oxirane were scaled by 0.9613 and then converted to C,’s. In all cases,
the calculated C,’'s were lower than experimental values, and the
calculated values were used to estimate the values for ethyloxirane and
2,2-dimethyloxirane (Table S1 in Supporting Information).

Computational Studies. Most of the calculations were carried out
using Gaussian 09W.*® The structures were optimized at each level of
theory, and a frequency analysis was performed to verify that each
optimized structure was a minimum on the potential energy surface.
The energies were converted to enthalpies at 298 K using thermal
corrections. Scale factors used are RHF/3-21G, 0.9409; MP2/6-31G*,
0.9676; B3LYP/6-31G*, 0.9894;*" B3LYP/6-311++G**, 0.9877.% All
other thermal corrections are unscaled. If appropriate, the conforma-
tional search option in Spartan ‘08** was used to identify other low
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energy conformational isomers. Any conformers within 3 kcal mol™" of
the global minimum at the RHF/3-21G level of theory were calculated
at all levels of theory and were included in the calculated energies,
using a Boltzman distribution of conformers. Atomic charges using
the NPA method®>** were calculated during the G3 calculations, and
the tabulated charges are from the MP4/6-31G(2df,p) portion of the
calculation. The charges for oxirane were compared for each module of
the G3 calculation. The charges from the MP2(full)/ GTLarge calcula-
tion are significantly different than the rest and thus were not used.

B ASSOCIATED CONTENT

© Supporting Information

Reaction calorimetry data; vapor pressure—temperature data
from ebuillometry; heat capacities used in corrections to heats
of vaporizations; tabulation of calculated energies and thermal
energy corrections, or enthalpies; optimized geometries from
G3 calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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