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Abstract

The 1,3-H-shifts that would interconvert thek;O aldehyde and enol isomers and the corresponding radical cations are
characterized by theory to examine further the influence of Woodward—Hoffmann (WH) orbital symmetry constraints on thos
reactions. Reaction pathways are traced using intrinsic reaction coordinate methods. The interconversion of the ions avc
WH restraints by rotation of the methylene such that the transition state is neither suprafacial nor antarafacial. However, t
neutrals appear to interconvert through a “forbidden” suprafacial transition state with an associated avoided curve crossi
such that electronic ground state reactants give products in their ground electronic state. This is the first violation of Wi
constraints found in a 1,3-H-shift. Present results together with previous work demonstrates that 1,3-H-shifts across doul
bonds can be antarafacial, suprafacial or in between. (Int J Mass Spectrom 219 (2002) 295-303)
© 2002 Published by Elsevier Science B.V.
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1. Introduction forbidden, and there is good evidence for antarafacial
1,3-H-shifts only for propen@i—6], ionized propene
We use theory to expand our knowledge of [7,9] and CHO'T=CHCH; [10]. Although the iso-
1,3-H-shifts across double bonds, an incompletely merization of propene may not actually occur because
explored area. A sigmatropic 1,3-H-shift across dou- of competition from the loss of H[4], unimolecular
ble bonds would violate Woodward—Hoffmann (WH) 1,3-H-shifts across double bonds do take place in
conservation of orbital symmetry if suprafacial, and several radical cationd1-17]and in enolate anions
an allowed antarafacial transition states for such a [18,19] Such reactions typically have high critical
shift would be substantially strainefll], making energies around 210 kJ mdl[14,20,21]
it hard to predict the nature of the transition state  In the transition state for the degenerate isomeriza-
such reactions utilize when they do occur. Theoret- tion of the acetone enolate ion semiempirical theory
ical evidence for both antarafacial and suprafacial oriented the methylenes perpendicular to the skeletal
1,3-H-shifts across double bonds has been presentedblane [19], a geometry at whichr-bonding would
over the past 25 yeaf8—10]. To date all of the latter ~ be completely eliminated; this revealed an apparent
reactions are essentially two consecutive 1,2-shifts mechanism for avoiding Woodward—Hoffman con-
rather than 1,3-shift§2—4], so they are not really straints. However, we found recently by ab initio the-
ory that the methylene hydrogens are asymmetric to
" * Corresponding author. E-mail: djmcadoo@utmb.edu the skeletal plane at that transition state such that the
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reaction is actually antarafacial (Hudson and McAdoo, methylene placed symmetrically on opposite sides of
unpublished observations) like the isomerizations of a plane containing the heavy atoms and the migrating
propene and the propene ion. Ironically however, hydrogen[10]. The planar symmetry of this transi-
we have also found that elimination af-bonding tion state places the reaction at the boundary between
by methylene rotation does occur in the 1,3-H-shift being suprafacial and being antarafacial, demonstrat-
CH3T0=CH, — CH,=0"CHjs, that reaction passing ing that going through such a geometry is after all
through a transition state with the hydrogens in each a feasible mechanism for avoiding WH-restraints.
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Fig. 1. Diagrams illustrating the orbital transformations along possible pathways for 1,3-H-shifts. Light lobes represent portions of the
orbital with a phase of one sign and the dark lobes the opposite phase. Each parallelogram represents a plane such that all lobes completely
enclosed within it are in that plane. The diagram of the starting point of the reactions depicts lobes of the OH bondnaarbitaé on

the methylene carbon in the enol isomers eHZO and GH40*". The w-lobes are perpendicular to the planes of those structures. The

upper pathway represents rotation about#hbond such that the methylene becomes symmetric relative to the skeletal plane, completely
breaking off w-bonding. H-transfer occurs in the skeletal plane without the H crossing that plane, so the reaction is neither suprafacial
nor antarafacial. In the middle reaction, the H is transferred from the positive lobe of the orbital constituting the HO bond to the negative
lobe of thew-bond. In this case the H does not cross the skeletal plane, so the reaction is suprafacial. In the bottom pathway, H transfers
from the positive lobe of the O—H orbital to the positive lobe of th@rbital on the methylene carbon at the same time crossing the
skeletal plane. This pathway is antarafacial.
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+ HO™ trajectories were determined by intrinsic reaction
— | coordinate (IRC) methodq428,29] together with
CH;CH < CH=CH B3LYP/6-31G(d) theory. Interactions between atoms
13) 2¢ (4¢) were classified as bonding or antibonding based on
the orbital coefficients at each atom, phases of like
Scheme 1. sign between adjacent atoms being taken as bonding

and adjacent phases of opposite sign being taken as
Orbital transformations during these different types antibonding. Orbital descriptions were obtained by
of reaction pathways for 1,3-shifts are illustrated in QCISD/6-31G(d,p) theory. Zero point energies were
Fig. 1 The variety of transition states reported for obtained by multiplying those derived from frequen-
1,3-H-shifts across double bonds demonstrates thatcies produced by B3LYP/6-31G(d,p) theory by the
there is not yet a general picture of the pathways by scaling factor 0.98080]. Atoms in molecules (AIM)
which those transfers may take place. theory using QCI density was used to obtain covalent

It is clear that 1,3-H-shifts convert some enol radi- bond orderg31].

cal cations to keto isomers in the gas phidde-17] so
we utilized theory to characterize 1.,3-H-shifts across 5 Stationary point characteristics
double bonds$%cheme }that would interconvert the
aldehyde and enolisomers ofig,0°* radical cations
(1 and2). We also characterized the corresponding re-
action in GH40 neutrals 83 and4) to compare reac-
tions of open and closed shell species. Together with

The geometries of the stationary points of the reac-
tions of interest are given ikigs. 2 and 3The enol
species are depicted in theis geometries, the config-

) ] ~7urations which would participate in the 1,3-H-shifts.
propene, these are the s_|mple§t systems able in prInCI'Energies obtained at several levels of theory are given
ple to undergo the reaction of interest. Several groups in Tables 1 and ZThe results of these calculations are
have charactenzed.the stathnary points, although. MOt similar to ones obtained previously by others for these
the complete reaction coordinates, of these reaCt_'()nSsystems where comparisons can be mi-25]
[2,3,17,22—-25]It should be noted that the 1,3-H-shift Our TS = 2¢) is 212kJImot! abovetrans2, in

1_ = 2 does not occur e_xpenmentally due to competi- good agreement with a value of 215 kJ mbbbtained
tion from morg energetlca!ly favored'HIoss[l?,_ZS], by Bertrand and Bouchouj25]. Our best energy for
a_md _that the mterconver_smn of the neutrals in so]u— cis-4 relative to 3, 46.4kImot?, agrees very well
tloh involves base or acid catalysis rather than being with a recent value of 47 kJ mo} reported by Radom
unimolecular. and coworkers, as does our value for IS¢ 4c),
284kJmot?, vs. their value of 282kJmot [23].

For cis-4 our QCISD/6-31G(d,p) bond lengths and
angles are within 0.003A and°lof experimental
values[22] and within 0.005A and 1%3of previous
results from theory23]. Potential diagrams depicting
the reaction coordinates for the two reactions studied
are given inFig. 4.

2. Theory

All calculations were performed using the Gaussian
94 or the Gaussian 98W packages of progrft627]
Geometries were obtained by B3LYP/6-31G(d,p) hy-
brid functional and QCISD/6-31G(d,p) ab initio theo-
ries. Ab initio {QCISD(T)/6-311G(d,p), QCISON) +
AE (AE = QCISD/6-31H%-G(2df,2pd — QCISD/6- 4. Interconversion of theradical cations 1 and 2
311G(d,p)) and QCISD(T)/6-3#G(3df,2p); and
{B3LYP/6-311G(d,p) theories were used to ob- Although the stationary points on the surface for
tain the energies of stationary points. The reaction 1= 2were previously characterized by the¢ty,25],
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Fig. 2. QCISD/6-31G(d,p) geometries for GFCHOH'* (top),
CH3CHO** (bottom) and the transition state interconverting them
(middle).

Fig. 3. QCISD/6-31G(d,p) geometries for @FCHOH (top),
CH3CHO (bottom) and the transition state interconverting them
(middle).
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Table 1
Theoretical energies (Hartrees) of stationary points
Species B3LYP/6-311G(d,p)// QCISD(T)6-311G(d,p)// QCISDENE? QCISD(T)/6-31%-G
B3LYP/6-31G(d,p) QCISD/6-31G(d,p) (3df,2p)//QCISD/6-31G(d,p)
CH3CHO** (1) —153.506855 —153.1216030 —153.202389 —153.208951
CH;=CHOH"* (2¢) —153.526521 —153.1381200 —153.223210 —153.228602
CH2=CHOH** (2t) —153.530163 —153.1412660 —153.226189 —153.231550
TS(@1=2c) —153.441229 —153.055372 —153.139951 —153.143942
CH3CHO (3) —153.876778 —153.4859540 —153.576284 —153.583544
CH,=CHOH (4c) —153.859657 —153.4662830 —153.560772 —153.566796
CH,=CHOH (4t) —153.856685 —153.4632990 —153.558705 —153.564834
TS(B=4c) —153.765928 —153.3706610 —153.463598 —153.470376

aAE = (QCISD/6-31%G(2df,2pd) — QCISD/6-311G(d,p)).

the pathways connecting them were riéify. 5 gives The HCCO dihedral angle remains$ @uring most
dihedral angles involving Hor a methylene hydrogen  of the course of H-migration and then deviates to
as a function of CHdistance along the reaction co- a maximum of only 0.7 and then declines back to
ordinate obtained foll = 2 using B3LYP/6-31G(d) 0° over about the last 0.1 A of the transfer of kh
IRC computations, results that can be used to classify forming 2. The other two methyl hydrogens move to-
the reactions as antarafacial, suprafacial or in between.gether toward the skeletal plane at the start of isomer-
At TS(X = 2), H, is slightly closer to O than to C ization from 1 and maintain symmetry to the plane
(1.333 A vs. 1.399 A); the similarity of these distances within at most 2 until about the last 0.1 A of the H
places the transition state about halfway between the transfer to form2. The squeezing of CHitakes about
reactant and the product. The covalent bond orders for one-third of the activation energy for the reaction, the
the interactions of Hwith O, C1 and C2 were 0.4295, remainder being needed to move Hom C to O.
0.0470 and 0.4133 in this transition state. This demon- Over the last 0.1 A ofl — 2, i.e., only very close to
strates little interaction between ldnd C1 during the  the equilibrium geometry of the enol structi2ethe
shift, establishing that this is a 1,3-H-transfer rather methylene rotates dramatically to its orientatiorRin

than two consecutive 1,2-shifts. It takes about 75kJ mot to distort2 from its mini-

Table 2

Theoretical energies (kJ mdl) of stationary points

Specied B3LYP/ QCISD(T)/ QCISD(T)+ AE QCISD(T)/ Experimental
6-311G(d,p) 6-311G(d,p) 6-33G(3df,2p)

CH3CHO** (1) 437 355 46.8 437 821, 50

CH=CHOH"* (2c) 0.0 0.0 0.0 0.0

CHo,=CHOH*+ (2t) -9.3 -8.0 -75 —-74 77,0

TS(1<=2c) 206.2 199.6 200.9 204.6

CH3CO" + H* 871, 100

CH3CHO @) 0.0 0.0 0.0 0.0 —166, 0

CH,=CHOH (4c) 47.4 54.0 43.1 46.4 —114, 52

CH,=CHOH (4t) 53.9 60.6 47.3 50.2

TS(3=4c) 277.9 289.6 282.8 284.0

CH3CO® + H* 194, 360

a8Geometries were optimized at levels of theory indicated in column headingsbie 1
b[39].
¢[40].
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Fig. 4. Potential diagrams for the interconversion of aldehyde and enol isomers,HfOCt and GH4O°* isomers based on

QCISD(T)/6-311G(3df,2p) energies.

mum energy planar geometry to a configuration with
the angles between the GHydrogens and the skele-
tal plane differing by only 1; during this motion the
CH, distance decreases by only 0.2 A and the, OH
length increases by only 0.01A. Thus, £kbtation

by minimally avoiding a suprafacial transition state
without becoming antarafacial. Therefore, this type
of pathway can occur in both open and closed shell
reactants.

Woodward—-Hoffman restraints might direct the

occurs essentially separately from the H-transfer, and products of 1,3-H-shifts to electronically-excited prod-

w-bonding is largely broken off before the H-transfer
in 2 2 lis initiated. There is no crossing of the CCO
plane by the migrating H so this reaction is suprafa-
cial to the extent that it can be classified on the ba-
sis of a 0.7 deviation of H from planarity far from
the transition state. However, becausdonding is
completely eliminated over most of the course of this
reaction, Woodward—Hoffmann constraints are effec-
tively evaded. The symmetry of the methylene to the
skeletal plane at the transition state for this reaction is
very much like that found for the degenerate isomer-
ization of CHytO=CH,. Thus, as in CetO=CHpy,
interconversion ofl and 2 avoids W—H constraints

ucts through suprafacial transition stated.4,32—-34]
However, the first electronically excited doublet state
of 1, the A state, is about 232kJmdl above the
vibrationally cold ground statg83], substantially ex-
ceeding the 161 kJ mot required forl — 2. Even
though there might be a slightly lower quartet state,
reaction to it would be unlikely because it would re-
quire inversion of the spin of an electron. Thus, this
reaction probably does not produce electronically ex-
cited products by isomerization from ground states,
or vice versa. This is as would be expected for the
transition state with the methylene perpendicular to
the skeletal plane.
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Fig. 5. (A) Changes in dihedral angles as a function of Gidtance
during the interconversion of GFCHOH** and CH{CHO*+. Re-
sults were obtained by IRC calculations utilizing B3LYP/6-31G(d)
theory. The vertical line on th¥-axis at 1.26 A depicts the loca-
tion of the transition state. (B) The change in the GOHlihedral
angle on an expandedaxis.

5. Interconversion of the neutral CoH40 isomers

We examined the interconversion ®and4 to see
if in the course of those isomerizations there might be
differences in the rotation about the GE&bond de-
pending on whether it contains one or two electrons.
Relative to the distances in TBE 2), in TS@ = 4),
H; is slightly closer to O and farther from C (the
OH distance= 1.270 A and CH distance- 1.496 A).

301
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Fig. 6. Changes in dihedral angles as a function of, @istance
during the interconversion of GH#CHOH and CHCHO. The
vertical line on theX-axis at 1.29 A depicts the location of the
transition state. Results were obtained by IRC calculations with
B3LYP/6-31G(d) theory.

between Hand O, C1 and C2 in TS(= 4) derived
by AIM analysis were 0.3960, 0.0875 and 0.3708,
respectively, demonstrating much less interaction be-
tween H and C1 than of Hwith O and C2 in the
course of the reaction. Thus, TS 4) is also clearly
for a 1,3-H-shift rather than two consecutive 1,2-shifts.
Fig. 6 gives changes in dihedral angles during the
interconversion of the neutrals. This pathway differs
markedly from that ofL = 2 in that3 = 4 is ini-
tiated by a substantial rotation of the methyl prior to
appreciable CHIengthening. Near the start 8f— 4,
as the CH bond lengthens from 1.0923 to 1.0930 A
in B3LYP/6-31G(d) theory, i.e., only 0.007 A, one
HCCO dihedral angle for a methylene H rotates by
24.0° and the other by 37°3 As the reaction contin-
ues, the former angle increases slowly to 1804,
while over the same time the latter angle decreases to
0°. The H that moves to thieansposition rotates 56
and the angle to the hydrogen that becoroissrel-
ative to O changes 119n the overall course of the
reaction. Thus, 45% of the total change of the first

This is as would be expected based on Hammond's angle and 34% of the change of the second occur be-

postulate/35], given that3 is lower in energy thad,
andlis higher in energy thad. Covalent bond orders

fore appreciable CHiengthening occurs. Both of the
HCCO dihedral angles change continuously to their
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final values throughout the remainder of the transfer being the lowest energy reaction f8rand 4 found

of H; in 3 — 4. In contrast to H remaining within in a comprehensive theoretical study of theHzO
0.7 of the skeletal plane over the courselof= 2, potential surfacg?3].
H, moves almost 18from being in the skeletal plane The first singlet electronically excited state3dt at

in 3 = 4 before it begins to move toward the oxygen. 356 kJmot? [36,37]and the first electronic triplet is
This angle then slowly decreases as,Qehgthens,  at 326 kJ mot? [37], both well above the 284 kJ mol
and finally drops abruptly from about 6-@ver the required for3 — 4. Thus, this reaction does not form
last 0.1 A of that lengthening. electronically excited products from ground state re-
In 1 = 2 the rotation of CH occurs very close to  actants, despite WH-predictions that excited products
the enol structure, i.e., only when, s completely would form via suprafacial transition stat@herefore,
separated from the carbon from which it departs. In 3 — 4 appears to provide the first clear suprafacial
contrast in3 — 4 much of the rotation occurs very violation of the Woodward—Hoffmann constraints in a
close to the aldehyde minimum and the remainder 1,3-H-shift
gradually takes place across the course of H-transfer.  If suprafacial3 — 4 is indeed WH forbidden, the
In short, the necessary change in geometry is accom-H would be attempting to transfer between regions of
plished by a methylene rotation tih= 2 and by a opposite phase in the pertinent orbitals. In the transi-
methyl rotation in3 = 4. The difference is probably tion state for interconverting and4, consideration of
due to a combination of WH constraints with easier the phases of the three highest occupied orbitals en-
twisting of CH, when an electron is missing from the compassing C2, Hand O (these orbitals have larger
double bond vs. easier rotation about a single bond. coefficients for the Hs functions associated with;H
The 60 kJ mot! associated with Cgirotation in the than do the remaining orbitals and therefore are the
initiation of H-transfer from3 is also surprising. This  ones representing the bonding tg) ihdicates a bond-

energy is not required simply to rotate gts the bar- ing interaction between C2 and End an antibonding
rier to methyl rotation irB is only 4.1 kJmot?® (from interaction between Hand O. This is in accord with
B3LYP/6-311G(d,p) theory). the WH prediction that this reaction should not occur
Despite substantial searching, we found no an- by a suprafacial pathway since the transition state en-
tarafacial transition states or pathways &= 4 in- ergy is too low to allow formation of products in an

volving two consecutive 1,2-Hshifts. This contrasts  excited state and reaction through the transition state

with early work on3 — 4 using low levels of theory  located requires an avoided curve crossing in order to

[2,3], which found a “suprafacial” pathway in which  circumvent the WH constraints.

H-transfer occurred in essentially two consecutive

1,2-H-shifts and a favored “antarafacial” pathway in

which H was transferred by a direct 1,3-shift. At no 6. Summary

time in 3 = 4 does the H cross the skeletal plane,

so the reaction is suprafacial based on the criterion Interconversion of iond and 2 avoids WH con-

that reactions in which Hdoes not cross the skeletal straints by taking a path almost exactly on the

plane are suprafacial. To our knowledge, all previ- boundary between being suprafacial and antarafacial.

ously characterized 1,3-H-shifts are either antarafacial Unimolecular interconversion of th&and4 appears

[4-6,7,9]or neither antarafacial nor suprafacja0]. to go by a WH forbidden pathway because the re-
Our critical energy from theory for3 — 4 action path is suprafacial and because the orbitals

(284kJImot?) is lower than the experimental heat encompassing C2, Hand O at that transition state

of reaction for4 — CH3CO® + H* (360 kJmot?), are primarily bonding between C2 and,Hut an-

suggesting thatt = 3 can occur unimolecularly at  tibonding between Hand O. Thus, in this reaction

high internal energies. This is supported 4y= 3 a curve crossing appears to be avoided rather than
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an electronically excited state being produced. This [20] C. Lifshitz, P. Berger, E. Tzidony, Chem. Phys. Lett. 95

appears to be the first identification, at least in theory, , (JgﬁZ)f 109. LE Sehaefer 1l 1. Phve. Chem. A 103 (1666
of a WH forbidden, suprafacial 1,3-H-shift, although [ ]88.95(.) mann, F.F. Schaeter il 7. Fhys. Lhem. (1999)

symmetry forbidden, 1-3-shifts of carbon may occur [22] B.J. Smith, L. Radom, J. Am. Chem. Soc. 112 (1990) 7525.
[38]. Present results in combination with previous [23] B.J. Smith, M.T. Nguyen, W.J. Bouma, L. Radom, J. Am.

: - Hechi Chem. Soc. 113 (1991) 6452.
work demonstrates that sigmatropic 1,3-H-shifts can [24] F. Turecek, C.J. Cramer, J. Am. Chem. Soc. 117 (1995) 12243.

be antarafacial, suprafacial, or in between. [25] W. Bertrand, G. Bouchoux, Rapid Commun. Mass Spectrom.
12 (1998) 1697.

[26] M.J. Frisch, G.W. Trucks, H.B. Schlegel, PM.W. Gill,

B.G. Johnson, M.A. Robb, J.R. Cheeseman, T. Keith,
G.A. Petersson, J.A. Montgomery, K. Raghavachari, M.A.
Al-Laham, V.G. Zakrzewski, J.V. Ortiz, J.B. Foresman, J.
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