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AN AB INITIO STUDY OF SUBSTITUENT EFFECTS ON 1,2-SHIFTS IN RADICALS
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Abstract. Ab initio calculations are presented which show that an electron withdrawing
group (protonated formyl) facilitates 1,2-hydrogen shifts to a radical site while an
ethynyl substituent promotes dissociation rather than rearrangement. The protonated formyl
substituent causes this by rendering the HOMO of the transition state (TS) to be more
diffuse and hence less angibonding. The sum of the Mulliken charges on the atoms in the 3-
membered ring in the C HO " TS is shown to be intermediate between that sum for the TS for
a 1,2-hydrogen-shift in the ethyl radical and that for the stable hydrogen-bridged ethyl
cation, suggesting that electron withdrawal does facilitate 1,2-H-shifts at radical
centers.

In 1961 Zimmerman and Zweig attributed the much greater reluctance of alkyl groups to
undergo 1,2-shifts in radicals and carbanions than in carbonium ions to the occupancy of an
antibonding orbital in the transition states for the first two, but not the third process.
Calculations they employed predicted that a beta phenyl substituent would provide more
resonance stabilization to the transition state than to the benzylic product in all three
types of reactions. The basic argument was extended to hydrogen shifts in 1963 by Halling,2
who likened the MO’s of the TS to the MO’s of the cyclopropenyl system, accomodating only

two electrons in bonding MO’s. Such 1,2-shifts do not occur in ordinary radicals at 260 K,3

and they compete poorly with dissociation in highly energized radicals.4

In contrast to free radicals, reactions such as

CH3CH2C'HC (=O!'1+)CH3 b ——d CH3€'HCH2 (=OH+) CH3

occur readily in radical cations in the gas phase.s'6 The greater ease of 1,2-shifts in
radical cations compared to neutral radicals has been attributed to carbonium ion character
in the transition state.5 However this interpretation has been disputed by Weiske and
Schwarz7 on the grounds that the Mulliken charges are negative on the radical site carbons
in C2H5C'(CH3)C(OH)2+ and CH3C'HCH(CH3)C(OH)2+., species that nonetheless interconvert by
1,2-H-shifts. Weiske and Schwarz' claimed that the charge is without influence, and
therefore that this 1,2-H-shift "is the first proven case for the operation of a
unimolecular, uncatalyzed, 1,2-hydrogen migration to a radical centre".

We undertook a computational study of the reaction

CHyC HCH=OH' (1) =% "CH,CH,CH=OH' (2)

to clarify the nature of the transition state for 1,2-shifts in radical cations. Our 6-31G
calculations using GAUSSIAN 868 {and more sophisticated treatments by others)9 indicate
that, although the TS for the 1,2-shift in the ethyl radical is bound with respect to H
atom loss, it is higher in energy than the latter process. This situation persists at the
6-31G level in 1, an ethyl radical bearing a protonated formyl substituent. However, the TS
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energy is significantly lower in C3HGO+' than in the ethyl radical, (Table 1). In the 3-
butynyl radical no transition state for a 4,3-hydrogen shift was found, as the second
derivative matrix showed two negative eigenvalues corresponding to the shift and to
expulsion of the hydrogen atom.

Table 1. Relative Energies of Radicals and Transition States

UHF 6-31G//6-316G 6-31g**//6-31G  MP3 UHF6-31G//6-316G
Structure Relative Energy (kJ/mole)a Relative Energy Relative Energy
C Hy" 0 0 0
T.S. for 1,2 shift 250.6 233.8 225.8
cH, + uP 173.4 179.7 145.3
CH4C HCH=OH' (1) 0 0 0
"CH,CH,CH=0H" (2)° 83.2 75.9 95.1
T.S. for 1 2 199.3 188.6 182.8
CH,=CHCH=OH' + H 196.5 204.6 193.9
CH,C"HC CH (3) 0
" CH,CH,C=CH 71.2
CHy=CHCSCH + H' 221.0

a Total energy (AU): C2H5 -78.568729; (1) -191.576470; (3) -154.237619 b Experimental
value!® 153.1 ¢ Experimental value' = 96 kg mo1™! with Hoch trans

The HOMO for a 1,2-shift in the ethyl radical resembles then * orbital of C2H4, as
pointed out by Ha.rding.9 The HOMO of the C3H60+‘ TS is similar, except that thew * orbital
is now distributed over all three carbons and the oxygen. Although these atoms do not lie
in a plane, and all the atomic orbitals have nonzero coefficients, the HOMO in the C3H60+‘
TS nevertheless resembles the lowest vacant MO of protonated acrolein. The coefficient of
correlation between the coefficients of these MO’s is 0.93. In the cyclopropenyl analogy
mutual overlap of three atomic orbitals in C3 symmetry produces two degenerate antibonding
molecular orbitals. Present studies illustrate that the nature of a substituent can control
which of the two becomes the HOMO. In contrast to the preceding transition states, the HOMO
of TS candidate structures in the C4H5 system is centered on the migrating H atom. However
<52> given by these trial structures is typically >1.0, indicating that UHF theory deals
poorly with the C,H. TS in the 6-31G basis set.

475
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in the HOMO of the CZHS‘ and C3HGO+‘ transition states. The 6-31G** has such orbitals on
hydrogen; use of this basis lowers the activation energy for the rearrangements
substantially. At this 1level the C3H60+' rz;rigngement becomes more favorable than
dissociation, in accord with experimental results. '

Comparison of the barrier calculated for such rearrangements at different levels of
computation shows that correlation effects are important in determining the transition
state energy.g'li Third order Moller-Plesset perturbation theory confirms that the TS
between 1 and 2 should lie below the dissociation limit, while the TS in the C,H. case is
still higher than the dissociation products (Table 1).

The Mulliken charges for the three atoms involved in the TS for 1,2-H-shift total
-0.72 in the Czﬂé system and -0.39 in the corresponding C3H60+' TS. In Czﬂs+ the hydrogen-

bridged configuration is the global energy minimum;lo'11

the sum of the Mulliken charges on
12 1n light of the TS for 1—»2

being intermediate between the radical and the ion in its charge distribution, the reduced

the atoms in the 3-membered ring in this species is -0.33.

activation energies for 1,2-shifts in cation radicals compared to neutral radicals may be
congsidered to stem either from a less strongly antibonding HOMO or from partial carbonium
ion character of the TS, contrary to some conclusions.7 This adds to our understanding of
the contrasts between the reactivities of ions and free radicals.

Methods
Calculations were run on a VAX 8250 computer, except those employing the 6-31G** basis
set were done on a Cray XMP.

Optimization to stable structures were conducted with the Berny routine using the
default force constants and standard cutoffs. It was found that 1 was more stable with the
HOCH dihedral angle cis rather than trans; 2 and the TS between 1 and 2 were presumed to
behave similarly and the values in the table all refer to the cis orientation.
Optimizations were conducted for several different starting conformations for 2 and the
flexible C4H5' isomer and the energies in the table are believed to refer to global minima.

Additional details of the methods are available from the authors.

Acknowledgements: We wish to thank Carnegie Mellon University for providing the program
"Gaussian 86, Release C® by J. Stephen Binkley. Michael Frisch, Krishnan Ragavachari,
Douglas DeFrees, H. Bernard Schlagel, Robert Whiteside, Eugene Fluder, Rolf Seeger, Douglas
J. Fox, Martin Head-Gordon and Sid Topiol, James Koppe for assistance in the computations,
the F. Marie Hall Endowment for Medical Excellence for providing funds to the Marine
Biomedical Institute for purchase of a VAX 8250 computer, and financial support from the
Robert A. Welch Foundation (Grant H-609).

1. Zimmerman, H.E.; Zweig, A. J. Am. Chem. Soc. 1961, 83, 1196-1213.




334

10.

11.

12.

13.
14,

15.

C. E. HupsoN and D. J. MCADOO

Walling, C. "Molecular Rearrangements®, P. de Mayo (ed.) Interscience, New York, 1963,
407-455.

Brown, H.C.; Russell, G.A. J. Am. Chem. Soc., 1952, 74, 3995-3998.

(a) Harwidge, E.A.; Larson, C.W.; Rabinovitch, B.S. J. Am. Chem. Soc. 1970, 92, 3278-
3283. (b) Larson, C.W.; Chua, P.T.; Rabinovitch, B.S. J. Phys. Chem., 1972, 76, 2507-
2517. (c¢) Gordon, A.S.; Tardy, D.C.; Ireton, R. J. Phys. Chem., 1976, 80, 1400-1404.
(a) Mcadoo, D.J.; Hudson, C.E.; McLafferty, F.W.; Parks, T.E. Org. Mass Spectrom.,
1984, 19, 353-362. (b) McAdoo, D.J.; Hudson, C.E.; Zwingelman, J.J.; Nibbering, N.M.M.
J. Chem. Soc. Perkin Trans. II, 1985, 1703-1709.

(a) McAdoo, D.J.; McLafferty, F.W.; Parks, T.E. J. Am. Chem. Soc., 1972, 94, 1601-
1609. (b) McAdoo, D.J.; Witiak, D.N.; McLafferty, F.W. J. Am. Chem. Soc., 1977, 99,
7265-7267. (c) McAdoo, D.J.; Farr, W.; Hudson, C.E. J. Am. Chem. Soc., 1980, 102,
5165-5169. (d) McAdoo, D.J.; Witiak, D.N.; McLafferty, F.W.; Dill, J.D. J. Am. Chem,
Soc., 1978, 100, 6639-6643. (e) Griffin, L.L.; Holden, K.; Hudson, C.E.; McAdoo, D.J.
Org. Mass Spectrom., 1986, 21, 175-182. (f) Hudson, C.E.; McAdoo, D.J. Org. Mass
Spectrom., 1982, 17, 366-368.

Weiske, T.; Schwarz, H. Tetrahedron, 1986, 42, 6245-6251.

Frisch, M.J.; Binkley, J.S.; Schlegel, H.B.; Raghavachari, K.; Melius, C.F.; Martin,
R.L.; Stewart, J.J.P.; Bobrowicz, F.W.; Rohlfing, C.M.; Kahn, L.R.; DeFress, D.J.;
Seeger, R.; Whiteside, R.A.; Fox, D.J.; Fleuder, E.M.; Pople, J.A. Gaussian 86,
Carnegie-Mellon Quantum Chemistry Publishing Unit, Pittsburgh, PA, 1984.

Harding, L.B. J. Am, Chem, Soc., 1981, 103, 7469-7475.

(a) Gellene, G.I.; Kleinrock, N.S.; Porter, R.F. J. Chem. Phys., 1983, 78, 1795-1800.
(b) Wesdemiotis, C.; Feng, R.; Williams, E.R.; Mclafferty, F.W. Org. Mass Spectrom.,
1986, 21, 689-695.

(a) Lischka, H.; Kohler, H.-J. J. Am. Chem. Soc., 1978, 100, 3297-3305. (b)
Raghavachari, K.; Whiteside, R.A.; Pople, J.A.; Schleyor, P.V.R. J. Am. Chem. Soc.,
1981, 103, 5649-5657.

All three charge densities were calculated at the 6-31g level. A more sophisticated
lla

calculation gives a change sum of 0.16 for the ethyl cation.
McAdoo, D.J.; Hudson, C.E,; Traeger, J.C. Org. Mass Spectrom., 1988, 23, 760-764.
Hase, W.L.; Mrowka, G.; Brudzynski, R.J.; Sloane, C.S. J. Chem. Phys. 1978, 69, 3549-
3562.

(a) Rosenstock, H.M.; Draxl, K.; Steiner, B.W.; Heron, J.T. J. Phys. Chem. Reference
Data Suppl. 1 1977, 6, I-771. (b) Castelhano, A.L.; Griller, D. J. Am, Chem. Soc.
1982, 104, 3655-3659. (c) Lias, S.J.; Bartmess, J.E.; Liebman, J.F.; Holmes, J.L.:
Levin, R.D.; Mallord, W.G. J. Phys. Chem. Ref. Data Suppl. 1 1988, 17, 1-861.




