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The role of the cyclopropyl ring structure in the cyclization/fission mechanism for the 1,2 shift of the title
radicals, whether as a local minimum on the potential energy surface or as a transition state, has been
investigated using density functional theory calculations at the B3LYP#=31/B3LYP/6-31+G* compu-

tational level. The three-membered ring structurg)~C»—C), has been identified for all the substituent
groups, and the alteration in ring geometry that accompanies the changeover in its role has been characterized
notably an increase in the&-Cs and G;)—Cis) bond lengths beyond a certain threshold value. The free
energy of activation at 298 K for the cyclization/fission mechanism has been compared with that for the
alternative fragmentation/recombination mechanism, in which breaking4pe3) bond in the initial extended

chain structure of the radical, giving an olefin and the radical derived from the substituent group, is followed
by Cs—Cqy bond formation. The differencé AG* = AG*(frag/recomb)—- AG¥(cycliz/fiss), whether positive

or negative, determines which mechanism is the more likely. Wilzy=CH, —Cz=N, and—C3H=CH,

as the substituent groupAG* is positive, indicating that the cyclization/fission mechanism is more favored,
whereas with most of the carbonyl substituent groddsG* is negative, showing the fragmentation/
recombination mechanism to be the more favored.

Introduction (PES)] or a transition state (TS). The cyclization/fission mech-
) ) ) ] anism is inherentlyntramolecular whereas the fragmentation/
The 1,2 shift of unsaturated groups in free radicals provides yocombination mechanismiistermolecularand hence suscep-
some striking examples of the influence of structural features jipje to confirmation by the formation of crossover products
on reactivity. Various mechanisms have been put forward to upon admixture with a different olefin.

describe this phenomenon; they involve the radicals as such, Ring opening, a feature of the cyclization/fission mechanism,

radical cations, carbanions, and, in the case of theebxy- has been extensively studied experimentally in vinyl-substituted
adenosylcobalamin-mediated mutase reactionspmplexes radicals?@ for example, in the 3-buten-1-yl radical itsétfe

; b . L L . b
with the Co(ll)* in various methyl derivative®,4¢gk and in the more compli-

Two radical mechanisms in particular for the 1,2 shift date cated radicals
back to the 1960s and -78%.2 The shift of the vinyl group in
the 3-buten-2-methyl-1-yl radical, which gives the 3-buten-2- Me,RC-CH, — MeyC-CHaR
methyl-2-yl radical, is taken as an example in Chart 1. In the
first, a cyclization/fission mechanism, cyclization by the forma- where R= CgHs, MesCC=C, Me;CC(=0), and N=C* There
tion of the Gy)—Cs) bond followed by fission of the @—C) was no evidence that would favor the fragmentation/recombina-
bond in the ring, brings about the 1,2 shift; see Chart 1A. tion mechanism when R CgHs or for the migration of &C

In the second, a fragmentation/recombination mechanism, double bonds. For those substituents where ring opening has
fragmentation by breaking the-C(3) bond, giving an olefin been stud_led e_xperlmentally it is thl_Js reasonable to suppose
and the radical derived from the substituent group, followed that, starting with the extended chain structure, the 1,2 shift
by recombination, forming the §—Cpy, results in the same would occur via the cyclization/fission mechqnlsm. _
product, as shown in Chart 1B. lffgand G are unsubstituted, In the case of the'&leoxyadenosylcobalamin-mediated 1,2
or if both carry the same substituent, the 1,2 shift simply Shift of the R group;
regenerates the initial radical. In general, the three-membered

. ; ; . R
ring structure in Chart 1A may be either a higher energy |1
intermediate [a local minimum on the potential energy surface Hcl(z)- CyHa —)}llc(z)-c(l)Hle
: Ry R>
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and in the methylmalonate-CoA mutase reaction, wherssR ~ Computational Methods
the substituted carbonyl groupCg)(SCoA=O and R is ] )
—COOH, some of the experimental results would appear to  The calculations were carried out on computers at the
favor the cyclization mechanisa® although stereochemical ~Advanced Scientific Computing Laboratory, NCI-FCRF, using
properties and inhibition experiments provide data favoring the the GAUSSIAN 94 series of programi<Optimizations were
fragmentation/recombination mechanisre performed with density functional theory (DFT) using Becke’s
The two mechanisms in Chart 1 represent competing path- three-parameter hybrid method, where the nonlocal correlation
ways, and the finding that the migration o=C double bonds  functional is that of Lee, Yang, and Parr (B3LY®)" The
in organic systems occurs via the cyclization/fission mechanism 6-31+G* basis set was employed for all the optimizations.
(Chart 1A) implies that the free energy of activation is Ground-state electronic energies at (B¢, zero-point energies,
significantly less positive than that for the fragmentation/ zpe; total thermal energies at 298 &,and entropies at 298 K,
recombination mechanism (Chart 1B). On the other hand, the $*%, evaluated from vibrational frequencies, were calculated at
difference between these two free energies of activation may the B3LYP/6-31#G*//B3LYP/6-31+G* level, and atomic spin
well be much smaller for the migration of€D double bonds- densities were calculated from population analyses using the
one or the other mechanism being favored depending, for DFT densities. The vibration frequencies were also used to
instance, on the substitution pattern and/or environmental factorsdetermine whether the computed structures correspond to local
such as the active site of an enzyme. minima (stable intermediates) or to saddle points (transition
To get a better understanding of the structural and electronic states) on the potential energy surface, PES Single-point
features that decide which of these two mechanisms is morecalculations using second-order Mghdrlesset (MP2) perturba-
likely, we have carried out high-level molecular orbital (MO) tion theory%a-d with the more complete 6-3#HG(2d,2p) basis
calculations for a variety of substituted radicals: (i) radicals of set were performed on all the B3LYP/6-8G*//B3LYP/6-
the type HC'—CHX, where X is—C=CH, —C=N, —CH= 31+G*-optimized structures involved in the cyclization and
CHz, and—CH=NH, and (ii) radicals of the type &' —CH- fragmentation processes. For brevity, the calculations at these

CY=0, where Y is—H, —F, —Cl, =CHs, —CN, —SH, —SCH, two levels will be referred to as “B3LYP” and “MP2”
—OH, and —O". These substituents have been chosen to regpectively.

determine the effect of changing the number of atoms directly
bonded to ) from two to three, i.e., changing the connectivity d
from C2 to C3% and also the effect of substitution by atoms
(groups) of different electronegativity.

The three-membered cyclic structure has been identified for
all the substituents, and the alteration in ring geometry that
accompanies the changeover in its role from a stable intermedi-
ate (local minimum on the PES) to a transition state has been L . .
characterized. In those cases where the cyclic structure is a stabid@n the uncertainties inherent in the computational levels
intermediate, the transition state for its formation has also beenthemselves.
identified. Free energies of activation for both the cyclization/ ~ No scaling factor was used in the evaluation of the B3LYP/
fission and the fragmentation/recombination mechanism have 6-31+G* entropies and the thermal energies, it having been
been evaluated in each case from the computed values of thfound that for a selection of seven small molectitbiHs, H0O,
ground-state electronic energies at 0 K, the total thermal energiesH2C=CH,, H.C=0, CHCH=CH,, CH;CH=0, and HCt0)-
at 298 K, and the entropies at 298 K. The effect of substituting OH—the calculated values for the entropies are in agreement
a methyl group on ) in 3-buten-1-yl on the formation and  with experiment, on average, to within 0.17 cal/(mol K) (see
properties of the cyclic structure and on the energetics of the Table 1S of the Supporting Information). In the same context,
fragmentation process have also been investigated. the B3LYP procedure has been shown to perform well in the

These levels are comparable with those employed in recent
etailed studies of other radical reactiemotably the prediction

of propagation rate coefficients in free radical polymerizatigns,
radical additions to olefins and acetylel¥&.¢ and free radical
thermochemistry? Basis set superposition error (BSSE) cor-
rections have not been included because they are very small at
the computational levels we have employédmuch smaller
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(i) (ii) (iii)
Figure 1. B3LYP-optimized structures of (i) the extended chain, (ii) the contracted chain (TS), and (iii) the symmetrical ring structure of the
radical HC*—CH,—CHO.

evaluation of zero-point energiésand by inference in the
further evaluation of total thermal energies.

The sum ofE? and the total thermal energyat 298 K gives
E?%8, the total molecular energy at 298 K. Differences=t8
values for reactant and product species give the enthalpy
changesAH?28 which, with the addition of &anRTterm where
needed, would correspond to experimental gas-phase'data.
Likewise, differences between the calculated entropy values give
the accompanying entropy changas?°¢ and hence the free
energy changes, using the equatid@??8 = AH298 — TAS98
The entropies, zero-point energies, total thermal energies,
ground-state electronic energies calculated at the two levels,
and the total molecular energies are listed in Table 2S of the
Supporting Information. The numbering scheme for the carbon
chain used throughout this study is shown in Chart 1.

Results

Radical Structures. The initial radical is found to have an
extendedchain rans) conformation with all the substituents
selected for this investigation. The three-membered ring structure
is found to be symmetrical, i.e.,—Cz) = Ci2—Cs), and to
be a higher energy stable intermediate (local minimum on the
PES) for the radicals with-C=N, —CH=CH,, —CF=0,
—CH=0, —CCI<O, —C(CHz)=0, and —C(CN)}=0O as the
substituent group. The transition state (TS) for the formation
of each of these symmetrical ring structures has been identified cis irans
and found to have aontractedchain conformation, i.e., § ‘ (iii) (iv)
and Gg are closer together than in the initial extended chain Figure 2. B3LYP-optimized structures of (i) the symmetrical ring
conformation, but the @—Csy bond is not fully formed. On structure of the radical ¥~ CzH2—CzH=CH, and (ji) the transition
the other hand, with-C(OH)=0, —C(SH)=0, —C(SCH)= state for the rotation of the CH, group about the —C bond axis in
0, and—C(0O)-O- as the substituent group, the symmetrical this raqical. (i and iv) Thfe cis_ and trans geometrica! isomers,
ring structure is the transition state for the 1,2 shift, rather than E:eip_eat;ﬁ%'HOf the symmetrical ring structures of the radical"H

h .. 2 = .
being a local minimum on the PES.

The B3LYP/6-3%G*-optimized internuclear distances & feature of these data is the changeover in the role of the
Ca, Cuy—Cp), and Gy—Cp) in the extended chain, the symmetrical ring structure from local minimum on the PES to
contracted chain (TS), and the ring structure (local minimum transition state for the 1,2 shift as the©Cs) and Gx—Cg)
or TS) for each substituent group are listed in Table 3S in rank bond distances exceed 1.606 A.
order of increasing —C) (C2—Cs) bond distance in the With the vinyl group as substituent ($H,—C2)Ho—Cz)H=
ring structure. Typical structures are depicted in Figure 1 for CHy) two conformers of the ring structure have been identified,
the formyl derivative (@yH,—CzH2.—C(5H=0). The contrac- in accord with calculations reported in the literafdré 18 (see
tion of the chain structure in forming the transition state for the Figure 2, parts i and ii). In the lower energy conformer (i) (a
formation of the stable ring structure is shown very clearly by local minimum on the PES) the two H-atoms of the exocyclic
the decrease in the nonbonded distange ‘@C(3), on average H,C— group lie in a plane that bisects the ring plane, as
from 2.48+ 0.02 to 1.81+ 0.09 A. Taking the change in this  suggested by ESR studig§):In the higher energy conformer
distance as the criterion, the extent of ring closure in the (ii) (a TS on the PES, which can be assigned as the TS for
transition state is rather less for the substituen@GH=CHy, rotation of the HC— group about the €C3) bond axis), one
its C»—Me derivative,cis- and transCH=NH, and —C=N, of the H-atoms of the KC— group now eclipses the proximal
than for —CH=0, —C(CHz)=0O, —CF~0O, —CCI0O, and H-atom bonded to ), while the other eclipses the proximal
—C(CN)y=0, on average 66% compared to 83%. A notable H-atom bonded to ). The energy barrietAH*, is found to be
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CHART 2
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2.5; and 2.5 kcal/mol at the B3LYP and MP2 levels, respec-
tively. The value ofAS' is quite small but negative;2.7 cal/
(mol K), in keeping with the changes ing&-C), C2—Cp),
and G1—C) bond lengths, and gives values faG* of 3.4
and 3.3 kcal/mol. Using the rate equation

K= «KT o AGHRT
h

assuming the transmission coefficiento be unity, the rate
constants are 2.0 and 3410'°s! and the corresponding half-
reaction time isx3 x 107 s, showing the rotation to be an
extremely rapid process. Compared with the experimental
Arrhenius activation energy of 2.7 kcal/mol, measured over the
range 125-155 K 16 the predicted values at a mean temperature
of 140 K are in very close agreement, 2.9 and 2.8 kcal/mol at
the two levels, respectively. Previous calculations reported in
the literaturé* have given 3.5 kcal/mol (CBSRAD), 3.0 kcal/

mol (B3LYP/6-31G(d)), 3.4 kcal/mol (B3LYP/6-31#1G(d,p)),

and 3.5 kcal/mol (B3LYP/6-3G(3df,2p)).

With the formimino group—CHc=NHy, as substituent there
arecis andtransgeometrical isomers; see Chart 2. The shorter
Hc:+-Hy internuclear distance in the cis isomers of the extended
chain, the contracted chain, and the ring structure is, on average, (iii) (iv)
2.26+ 0'92 A compar.ed to the Ionger.mternuclear dlstan.ce n Figure 3. B3LYP -optimized structures of (i) the extended chain, (ii)
the trans isomers, which, on average, is 290.02 A. The Cis e contracted chain (TS), and (iii) the unsymmetrical ring structure
and trans isomers of the symmetrical ring structure are depicted(loc. min. on the PES) of the radical6(17—CpHz—Cz=CH. (iv)
in Figure 2iii and iv. In the cis isomer lis 3.54 A from the The symmetrical ring structure of the radical, i.e., the transition state
proximal H-atoms on @) and Gy and 4.04 A from the distal ~ for the libration in the &-Cs—C)—Cqy plane of the H-atom bonded
H-atoms, whereas in the trans isomer these distances ardo the C-a_tom of the CH group in the unsymmetrical ring structure
significantly less, 2.49 and 3.65 A, respectively. These shorter O™ the side nearer togto the side nearer to &
distances in the trans isomer, notably that betwegraft the from about 101 to 10-12s. Since the interconversion amounts
proximal H-atoms, are accompanied by an appreciable relaxationtg a wagging motion of a H-atom, tunneling would result in an
of the carbor-carbon bonding in the ring compared to that in - jncrease in the transmission coefficient, and hence, the rate
the cis isomer. @)—Cs) and Gz)—Cyg) are longer by 0.026 A constant has to be considered. The increase has been estimated

and Gy—Cy by 0.005 A; see Table 3S. The cis isomers of the sing Wigner's transmission coefficient"(T), given by the
extended chain, the contracted chain, and the ring structure arexpression

consistently lower in energy than the corresponding trans

isomers by 0.8, 1.3, and 0.9 kcal/mol and 1.0, 1.4, and 0.6 kcal/ w 1 (hot\?

mol at the B3LYP and MP2 levels, respectively. In the (M=1+ 24\ RT

fragmentation radicals g"H—NH, the stability relationship is

reversed. The trans isomer is lower in energy than the cis isomewhere w* is the imaginary frequency of the unbound normal

by 5.0 and 4.5 kcal/mol, respectively, at these two levels. mode at the saddle poifftFrom the vibration frequency analysis
The substituent group-C=CH provides an interesting o is found to have a value a little less than 700énwhich,

exception to the dual role for the symmetrical ring structure as upon substitution in the above expression, giw4298)= 1.5.

either a local minimum on the PES or as a transition state; seeThe interconversion would thus proceed about 1.5 times faster

the first entry in Table 3S. In this case, although the contracted with the correction than without.

chain structure (Figure 3ii) is again a transition state, it leads  The bond lengths in the substituent groups are listed in Table

to the formation of amnsymmetricating structure (Figure 3iii), 4S. There is a progressive increase in the length of the bond

as a local minimum on the PE$he symmetricaiing structure between () and the multiple-bonded exo heavy atom (C, O,

(Figure 3iv) is a transition state for the interconversion of the or N) as one goes from the extended chain, to the contracted

two equivalent forms of the unsymmetrical structure in which chain, to the symmetrical (local minimum) ring structure. In

the H-atom bonded to the exocyclic C-atom is situated nearerthe other cases where the symmetrical ring structure is the

to Cp), as in Figure 3iii, or nearer to (G. The enthalpy of transition state, there is a comparable increase in going from

activation,AH?, for this interconversion is found to be 2.9 and the extended chain to the ring structure, except in the case of

2.1 kcal/mol at the B3LYP and MP2 levels, respectivels the negatively charged carboxylate group.

is nearly zero;0.16 cal/(mol K), S;AG* ~ AH*. Assuming a Atomic Spin Densities.The changes in structure in going

transmission coefficient of unity, these values give %.@01° from the extended to the contracted chain and then to the ring

and 1.8x 10 s™1 for the rate constant, with half-reaction times  structure are reflected in the redistribution of atomic spin density.




Cyclization/Fission and Fragmentation/Recombination J. Phys. Chem. A, Vol. 104, No. 48, 20001351

The listing in Table 5S shows that it is localized op)h all TABLE 1: Enthalpy, Entropy, and Free Energy Changes at
the extended chain structures, as would be expected:; see Figure398 K, in kcal/mol, cal/(mol K), and kcal/mol, Respectively,

. . . . . . for the Formation of the Stable Ring Structure (Local
1li and 3i. As the ring begins to form in the contracted chain . oo 0 S0 PES) from the Extended Chain Structure,

structure, the density is divided betweep)@nd the multiple- cajculated at the B3LYP Level (Upper Values) and at the
bonded exo heavy atom. In the symmetrical ring structures, bothMP2 Level (Lower Values)

those that are local minima on the PES and those that are

- : L - substituent group AH?%8 ASO8 AG?8
transition states, the spin density is mainly on the exo heavy . -
atom, although in most cases there is also a significant density ~CoH=CH; gg 72% g'g
on Gy and Gy). This is particularly noticeable in the case of —CH=CH; 34 -39 45
the negatively charged carboxylate group, where the equivalence 2.3 -3.9 35
of the two charge-bearing O-atoms evidently prevents any  cis —CgH=NH 6.2 —6.3 8.1
buildup of spin density in that part of the structure. 9.0 —6.3 10.9
. . . trans —CzH=NH 6.3 —6.1 8.1
Charge Separation, Valence Orbital Populations, and 86 6.1 10.4
Natural Bond Orbitals in the Ring Structures. These proper- —C(CNy=0 7.7 -5.9 9.5
ties have been studied to see if there is any correlation with the 14.0 -5.9 15.8
role of the ring structure as a local minimum on the PES oras ~ —Ce=CH’ 8.2 —5.5 9.8
the transition state for the 1,2 shift. Values for the atomic charges CaH=0 13'2 :g'g ig'g
on the component atoms and the valence orbital populations @ 16.3 56 18.0
have been obtained from natural population analyses (RIPA) —C3(CHs)=0 12.3 -6.7 14.3
using the B3LYP densities and are listed in Tables 6S and 7S 18.2 -6.7 20.2
and in Table 8S, respectively, of the Supporting Information. ~ —C@CI=0 15.4 —5.5 17.0
To characterize the charge. separatiqn, three structuraj ele- —C@F=0 igi ,gg ig:g
ments have been selected: (ipCthe apical carbon atom in 257 -55 27.4
the three-membered ring; (ii) the side-chain, i.e., the exocyclic ~ —C=N 16.8 -5.4 18.4
atoms of the substituent group moiety; and (iii) the carbon and 27.6 —54 29.2
hydrogen atoms of the ring in tqthl,C(>)C(3C()H2. The charges a Methyl group substitution on @. ® Unsymmetrical ring structure;

on these three elements, gyCq.exo, and q.ring are listed in  see Figure 3(iii).

columns i, ii, and iii of Table 9S. With-Cz=CH and—CzH=

CH; as the substituent group, there is charge transfer from the changeover in the role of the ring structure from local minimum
substituent moiety to the ring, g.exo is positive, and q.ring is to transition state on the PES. A close examination of the natural
negative; whereas with an electronegative atom in the substituentoond orbitals has likewise found no criteria for distinguishing
group moiety, the transfer is in the opposite direction. The values between these two roles.

of q.Cg) are primarily responsible for the trend shown by the  The Fragmentation Radicals. The bond lengths in the
values of g.ring. Taking all the values in Table 7S into account, radical species derived from the substituent groups, produced
with the exception of these for the carboxylate derivative, the by fission of the G)—Cs) bond in the extended chain structures,
range for the H-atoms is 0.29.27, with a mean of 0.2& are listed in Table 4S. The bond lengths betwegy &d the
0.01, and the range for(and G) is 0.41-0.48, with a mean  adjacent multiple-bonded heavy atom fall into two categories.
of 0.44+ 0.02. The effect of electronegative atom bonding in In the first, in which @) in the substituent group has connectiv-
the substituent group moiety is shown very clearly by the charge ity C2, i.e.,—C(3s=CH and—Cs=N, the bond length is longer

on Gg). With —Cz=CH as the substituent group, replacement in the fragmentation radical than in the extended chain structure.
of CH by N in the —C(3—CH moiety results in a change in In the second, in which @ has connectivity C3 and which
q.Gg) from —0.17 to 0.12: with—CzH—CH; as the substituent includes all the other substituent groups, it is shorter. With

group, replacement of GHn the —CH—CH, moiety, first —C3=CH and—CH=CH,, in which Gg) s triply and doubly

by NH, then by O, results in a progressive change frefn35 bonded to carbon, the atomic spin density in the fragmentation
to —0.14 and then to 0.11, in accord with the increasing radical is almost exclusively on&; see Table 5S. For all the
electronegativity? Replacement of the H-atom irCH—0 other substituent groups, however, in whicl)@ multiple-

by an additional electronegative atom leads to even more bonded to one or more electronegative atoms, the spin density
positive values: e.g., F, 0.67; C1, 0.29; OH, 0.00, etc. tends to be delocalized, with significant density on N, O, ClI,

Hydrogen is the least electronegative atom in these struc-and S.
tures?? and the charge separation is primarily the result of a  Thermodynamic Data for Ring Closure. Values of AH2%,
decrease in electron occupancy in the 1s orbital of the hydrogenAS?®8, and AG?°8 for the formation of the ring by closure of
and a corresponding increase in the occupancy in the valencethe extended chain structure are listed in Table 1 in rank order
orbitals of C, N, O, F (S and CI). In most cases the occupancy of increasingly positive values dfH?%8 AS*8 is consistently
in these 2p(3p) orbitals exceeds the nominal values of 4, 5, 6, negative, as would be expected for ring closure, but small in
and 7, respectively, for the unbound atoms; see Table 8S. Themagnitude, ranging from-3.2 to —6.7 cal/(mol K), with the
only exceptions are the 2p occupancy values for carbon triply result thatAG?®8 is slightly more positive thathH?%8
bonded to nitrogen or doubly bonded to oxygen in the various ~ With the exception of—CH=CH, and the G-methyl
carbonyl derivatives. With the change in the connectivity of derivative, AH?® for the remaining substituent groups is
carbon from 2 to 3 to 4, as exemplified by the values fgg C  significantly larger at the MP2 level than at the B3LYP level,
and C with —Cz=CH and —C3sH=CH; as the substituent  although the same rank order is followed and with it the trend
group, there is only a slight increase in the 2p orbital occupancy. in AG?*8to quite large positive values. This type of discrepancy
To sum up, despite well-defined differences in the values of has been observed in the case of a simpler reaction by Dobbs
g.Ga), g.exo, g.ring, and the valence orbital populations, there and Dixon?® We note, however, that at the B3LYP level the
is no indication of threshold values that would mark the rotation of the exocyclic Ckgroup in the vinyl ring structure
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TABLE 2: Energy Values at 0 K in kcal/mol, for (i) TABLE 3: Enthalpies, Entropies, and Free Energies of
Extended Chain Structure — Contracted Chain Structure Activation at 298 K, in kcal/mol, cal/(mol K), and kcal/mol,
(TS), (ii) Extended Chain Structure — Ring Structure (local Respectively, for the 1,2 Shift in the Radical RG)H,—CyH»
minimum on PES), and (iii) Ring Structure (local minimum via the Cyclization/Fission Mechanism and via the
on PES)— Contracted Chain Structure (TS), i.e. the Ring Fragmentation/Recombination Mechanism, Calculated at
Opening Reaction, Calculated from the Molecular Energies, the B3LYP Level (upper values) and at the MP2 Level
& + zpe, Using the Values oEL and zpe at the B3LYP (lower values)
Level Listed in Table 2S — -
cyclization/ fragmentation/
substituent group AH* (i) AH (i) AH (iii) substituent fission recombination
—CH=CH* 10.0 3.3 6.7 group, R AH*  AS  AG* AH* AS AGF OAGH
CiggHgnﬁ 18:2 Z:g 1:8 —C=CH? 150 -49 165 581 316 487 322
transCH=NH 112 70 42 182 —4.9 197 607 316 513 316
—C=CH 15.7 9.0 6.7 —C=N2 194 —-55 21.0 56.1 289 475 26.5
=N 201 175 26 26.0 —55 27.6 631 289 545 269
—C(CN)=0 8.7 83 0.4 —CH=CHz>? 10.1 —-5.7 11.8 326 343 224 10.6
_oH=0 101 98 03 9.0 -57 107 364 343 262 155
_C(CH)=0 129 129 00 —~CH=CH2* 93 -56 110 294 386 179 69
—CC=0 157 159 02 _ 8.0 —-56 9.7 352 386 237 140
—CF=0 17.4 17.6 —0.2 cissCH=NH? 99 —-71 120 26.1 331 16.3 4.3
' ' ' 10.8 —7.1 129 29.7 331 199 7.0
aMethyl group substitution on &. transCH=NH2 104 -6.3 12.3 20.3 335 103 —-2.0
11.0 —-6.3 129 242 335 142 1.3
is accounted for satisfactorily. In themselves thag% A% —CF=0o 165 -7.7 188 283 338 182 -06
and AG?%8 values could be an indication that, for the 1,2 shift _ 238 —r7 261 302 338 201 —6.0
. Al ! . N —CH=0?2 92 —-64 111 172 332 7.3 —3.8
to occur, the fragmentation/recombination mechanism is prefer- 128 —6.4 147 164 332 65 —-82
able. —CCI=0? 149 —-70 170 186 35.1 8.1 —8.9
The Potential Energy Surface in the Region of the Ring C(CH)—0 igz _;'9 ii'z ﬁ% ggé 12'; _1(2)-%
Stru_(_:ture. As i:an_ be seen fror_n a compariso_n of the values of (CHy) 149 —77 172 177 353 7.2 —-10.0
AH(ii) and AH*(i) in Table 2, with—CH=CHy, its C»-methyl —C(CN)=0? 79 —66 99 183 349 7.9 -20
derivative, and—C=CH as substituent groups, and to a lesser 116 —6.6 136 279 349 175 3.9
extent—C=N, the ring structures (local minima on the PES’s) —C(OHF=0° 209 -7.3 231 241 338 140 -9.1
are lower in energy than the transition states for their formation 268 —7.3 290 26.6 338 165-125

—C(SH)=0¢ 172 —6.6 19.2 13.0 347 2.7 —16.5

— the contracted chain structures. The differentei(i) — 240 -66 260 158 347 55 -205

AH(ii) is the energy barrierAH*(iii), for the ring opening step. —C(SCH)=0° 17.8 -99 20.8 147 342 45 -16.3
These ring structures are thus distinct reaction intermediates at 245 —-99 275 192 342 9.0 —185
the B3LYP level, although undergoing rapid fission to give the —C(O7)=0¢ 271 -50 286 88 334 -11 -297
extended chain structure. On the other hand, with the carbonyl 249 -50 264 119 334 20 -244
group substituents;-C(CN)=0O through—CF=O0 in Table 2, aTransition state: contracted chain structdrblethyl group sub-

AH*(i) and AH(ii) are nearly the same. For these substituent stitution on G ¢ Transition state: ring structuré JAG* gives the
groups the potential energy surface is evidently almost flat in difference between the two free energies of activation,d&G* =
this region. In the case of the other carbonyl group substituents, AG'(fragmentation/recombinationy AG*(cyclization/fission).
—C(OH)=0, —C(SH)=0, —C(SCH)=0, and—C(0")=0 (see
Table 3S), no contracted chain structure could be identified as . '™ * " o e T ) .
a transition state, and in its place, the ring structure takes overlikely: |f. p0§|t|ve, cycllgat|on/f|35|on, if negative, fragmentatlpn/
as the transition state for the 1,2 shift. As far as reactivity is "ecombination. There is clearly a very abrupt changeover in the
concerned, there is no operational difference between these twoSh'ft mechanism. With-C=CH, —C=N, —CH=CH,, and the

classes of carbonyl-substituted radicals. In both cases generatiofr@ Methyl derivative, cyclization/fission is definitely favored,
of the cyclic radical would result in ring opening to give the I accord with the substanjual body of experimental evidéficé.
extended chain structure without activation. On the other hand, there is a clear preference for the fragmenta-

Enthalpies, Entropies, and Free Energies of Activation tion/recombination mechanism with most of the carbonyl
for the 1,2 Shift via Cyclization/Fission and via Fragmenta- substituent groups, althoughCF=0 and ~CH=0 could be

) L A borderline cases.
tion/Recombination. The activation process for the fragmenta-

. L . o A particularly striking example of the interplay between the
tion/recombination mgchanlsm hgs been taken to be. the SpIItt!n(-;thermodynamic parameters that determine which mechanism is
of the extended chain structure into a smaller radical species

and a vinyl structure; see Chart 1B. The presence of an actualoperative Is provided by the data wittC=N as the subsituent.
transitionystate Woula clearly resulf ina 2Iower reaction. For Although AGZ% for the formation of the ring structure has an
example, in the case 6fCH=0, — CCI=O, and—C(OH)=0 especially large positive value which alone would point to

as substituents, transition states have been located at the MP agmentation/recombination AG” for its formation is not
H) ¢ H 1 1
level, 6.3, 2.7, and 4.8 kcal/mol in energy above the combined uch larger. HoweverAG? for fragmentation/recombination

. . . e is far larger still, so much so that the outcome is clearly in favor
energies of the fragmentation species, giving rate constants e
3 454 of cyclization/fission.
103—-10“ times slower.

) ) S ) . Comparison of Calculated Values of AH¥ and AH for
W|t_h thl_s proviso in mind, the resu_lts of_ these calculations Cyclopropylcarbinyl Radical Reactions with Experimental
are given in Table 3 for both mechanisms in rank order of less \/gjyes and with Other Calculated Values in the Literature.
positive (more negative) values 6AG*, where High-level calculations ofAH* for the ring opening of the
cyclopropylcarbinyl radical and\H for the formation of the
SAG = AG*(frag/recomb)— AG*(cyCIiz/fiss) extended chain 3-buten-1-yl radical have recently been

This difference shows directly which mechanism is more
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TABLE 4: Comparison of Calculated and Experimental Values for the Energy Barrier, AH*, and the Enthalpy Change,AH,

for Ring Opening of the Cyclopropylcarbinyl Radical?

computational level ref AH¥ AH
PMP2/6-31G*//HF/6-31G* 3k 7.6 —4.8
QCISD/6-31G*/IHF/6-31G* 3k 9.7 3.8
G2 3K 8.3 —3.7
CBS-RAD/QCISD//HF/6-31G(d) 14 78 —2.2%
CBS-RAD/B3LYP//HF/6-31G(d) 14 78 2.1
B3LYP/6-31G(d)//B3LYP/6-31G(d) 14 8:6 —-2.%
B3LYP/6-311G(3df,2p)//B3LYP/6-31G(d) 14 4.3 —3.3
B3LYP/6-31+G(d)//B3LYP/6-3H-G(d) this work 7.3 —2.%
MP2(FULL)/6-311+G(2d,2p)//B3LYP/6-31G(d) this work 7.6 -1.9
experimertt 7.4 —1.6, -1.9, —2.7%, —4.6,

aValues in kcal/mol at 0 K without zero-point energy contributiongalues at 298 K corrected to 0 K without zero-point and thermal energy
contributions, using the values 6fobtained in this work® See ref e in ref 149 References for these experimental values, in this order, are given

in the footnotes to Table 1 in ref 14.

reporteci<14 Typical values, without the inclusion of zero-point
energy contributions, along with those obtained experimentally
likewise adjusted to O K, are listed in Table 4. The values
obtained in the present study at the B3LYP and the MP2 levels
(lines 4 and 5) compare very favorably both with experiment
and the other high-level computational values. The predicted
values for the rate constant for ring opening at 298 K are 5.6
and 6.4x 10’ s, respectively, in close agreement with the
experimental value of 9.& 10’ s~ and the CBS-RAD value

of 4.9 x 10’ s 114 The values obtained for the barrier to rotation
of the HLC— group about the €EC(3) bond axis are also very

difference between the free energies of activation for the
fragmentation/recombination and the cyclization/fission mech-
anism, is large and positive in each case (see Table 6), a clear
indication that a 1,2 shift via the cyclization/fission mechanism
is the more likely. With CH in—Cz=CH replaced by the
electronegative N-atordAGF is reduced in value, but still quite
positive, whereas with an O-atom replacingCHin H,C=
CeH— to give the formyl group (see Figure 1JAG* is
negative, indicating that fragmentation/recombination has be-
come the more favored mechanism.

In considering the more likely mechanism for themeth-

close to other computation results (see above), and the agreementleneglutarate and the methylmalonate-CoA mutase reactions,

with the experimental Arrhenius activation energy at 140 K
is, on average, to within 0.1 kcal/mol.

Methyl group substitution on & is found to give a slightly
lower barrier for ring opening (see Table 2), in accord with
other high-level calculatior®.The far slower migration aptitude
with N=C— as substituent is borne out by the experimental
results for the @)-dimethyl structure, but direct comparison for

an additional factor has to be taken into account. There is a
diminution in the translational entropies of species reacting in
the restricted spatial environment at the active site of the enzyme
due to the far smaller molal volumé&As a consequencAG*

for fragmentation in which there are two product species in
relation to the one reactant species would be more positive by
about 4.7 kcal/mol, and in tur@dAG* would be more positive

acetylenic and formyl substituents cannot be made because théless negative) to the same extéhfThe present results are

structures were far more extensively substituted, eC=
CCMe; and—C(CMey)=02 The data in Table 1 are compatible
with the comparable rates found experimentally for thg-C
dimethyl derivatives with—-CH=CH, and—CH=0 as substit-

strong presumptive evidence for a cyclization mechanism in the
case ofo-methyleneglutarate mutase, wherg)@ the carbon
atom of a vinyl group, since th@AG* values for the 3-buten-
1-yl radical and its 2-methyl derivative are large and positive

uents, although the calculated values for the barrier heights usingand would only be augmented by the translational entropy
3-21G-optimized structures are appreciably greater, 14.9 andcorrection. In the case of methylmalonate-CoA mutase, where

19.2 kcal/mol, respectiveBf.

There have been far fewer computational studies of the
fragmentation/recombination mechanism. A revealing compari-
son was made for several substituent groups using the MNDO
SCF-MO procedure with the unrestricted Hartré@ck (UHF)
option for the open shell species and optimization of all
geometrical variable®. But the MNDO method is known to
predict too high an activation energy for simple 1,2-hydrogen
migrations?% so the values obtained for the activation energies
in this MNDO study are probably also too high.

Summary and Conclusions

C) is the carbon atom of a carbonyl group, even thodgie*

has rather low negative values for some carbonyl substituent
groups, with HS-C(=0)—, and CHS—C(=0)—, the SAG*
values exceed-16 kcal/mol, so that with allowance made for
the translational entropy correction the values would still be
large and negative, and hence strongly in favor of the fragmen-
tation/recombination mechanism. In other mutase reactions such
as glutamate mutase and ornithine mutase, wheggés®onded

to a carbon atom whose connectivity is C4, ring formation is
not possible and the 1,2 shift is limited either to fragmentation/
recombination or to some kind of concerted mechanism.
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