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Hybrid DFT calculations of the potential energy surface (PES) relative t®theophyl rearrangement

of a series of ring-substituted 1,1-diarylalkoxyl radicals have been carried out at the UB3LYP/6-31G(d)
level of theory. On the basis of the computational data, the rearrangement can be described as a consecutive
reaction of the typ@ = b — c (see above graphic), and the steady-state approximation could be applied

in all cases to the intermediabe The first-order rearrangement rate constakgss = kiko/(k-1 + ko)]

were thus obtained from the computed activation free-energies and were compared with the experimental
rate constants measured previously in MeCN solution by laser flash photolysis. An excellent agreement
is observed along the two series, which strongly supports the hypothesis tahdwphyl rearrangement

of 1,1-diarylalkoxyl radicals proceeds through the formation of the reactive 1-oxaspiro [2,5]octadienyl
radical intermediate. This is in contrast to previous hypotheses that involve either a long-lived intermediate
or the absence of this intermediate along the reaction path. The calculated rearrangement free-energies
decrease upon going from the methoxy-substituted radit@°(= —16.4 kcaimol™) to the nitro-
substituted oneXG°® = —21.8 kcaimol™2), which follows a trend that is similar to the one observed for

the Gi—O bond dissociation enthalpies (BDES) of ring-substituted anisoles. This evidence indicates that
in the O-neophyl rearrangement the effect of ring substituents on the strength of the newly fogmea C

bond plays an important role.

Introduction SCHEME 1

The 1,2-migration of an aryl group in arylcarbinyloxyl - o |©
radicals, known as th®-neophyl (or neophyl-like) rearrange- @?@ﬁ Q?O —— Qq-
ment, has been the subject of several stulli€his process R R
converts an oxygen centered radical into an isomeric carbon

centered radical, and it has been observed only for radicals that

bear at least twa-aryl substituents, such as the triarylmethoxyl respectivel_y . After LFP of a MeCN solution containingt-
and 1,1-diarylalkox);/I radicals. The mechanism )c/)f this rZ- butyl 1,1-diphenylethylperoxide, Schuster observed the forma-

‘o ofi ; . - . tion of a transient that was characterized by an absorption band
arrangement Is Sml not entirely ynderstood, .the main question centered at 535 nm and assigned this tra)rqsient to tﬁe bridged
1S Whethe_zr the bridged _1_-oxasp|rq[2,5]octad|enyl radical is an radical? Later, Scaiano showed by LFP studies that Schuster’s
|ntermed|ate. ora transmon.-state n .th|s process (Scheme b assignment was not correct and reassigned the 535 nm transient

Evidence in favor of the intermediacy of a 1-oxaspirol2,51- y, e 1,1-diphenylethoxyl radical).*° He further concluded
octadienyl radical was prowdgd by Schustand Grossi by that the bridged radical was either not an intermediate in the
means of laser flash photolysis (LFP) and EPR Spectroscopy. earangement dfa or was a short-lived intermediate that was

not detectable with nanosecond LFP techniques. Grossi reported
(1) For an excellent review on radical aryl migration reactions, see Studer, EPR spectra, which were obtained during a ceric ammonium

A';(%Oégﬁ/g'yMbTEtfaé‘ﬁgr;Obnst?ngSQ Qggﬁa ;2?% JBPhys. Chem990 nitrate (CAN) induced photooxidation of triphenylmethanol and

94, 1056-1059.
(3) Grossi, L.; Strazzari, SI. Org. Chem200Q 65, 2748-2754. (4) Banks, J. T.; Scaiano, J. G. Phys. Chem1995 99, 3527-3531.

R =CHjs, ¢-Pr, Ph
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1,1-diphenylethanol, that were assigned to the corresponding
1-oxaspiro[2,5]octadienyl radicals that formed affeneophyl -15 1
rearrangement of the triphenylmethoxyl and 1,1-dipenylethoxyl

radicals® However, Ingold reexamined these EPR data to -20
provide, in both cases, an unambiguous reassignment from Reaction coordinate

1-oxaspiro[2,5]octadienyl radicals to phenoxy! radicals. . L " | o for th .
. . IGURE 1. Gas-phase potential energy profile for the reaction o
Our own 'fes“'ts that have beerl obtalned rgcently for a SereS, 1 dical 1a with reference to Scheme 2, calculated at the UB3LYP/6-
of symmetric and non-symmetric ring-substituted 1,1-diaryl- 31G(d) level of theory.
alkoxyl radicals, by means of product and time-resolved (LFP)
kinetic studies, were instead interpreted in terms of a concerted

mechanisn. In the case of the unsymmetrically substituted radi&as
To obtain additional evidence on the concerted or stepwise and9a, Scheme 3 holds.

nature of this rearrangement, we carried out hybrid DFT  The electronic energies, the electronic energies plus the
calculations of the potential energy surface (PES) relative to corresponding zero-point vibrational energy (zpve) corrections,
the reaC“On-S of the rad|Calﬁ_6a-(See Chart 1) Although mOSt and the gas_phase free_energy differen(m§°0 for all the
ofthe experimental data are ave}llable for cyclopropyl-substltuted species are reported in Table 1 and take the corresponding
radicals’ most of the calculations were carried out on the reactant as a reference. When a given species exists as
corresponding methyl-substituted ones. The substitution of hopulations over multiple conformers (see Supporting Informa-
methyl for cyclopropyl reduces the number of distinct confor-  tion), the data reported in Table 1 refer to the lowest-energy
mational minima of the involved species but does not signifi- conformer. It has been verified thAG® values of the lowest-
cantly affect the experimental and calculated rate constants (segnergy conformers and of the entire conformer populations differ
below the results ola vs 64). by less than 0.1 kcahol .

The computed kinetic results here obtained have been |n gl of the cases, with the possible exceptionsof the
compared Wlt"; the experimental ones previously reported for prigged 1-oxaspiro[2,5]octadienyl radical has been shown to be
la and 6a—8a’ and with the additional experimental data, a minimum along the reaction coordinate, which corresponds
reported in Supporting Information, relative to the reaction of to a short-lived intermediate. When an allowance is made for

radical 9a the zpve correction, the case &l is ambiguous because its
energy is practically coincident with that of the transition-state
Results preceding its formation (Ts3-sq). This indicates the absence

of any energy barrier that separates the low-energy vibrational

Hybrid DFT calculations, at the UB3LYP/6-31G(d) level of levels of5d and TSa-sq. Apart from this possible exception,
theory, have been carried out for the reactions of the radicalsthe overall picture, at the temperatufeldK appears to be quite
la—6ain the gas-phase. This level of theory was used becauseconsistent. The matter is not so clear-cut at 298 K, be-
the results it provides for radicals have generally been found to cause a potential energy barrier less than rt (about 0.6
be very reliable not only for equilibrium species but also for kcalkmol™) is negligible. From this point of view the existence
transition-states, as long as no sudden spin localization isof the bridged 1-oxaspiro[2,5]octadienyl radical as a distinct
required for the adiabatic passage from reactants to pro8lucts. intermediate might be questionable in some of the cases reported

The geometry optimization of reactants, intermediates, and in Table 1.
products, followed by location of the transition-states, has = When focused on the overall energetics of the reaction series
allowed for the calculation of all the stationary points of the la—4a, itis evident that the reaction depends on the energetic
potential energy curves. For the sake of illustration, the curve balance due to the cleavage of a€C bond in the starting
relative to the reaction of the radical, with reference to 1,1-diarylalkoxyl radical {a—4a) and accompanied by the
Scheme 2, is shown in Figure 1. formation of a G,—O bond in the rearranged carbon centered

SCHEME 2
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TABLE 1. Thermodynamic Data for the Reactions of the Radicals SCHEME 4
la—6a?

electronic electronic energy X@CHon _— X +  CH,OH
structure energy + zpve AG° P

la 0 0 0

o 22 78 21 Voo ——— x{ No + bon
TSib-1c 10.4 8.9 9.2

1c —-17.0 —-17.4 —-18.3 X = H, OCHg, CF3, NO,

2a 0 0 0

TS2a-20 8.7 7.5 8.0 TABLE 2. Absolute and Relative Gas-Phase £—C and Ca—O

2b 8.4 74 7.6 BDEs of Para Substituted Benzyl Alcohols (4-X@H4—CH>0H) and
1 vy 29 o Anisoles (4-XCsHs—OCHa)

3a 0 0 0 X 4-XCgHa—CH,OH 4-XCeHs—OCHy

TSsa-30 8.5 7.3 7.6 H 94.3 (0) 95.3 (0)

3b 7.1 6.3 6.5 OCHs 95.4 (+1.1) 94.8 (-0.5)

TSsb-3¢ 8.9 7.6 7.7 CFs 94.8 (4+0.5) 96.5 (+1.2)

3c -18.7 -19.0 -21.1 NO, 95.2 (4-0.9) 97.7 §-2.4)

14_24 9 4 % 3 % 9 a Calculated at the UB3LYP/6-31G(d) level of theory, at 298.15 K, and
4b a4b 4.9 42 46 at 1 atm. Reported in kcahol~%. ABDESs values, in parentheses, are relative
TSup-4c 6.4 5.1 5.4 to X = H.

4c -21.2 -21.3 -21.8

?.aSij 186 %_3 %‘7 to the cancellation of errors, differences in BDESBDES)

5b 9.2 8.2 8.0 within a closely related family of compounds are much more
TSsp-50 10.6 9.2 9.5 reliable than the absolute valubsolute and relative BDES
5¢c -15.8 -16.3 -17.5

TS s 9.1 78 8.3 thus obtained for &—C and G,—O bond cleavage of ring-
5d 8.8 7.8 7.8 substituted benzyl alcohols and anisoles are collected in Table
TSsa-se 117 10.2 10.5 2

Se -15.3 -15.8 -17.3 '

6a 0.0 0.0 0.0 ) .

TSsa6b 8.9 7.7 8.2 Discussion

6b 8.5 7.6 7.7

TSsb-6 10.6 9.2 9.5 . . . )
Pl 172 174 _183 Before getting to the heart of the discussion of the compu

tational results, it is important to validate them by comparison
* Reported in kcamol™. Calculated at the B3LYP/6-31G(d) level of  5qainst the available experimental data. Because most of the
?Z%%’ {e:t‘:;:’_e to the corresponding reactrin the gas-phase at 298.15 experimental data are available for _cyclopropyl-substitut_ed
radicals’ whereas most of the calculations have been carried
out, for practical convenience, on the corresponding methyl-
ubstituted ones, the first question to resolve is the lack of a
ignificant change of effects upon the substitution of methyl
or cyclopropyl. It was already evidenced in a previous work
that this substitution produces only a minor change in the
observed rate constant @kneophyl rearrangement on passing

radical (Lc—4c¢). Thus to properly discuss this balance, we have
felt that it is also necessary to evaluate the gas-phase bon
dissociation enthalpies (BDES), at the same level of theory, for f
the cleavages of the two series of compounds, 4HX&
CH,OH and 4-XGH;—OCH; (X = OCH;, H, CR;, NO),
respectively, as described in Scheme 4.

BDEs calculated at the UB3LYP/6-31G(d) level of theory - —
are sufficiently reliable for the discussion presented here. It has ggé%)_lgggg’ K- U.; Smeu, M.; DiLabio, G. AJ. Org. Chem2006 71,
been pointed out that the B3LYP functional offers an attractive  (7) Aureliano Antunes, C. S.; Bietti, M.; Ercolani, G.; Lanzalunga, O.;
and seemingly accurate alternative to the expensive conventionaSalamone, MJ. Org. Chem2005 70, 3884-3891.

P : (8) Bally, T.; Borden, W. T. InReviews in Computational Chemistry
ab initio methods for the computation of BOEand that, thanks Lipkowitz, K. B., Boyd, D. B. Eds.; Wiley-VCH: New York, 1999; Vol.
13, pp +97.
(5) Avila, D. V.; Ingold, K. U.; Di Nardo, A. A.; Zerbetto, F.; Zgierski, (9) Pratt, D. A.; DiLabio, G. A.; Mulder, P.; Ingold, K. LAcc. Chem.
M. Z.; Lusztyk, J.J. Am. Chem. S0d.995 117, 2711-2718. Res.2004 37, 334-340 and references therein.
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TABLE 3. Calculated Gas-Phase and Experimental Microscopic rate constants appearing in eg3Thave been
f{’&‘gﬁ{;ﬁ[ﬁfﬁgsporder Rate Constants for the Rearrangement calculated from the free-energies of activation reported in Table
1 by the canonical transition-state thedt}! The gas-phase rate
radical é‘fi"g Sk_Gf% constants reported in Table 3 are calculated on the basis of either
n Ve X=v=h ST NENT eq 1 or eq 2, and the available experimental rate constants are
> R— MZ; X =Y = OMe Lok 16 o measured in a MeCN solution. In the case of unsymmetrically
3a R=Me;X=Y =CF; 7.5% 10° substituted radicals, the molar ratiis also reported.
4a R=Me; X =Y =NO, 5.3x 107 . .
5a R=Me: X = OMe, Y = CF; 3.8 10 Direct comparison betweé®,, andkzac for laand6ashows
o (Q=22) . that, in both cases, the experimental value=i times larger
oa A A 59x10 20100 than the calculated one. Moreover, as indicated above, it is
8a R=cPr;X=Y =CR 1.8x 107¢ legitimate to comparekey, for the cyclopropyl-substituted
% R=c-Pr;X=0Me, Y=Ck 5.1x 10°¢ radicals7a—9a with k., relative to the corresponding methyl-

(Q=14.3)de . )
substituted one 3a, and5a, respectively; thekey, values
aGas-phase at 298.15 K and 1 athMeCN solution at 295.15 KS Ref <8 32 a P Y P

7.9This work (see Supporting Informatiorf)Molar ratio of products are from 1.3 to 2.4 times larger than thgac ones. The
obtained in CHCI, at 293.15 K. conclusion is that the accordance between theoretically evaluated
and experimental rate constants is extraordinarily good on the
from radical6ato 1ain a CHCN solution at 295.15 K (see  energy scale, which lends support to the reliability of the PESs
Table 3)7 Comparison between theG° values for the reactions  evaluated at the UB3LYP/6-31G(d) level of theory. Further
of radicalslaand6a, displayed in Table 1, shows that the data support comes from the comparison of the molar r@tio the
differ by < 0.3 kcatmol™. This is evidence that the substitution case of the rearrangement of the unsymmetrically substituted
of methyl for cyclopropyl does not significantly affect the overall radicals5aand9a; indeed the theory predicts that isonteris
computational results. Validation of the computed data can preferentially formed with respect to isomée which is
therefore be realized, aside from the direct comparison with analogous to the experimentally observed predominance of

experimental data in the case of the radickésand 6a, by isomer9c with respect to isome®e (see Scheme 3 and Table
comparing the computational data obtained for the methyl- 3).

substituted radicalﬁa, 38, and5a with the eXperimental data The DFT Computations thus provide Strong Suppor’[ for the
relative to the cyclopropyl-substituted orges-9a, respectively.  hypothesis that the-neophyl rearrangement of 1,1-diaryl-
To carry out such a comparison, the compute@° values alkoxyl radicals proceeds through the reversible formation of

shown in Table 1 must be translated into rate constants. the reactive 1-oxaspiro[2,5]octadieny! radical intermediate. A
According to Hammett, in a consecutive reaction of the type yeactive intermediate is typically present at very low, often
shown in Scheme 2, it is only necessary for the free-energy of yngetectable, concentrations during the reaction course. In this
the intermediatet) to be a couple of kllocalorles_ or more higher  gense, the above results are in contrast with the observations of
than that of the reactane) for the Bodenstein steady-state  gchystet and Gross?, which were successively challenged by

approximation to apply? This condition is Iar_gely verified for Scaiand® and Ingold® respectively, who suggested the ac-
the cases at hand. Accordingly, the overall first-order rearrange- - ,mulation of a relatively long-lived intermediate.

ment rate constants for the radicals that follow Scheme 2 will

. The above results are also in contrast to our own previous
be given by eq 1.

hypothesis of a concerted mechanism that appeared suitable to
koK, interpret the observed substituent electronic efféttsleed in
K Tk (1) our previous work we found excellent Hammett-type correla-
-1 "2 tions between the™ substituent constants and both the visible
One possible objection to the use of the steady-state ap-absorption band maxima of the reacting radicals and the
proximation for all of the cases reported in Table 1 is that, at rearrangement rate constants. These results were unduly inter-
298 K, in some of the examined cases, it is not absolutely clear preted as significant evidence of a reactant-like transition-state,
if the 1-oxaspiro[2,5]octadienyl radical is actually an intermedi- and the latter was in contrast with a stepwise mechanism in
ate (see Results). However, we wish to point out that this which the formation of a high-energy intermediate is rate-
objection is irrelevant because in these dubious chses k, determining.
so that the overall rate constant is determined by the free-energy The gata in Table 1 provide a significant basis for the critical

of the second transition-state, which is exactly the same resultyis.ssion of substituent effects on a consecutive reaction of
that one would obtain by considering a concerted reaction in i, typea = b — c. To this end we will focus oMG® values

which the first transition-state is ignored. . relative to the reactions of radicals—4a. The data relative to
Analogously, for the case of an unsymmetrically substituted e 1.oxaspiro[2,5]octadienyl radical intermediates-4b show
radical fo_llowmg Scheme 3, egs 2 and 3 hold, whexés the that the presence of methoxy ring substituent2dmetermines
molar ratioc/e of the rearranged products. a negligible effect with respect to the unsubstituted intermediate
KoKy Kok, 1b (7.6 vs 7.4 kcaimol™?), whereas a significant stabilizing

k

= + 2 effect is observed in the presence of electron-withdrawing
kitks kotk substituents, which increases upon going from thes-CF
koks substituted radicaBb (6.5 kcatmol™?) to the NQ-substituted
k. + kg : . :
= = (3) (10) Hammett, L. P. IPhysical Organic Chemistrynd ed.; McGraw-
kK, Hill: New York, 1970. Chapter 5.
ﬁ (11) Cramer, C. JEssentials of Computational Chemistry Theories
—2 + 4 and Models 2nd ed.; Wiley: Chichester, UK, 2004; pp 52827.
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one4b (4.6 kcatmol™1). A similar trend is observed, although, reaction path. The present study, moreover, indicates that, among
as expected, to a lesser degree, for the free-energies of the firsthe factors that govern the rearrangement, the strength of the
transition-state TSy, relative to the formation of the bridged  Ca—O bond that is formed during the rearrangement appears
radical intermediate from the 1,1-diarylalkoxyl radical. In to play an important role.

contrast, the second transition-state, IS relative to the

transformation of the radical intermediate into the corresponding . .

final carbon centered radical, appears to be much more sensitiveEXPerimental Section

to electronic effects, which spans about 5 kel upon going
from the OMe to the N@ group. Interestingly, this large
sensm\_/lty chan_ges the relative |mpor‘[_ance of the two transmon- Gaussian 03 program packaeAll species have been fully
states in affecting the obser_ved_reactlon rate._lndeed, accordmggeometry optimized in the gas-phase and characterized as minima
to the steady-state approximation, the reaction rate is mostly o yansition-states by frequency calculations; the Cartesian coor-
affected by the transition-state which has the higher free-energy, ginates are supplied in Supporting Information. The calculated spin-
no matter whether it is the first or the second transition-state. squared expectation values $>) were, after spin annihilation,
The second transition-state, J/§ has a higher free-energy than  <0.751 in all cases, which is in good agreement with the
the first one, T&-p, in the cases of X= MeO and H and has  theoretically expected value of 0.75 for a pure doublet state.
comparable free-energy in the case oB)XCF. Its free-energy Transition-states have been located by the quadratic synchronous

Computational Details. Hybrid DFT calculations have been
carried out at the UB3LYP/6-31G(d) level of theory using the

decreases below the level of I in the case of X= NO.. transit method (QST2). The eigenvector relative to the imaginary
The final carbon centered radical is also largely sensitive to frequency of each transition-state has been carefully inspected with
electronic effects; its free-energy decreases by 5.4 ft! the help of the program GaussVi€ito check that it corresponded

upon going from the OMe to the NOgroup. The main to the expected reaction coordinate. IRC calculations have been
contribution to the energetics of the process can be reasonably'ﬂso carried out to confirm that the located transition-state actually

ascribed to the cleavage of a,&C bond in the starting 1,1- connected the reactants and products from which it had been
diarylalkoxyl radical (a—4a) that is accompanied by ihe generated by the QST2 algorithm. Zero-point energies and gas-

formation of a G,—O bond in the rearranged carbon centered phase thermodynamic data at 298.15 K and 1 atm have been
. ' L . calculated by the standard harmonic approximation without an
radical (Lc—4c). Along this line, relative gas-phase,G-C and y PP y

. . correction to vibrational frequencies.
Car—O BDEs of para-substituted benzyl alcohols and anisoles, G h BDEs at 298.15 K and 1 at lative to th
collected in Table 2, can help to shed light on the relative as-phase sa y and . atm refative fo the processes

. . in Scheme 4, with X= OCH,;, H, CFK;, and NQ, were also
importance of the .tWO Processes. The data indeed show that'calculated by geometry optimization and frequency calculations of
although all substituents determine a small but comparable

§ i th _C BDE for the b | alcohol ; the involved species at the UB3LYP/6-31G(d) level of theory [BDE
increase in the & or the benzyl alcohol series, _ HSoe(P-XCeHa) + HZogY*) — HZoep-XCeHaY)).

opposite effects are instead observed in the anisole series. The
Car—O BDE slightly decreases in the presence of the OMe ring
substituent and progressively increases upon going to the
electron-withdrawing Cgand NG substituents. Very impor-
tantly, the latter trend is analogous to that observed for the
calculated reaction free-energy differencA§°, for the rear- _ _ _ _
rangement of radicalka—4a (Table 1) discussed above, which Supporting Information Available: Results and experimental
indicates that in the rearrangement the effect of ring substituentsdetails of product and time-resolved studies for radiealCartesian
on the strength of the newly formedaG-O bond plays an coordinates, potential energy, and thermodynamic data for all of
important role. Along this line, the observations that the free- the stationary points of the reaction of radl_cals—Ga_ca_lculatt_ed
energy differences calculated for the bridged radical intermediate atthe UBSLYP/ 6.'3lG(d) level of theory. This material is available

. . . . S free of charge via the Internet at http://pubs.acs.org.
and the activation free-energies relative to its conversion into a
carbon centered radicahAG°tsp-¢, increase in the presence of

. . . JO070125N

electron-releasing substituents and decrease in the presence o0
electron-withdrawing ones (see above) can be interpreted

similarly in terms of the substituent effect on the strength of  (12) Gaussian 03, Revision B.01, Frisch, M. J.; Trucks, G. W.; Schlegel,

the Cy,—O bond H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A.,
r o Jr.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;

In conclusion, the results presented above show that DFT Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.;

computational methods based on the hybrid B3LYP functional Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda,

. . R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
and on a basis set of moderate size such as 6-31G(d) can b Kleneg,l M.; Li, X.; Knox, J. E.; HrJatchian, H. P.; Cross, J. B.; Bakken,

conveniently used for the determination of kinetic data relative V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;

to neutral free-radical reactions. This is evidenced by the close Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
. y Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
adherence of the computational gas-phase rate constants to thg ¢ . Dapprich, S.; Daniels, A. D.: Strain, M. C.: Farkas, O.; Malick, D.

experimental ones obtained in solution. The results point out K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui,

to the reliability of the computed gas-phase mechanism of Q: Baboul, A. G, Clifford, S.; Cioslowski, J.; Stefanov, B. B; Liu, G;
. Th )l; idaed 1 P . 295 P di | dical h Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
reaction. The bridged 1-oxaspiro[2,5]octadienyl radical has T . aj.Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.:

generally been shown to be a minimum along the reaction Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and

coordinate, which corresponds to a reactive intermediate. ThisPople, J. A.; Gaussian, Inc.: Wallingford CT, 2004.
C. ith . P h h . Vi ith | (13) Dennington, R., II; Keith, T.; Millam, J.; Eppinnett, K.; Hovell, W.
IS In contrast with previous hypotheses involving either a long- | . 3nd Gilliland, R.: GaussView, Version 3.09, Semichem, Inc.: Shawnee

lived intermediate or the absence of this intermediate along the Mission, KS, 2003.
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