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Abstract: Calculations at the MP2/6-31G*//MP2/6-31G* level show there are concerted asynchronous pathways
connecting protonated propene oxide and protonated propanal. With cleavage ef@eo@d of protonated propene

oxide, the preference for rotation of oxygen away from the more hindered face of the oxirane plane containing the
methyl group is quantified as 2 kcal/mol. This pathway involves two distinct steps; first, rupture of the oxirane and,
second, hydride migration. The latter does not commence until rupture oftetOnd is complete. The combination

of these two steps defines a concerted asynchronous rearrangement pathway. The reaction is predicted to show a
20:1 preference for migration of the prottnransto the methyl over theis.

Introduction yield carbonyl products in agueous solution by the spontaneous
] _ reaction pathway.

The rearrangement of oxiranes to carbonyl compounds, like  Acid-induced rearrangement of epoxides by alkyl, aryl, or
nucleophilic substitution at a saturated carbon, is represen'[ativc-}nydrogen migration was for many years considered to be a
of a reaction of fundamental importance in organic synthegis. concerted process. However, for epimeric pairs of exocyclic
Rearrangement can be catalyzed by proton or Lewis ‘acid, tertiary substituted epoxides, acid-catalyzed rearrangement
inducing a hydrogen, alkyl, or aryl atom to migrate between regy|ts in similar mixtures of epimeric aldehy8lesnsistent with
adjacent carbons in the carbonyl-forming step. Many arene g stepwise rearrangement involving the intermediacy of car-

oxides react in agueous solution by both spontaneous and acidygcations (Figure 1).

catalyzed pathways to give diols and pherfoli this latter

For each epimeric epoxide, where conformation is defined,

reaction the 1,2-hydride migration leading to an intermediate ¢,, example, by a 4ert-butyl group or by fusion to a second

cyclohexadienone is referred to as an “NIH shiftThis occurs
in nature, for example, in the biosynthesis of tyrogin®xiranes
sufficiently activated by substituent aryl and vinyl groups also

® Abstract published ifAdvance ACS Abstractdday 1, 1997.
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ring, a marginal preference for the aldehyde resulting from
inversion is observed,e. 4 from 1 and8 from 5. The forma-
tion, however, of aldehydé along with8 from 5 is evidence

for the intermediacy of a carbocation. A concerted hydride
migration from5 would give only8. The fact tha#4 is also
formed is consistent with the reaction proceeding at least in
part via a carbocation. On cleavage of the more substituted
C—0 bond, rotation about the 'c-CH,O bond in either
direction places a hydrogeanti to the original CG-O in a
geometry favorable for hydrogen migration. This necessarily
occurs before further rotation places a hydrogsm to the
original C—O bond. For example epoxide opens to6 and
rotation to7 (or the mirror image) occurs before formation of
3 (or the mirror image). Provided that the rate of bond rota-
tion converting7 to 3 is not rapid relative to hydride migration

a preference for formation & from 5 will be observed. By
the same argument, reaction bfvould be expected to give a
higher yield of4 than8. The extent of bias for the product of
inversion at C2 contains information about the relative rate of
rotation and hydride migration. For example, if rotation is fast
relative to hydride migration then both epimeric epoxides should
give an identical ratio of epimeric aldehydes, which is not
observed.
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Figure 2. Acid-catalyzed rearrangement of oxirane.
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Figure 3. Arene oxide rearrangement.

The migrating hydrogens @ in the rearrangement tb3 are
diastereotopic with respect to the proton on oxygen. However,
the symmetry of the catioril precludes differentiation in
hydrogens in the migration. In contrast, rearrangement of
protonated fluorooxirane was calculated (MP2/6-31G*//MP2/
6-31G*) to open to protonated aldehyde by two stereospecific

Ab initio calculations of the acid-catalyzed rearrangement of pathways involving carbocation intermediates.
ethylene oxide to acetaldehyde in the gas phase show protonated In contrast to the calculations for acid-catalyzed rearrange-

epoxide9 to be an energy minima on the potential energy
surface’ These early studies of the;@s0" potential energy
surface at the MP3/6-31G**//RHF/4-31G le¥ekuggested

ment of ethylene oxide, acid-catalyzed opening of benzene
oxide, styrene oxide, and analogous substituted epoxides in the
gas phase are calculated Bb initio methods to give carbo-

carbocatiorl1to be an intermediate to protonated acetaldehyde cations as energy minimfd. The rearrangement of these

13, A transition structurédlO betweer® and11 was identified
along with a small activation barrier frorhl to a transition
structure for rearrangement tb3. With the inclusion of
polarization functions in the basis set and incorporation of
electron correlation the energy @® falls below that of the
intermediatell. Thus although catiodl is predicted to be
stable with respect to cyclization #band with respect to a 1,2-
proton shift to protonated vinyl alcohol Radom et aliggested

epoxides is therefore considered stepwise. For the rearrange-
ment of benzene oxidd.§) to phenol (8), calculation? at the
MP2/6-31G*//RHF/6-31G* level of theory show the hydroxy-
cyclohexadienyl catiori6 to be an intermediate 13 kcal/mol
lower in energy than the protonated oxirdite The protonated
dienonel? resulting from ring opening ol5 followed by a

NIH shift is calculated to be 42 kcal/mol lower in energy than
15. The oxonium ionl5 was considered to be the transition

it was unlikely to be an observable species because of facilestate for the interconversion of the two otherwise identical

rearrangement by means of a 1,2-hydride shift3o

Later calculations at the MP2/6-31G**//HF/6-31&4and
MP2/6-31G**/IMP2/6-31G*° levels predict gas-phase unimo-
lecular ring opening of protonated oxira@éo lead to protonated
acetaldehyd@3via an activation barrier of 24.6 and 27.7 kcal/
mol, respectively, with no intervening minima. A transition
structure 11 was established with the C2 cation p orbital
orthogonal to the C2C1-0 plane. The imaginary vibration
exhibited a twist of the hydrogens on C2 and rotation of a
hydrogen on C1 into the plane of the p orbital of the cafion.
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Chem. Soc1981 103,1913.
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carbocation structures in which the HO group is located at
adjacent carbons. Carbocatidf could collapse to phenol by
proton loss from C1 or undergo a NIH shift, the latter being
favored (Figure 3). From studies of deuterium-labeled sub-
strates, it was shown that the NIH pathway is energetically
favored.

Carbocations rather than oxonium ions have been similarly
calculated to be intermediates in the rearrangement of mono-
hydroxy, amino, and vinyl oxiranes at the RHF/6-31G*//RHF/
6-31G* level of theoryt® For oxirane and the fluoro, methyl,
cyano, formyl, and formaldimino derivatives, bathti and the
synoxonium ions, which differ in energy by less than 2 kcal/
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7302.
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Figure 4. Schematic representation of acid-catalyzed rearrangement of propene oxide.

reaction coordinate (IRC) paths, were derived from MP2/6-31G*
calculations using the GAUSSIAN %%suite of programs. Correlation
corrections to the level of G2(MP2) are being carried out on selected
stationary points of the potential energy surface.

Results and Discussion

The acid-catalyzed rearrangement of propene oxide to pro-
panal requires ring opening and hydrogen migration (Figure 4).
The extent to which the hydrogen is aligned with the developing
carbocation center for migration is a matter for investigation
and related to the nature of the potential energy surface defining
a concerted synchronous, concerted asynchronous or stepwise
rearrangement. This investigation addresses this question and
the location and importance of the structures enclosed in brackets
in the simplified scheme (Figure 4) on the potential energy
surface are assessed &l initio calculations.

Protonation of propene oxide can occur on either face of the
oxirane ring to give the stereoisomesgnand anti oxonium
ions 19 and 21. At all levels of theory thesyn coordinated
Figure 5. In_tramolecular int_erconversion c_)f stereoisomeric protonated gxonium ion19 was found to be marginally higher in energy
propene oxides. (Dashed lines refer to dihedral angles@2t-O4— than theanti oxonium ion21, at the MP2/6-31G* level of theory
H11 for 19 and20 and H7-C2~04~H11 for 21) by 0.2 kcal/molt* Protonation of propene oxide is expected
. to be reversible and the diastereomers most likely intercon-
mol, are calculated to be more stable than the correspondlngvert in this way. However, an intramolecular transition struc-

carbocations. In previous worlsyn and anti oxonium ions .0 50 has been established 16.9 kcal/mol higher in energy
have been referred to as invertom&sThe corresponding than21.

carbocations are intermediates but are consistently higher in
energy than the protonated epoxides. (13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
We now report calculations on the proton catalyzed rear- Johnson, B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G.

rangement of propene oxide in order to define in detail the C';g"‘.’”g’rgg‘egy’\‘/]'.A,g;()'feasgﬁgr\]’a%hag'.Kc';i(fsll'(';fvgﬁf"JM'SAtgf;?g\rlzeé"sg’.

potential energy surface for the more important regions of the Nanayakkara, A.; Challacombe, M.; Peng, C. Y.: Ayala, P. Y.; Chen, W.;
rearrangement process. Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
. Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion B.1 Gaussian,
Computational Methods Inc., Pittsburgh PA, 1995.
. . . . (14) Similar results have been noted by Geé?dé who reported
Exploratory calculations were carried out at semiempirical (AM1 ¢ the inclusion of electron correlation at the MP2/6-31G*//RHF/6-31G*
and Hartree-Fock (3-21G, 6-31G*) levels. All results reported here, |evel does not change these small energy differences to any appreciable
including optimized structures, vibrational frequencies, and intrinsic extent.

keal/mol

19 21
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Figure 6. Transition structures involved in the potential energy surface for ring cleavage of protonated propene oxide. (Dashed lines refer to
dihedral angles G1C2—C3—H5 and C2-C3—04—H11 for 22 and24 and C}+-C2—-C3—H6 and C2-C3—04—H11 for 23 and 25.)

Four transition structures involving ring cleavagel®&fand
21 have been established, each involving rupture of the more
substituted €O oxirane bond and rotation about the €
CH,—O bond. The energies of these transition structures are 25
within 3 kcal/mol. Importantly the calculations quantify the 17.7
preference for oxygen to rotate away from the methyl and relieve
the skew oxabutane interaction. Such rotation is favored by

ca. 2 kcal/mol (Figure 6}°
Three features of the structures are of particular note. The

first is the importance at the transition structure of CH
hyperconjugation from the methyl hydrogen in the plane of 21 4,
the carbocation p orbital. This CH is bent toward the carbo-

cation and the H18C1—-C2 angle in25is 96°. Furthermore }\{
the CH bond is extended in length (1.129 A). Similar but less

marked effects are observed in the other three higher energy

transition structures. The second feature of note is that at the keal/mol 1168
transition structures the optimized bond angles{C3—H6 ) o . ) )
angles are 10911C° and the C+C2—C3 angles 122126, Figure 7. Intrinsic reaction coordinate relatirfl and 26.
respectively) suggest that C2 and C3 are essentiaflyasd
sp® hybridized!® Finally of note is that CBI6 has not started
to migrate at the transition structures nor is the-E®% bond
aligned with the carbocation p orbital, the €C2—C3—H6

26

A movie file, available as Supporting Informatiéhgraphi-
cally shows the discrete stages of the reaction. Analysis of the
reaction trajectory reveals two major distinct and interdependent
dihedral angles being some 280° from the plane of the processes. first, rupture of the oxirar}e af?d sepond, hly.dride
carbocation p orbital migration. The _overaII reaction profile via this transition
) ) ) . structure is consistent with an asynchronous concerted rear-
In view of the large structural differences between transition rangement elaborated in some detail below.
structures, reactants and products, IRC paths were determined |4 \ariation of the C+H10 bond length, H18C1-C2
to establish connectivities. The most favored pathway for ring 54 angle, and the HXC1—-C2—C3 torsional angle with
cleavage involves transition staBb. It seemed pertinent ©0  reaction coordinate are shown in Figure 8. In the very early
study this pathway in some detail. An intrinsic reaction giaqes of reaction, before any other changes are observed, the
coordinate calculation (IRC) was performed at the MP2/6-31G* methy| begins to rotate to bring the €H10 bond into
level and showed the transition structure to collapse to proto- glignment with the developing carbocation center at C2 as shown
nated epoxid@1 and protonated aldehyde in conformat®®  py the variation in the torsional angle H+@1—C2—C3 with
(Figure 7). reaction coordinate. This dihedral angle reaches a minimum
=T T . o than botwasrand 2L which of 96° at the transition structure. The importance of hypercon-
reﬂ(ect)s thg r?)r/]grrggenl a?(r)lral?cc%rll?iggurreaiigrr] inat?le t?NO di:;rt]ereon\gverlsc. Jugation ',Dy a methyl hydrogen in stabilizing ,the, transition
(16) However the size of the GL3-H6 and CC2—C3 angles structure is shown by the HXC1 bond length which is longest

may very well be an artifact of the difference in mass and vdw between H
and C. (17) See Supporting Information.
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Figure 9. Oxirane ring rupture.
Figure 8. The importance of hyperconjugation.

o C2—C3—OH are planar. Structur29 is flanked by minima
and the H16-C1—C2 bond angle which is most compressed at yhere the eclipsing of the-60 with the adjacent CH is relieved
the transition structure. The demand for hyperconjugation at by a change in the torsional angle of. 2Surprisingly 29 is
the transition structure is consistent with the charge developmentcomputed at the MP2/6-31G* level to be higher in energy than
at C2 being greatest at this point in the reaction coordinate. 5g\ here the oxygen isis to the methyl. An IRC calculation

At the transition structure the oxirane ring has opened such g,5\vs the connection df9 via transition state€? to 28. A
. 2 R _ . )
thatl C2 and d'CS are r:assen.tla_lly (?Igggﬁ fggrldl(zjeg 1r_eégec surface betweeB8 and aldehyde has not been established. The
tively according to the oplimize —Hdan . importance of29 on the reaction surface was also difficult to

i bof‘d angles. With rupture of th(_e_epomde the_—CZ . elaborate but the structure optimized2@ shown by a dotted
angle increases so that at the transition structure this angle Sine in Figure 11
i .

102, just short of tetrahedral, and thereafter increases to tha . . .
An IRC calculation of transition structu4 shows it to be

for sp? hybridization as in protonated aldehyde (Figure 9). !
Concomitant with C2O bond rupture is rehybridization at C3  linked to aldehyde7 and protonated epoxid&l. The calcula-

to tetrahedral. A notable feature apparent in the plot of O3 tion failed before reaching the aldehyde and protonated epoxide
bond distance with reaction coordinate is that the double-bond Put had progressed sufficiently in each direction to establish
character of the protonated carbonyl is formed late in the this concerted asynchronous pathway betwzeand27. The
reaction coordinate, in a second step of the reaction profile. broken lines represent extrapolations based on the last geometry

The migration of hydride is late in the reaction coordinate reached. At each of the break points in Figure 11, the IRC
with the C3-H6 distance remaining constant well past the stage algorithm suddenly failed to optimize to the IRC path and
where the oxirane ring has ruptured. The transfer of hydride terminated abruptly with a bizarre extrapolation of the geometry.
coincides with a change in the hybridization at C2 fror tsp We speculate that the failure may be due to a bifurcation point,
sp?, which is reflected by the C3C2—-C1 and H6-C3-C2 i.e, a point where a zero force constant for a normal mode
angles (Figure 10). perpendicular to the IRC is encountered. Conformafi@rof

Two other stationary point28 and 29 were established on  the protonated aldehyde is computed to be 0.5 kcal/mol lower
the reaction surface (Figure 11). For both these structures C1 in energy that conformatior26, consistent with the known
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preference of a carbonyl to eclipse with aC bond in
Ca-He preference to a €H bond.
An IRC calculation for transition structu@8 showed it going
2.50 26 to 26 but the surface on the other side of the transition structure
2.00 was difficult to define because methyl rotation resulted in a
150154 25 mir_limum close to transition stag3 despite the fa_ct that at_omic
1.00 trajectories of23 along the normal mode with imaginary
0.50 frequency gave no evidence for this motion.
0.00 The lowest energy concerted reaction coordinate diagram
©® w0 N - T e 70 connecting21 and 26 via transition structur@5 summaries an
Reaction coordinate ' asynchronous but concerted reaction _surfan_:e for the acid-
catalyzed rearrangement of propene oxide (Figure 12).
The reaction surface is characterised by (i) methyl rotation
and ring opening which leads directly to the transition structure
C3.C2.C1 25, (i) preparation for hydride transfer stagee(the plateau),
(iii) hydride transfer itself at the rapid drop from the plateau,
} gg 21 25 (iv) a flat approach to a low energy conformation of protonated
120 aldehyde.
1 1(5) 26 Unlike a tertiary epoxide (Figure 1) the calculations show a
105
100
95

W N N

potential energy surface for rearrangement of protonated propene
oxide which does not require a discrete carbocation intermediate.

i Any diastereoselectivity in the rearrangement will reflect the

- - relative preference for the transition structu?&sand23 versus

24 and 22 (Figure 6). The calculations, using a Boltzmann

- % ®
' '

Reaction coordinate

distribution, predict a 20:1 preference for migration of the proton
transto the methyl over theis.
H6-C3-C2 Conclusion
150 High level ab initio calculations show that concerted asyn-
21 25 : )
chronous pathways exist between protonated propene oxide and
100 protonated propanal. The preferred pathway conn2tisia
50 26 25t0 26 (Figures 7 and 12). In the cleavage of the @ bond
the preference for rotation of oxygen away from the more
0 hindered face of the oxirane plane containing the methyl is quan-
@ w9 T2 tified as 2 kcal/mol. The reaction is predicted to show a 20:1
. . ' preference for migration of the protaransto the methyl over
Reaction coordinate

thecis, The lowest energy pathway involves two distinct steps
Figure 10. Hydride migration.

The first step, rupture of the oxirane ring, is followed by a.
24 }%
19.6

23
18.9
29
12.7
-/
keal/mol ’ : ".
%}_}Q -
19 o '
21 \ H
-16.8
-17.7

27 26
Figure 11. Reaction surface connecting protonated propene oxides and aldehydes
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Table 1. MP2/6-31G*//MP2/6-31G* calculatiofs

Coxon et al.

structure energy (au) ZPC (au) energyZPC (kcal/mol) imag freq E — E(21) (kcal/mol)

19 —192.804 61 0.100 50 —120926.909 5 0.2
21 —192.804 86 0.100 45 —120927.098 0 0.0
28 —192.784 74 0.094 91 —120917.777 3 9.3
26 —192.831 39 0.100 14 —120943.926 1 —16.8
27 —192.832 31 0.099 63 —120944.8111 —=17.7
TS

20 —192.77576 0.098 07 —120910.253 1 971 16.8
22 —192.767 58 0.096 07 —120906.317 2 380 20.8
23 —192.770 00 0.095 41 —120908.227 9 240 18.9
24 —192.768 94 0.095 52 —120907.494 2 346 19.6
25 —192.772 09 0.095 63 —120909.405 7 202 17.7
29 —192.779 04 0.094 60 —120914.378 1 96 12.7

a(ZPC scaled by 0.95).

Energy
(kcal/mol)

Reaction coordinate

Figure 12. Lowest energy reaction coordinate diagram conne@ihg
and26 via transition structur@5: (i) ring opening, (ii) preparation for
hydride transfer, (iii) hydride transfer, (vi) approach to a low-energy
conformation of protonated aldehyde.

second step, hydride migration, a process not commenced until
breaking of the €O bond is complete. The combination of

special interest is the fact that carbocatwith the methyl
and hydroxy groupgis is calculated to be 3 kcal/mol more
stable than the corresponditrgnsisomer. Yet rearrangement
of the protonated propene oxide to protonated propanal by ring
opening in the direction of the less stalitans carbocation is
calculated to be the favored pathway for isomerization.
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these two steps defines a concerted asynchronous pathway. OJA963057N



