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A Quantitative Curve-Crossing Model for Radical Fragmentation

Edward D. Lorance
Department of Chemistry, Vanguard Wersity, Costa Mesa, California 92626

lan R. Gould*
Department of Chemistry and Biochemistry, Arizona State/&fsity, Tempe, Arizona 85287-1604
Receied: Nawember 3, 2004; In Final Form: January 17, 2005

The kinetics of bond fragmentation for a seriesNsfnethoxypyridyl radicals are analyzed in terms of a
simple curve-crossing model that includes bond stretching and bond bending coordinates. The model accurately
reproduces the reaction surfaces calculated using density functional theory (DFT) and also the experimental
reaction energy barriers. The reactions proceed on the ground state surface by avoidance of a conical
intersection, which is clearly illustrated by the model. A value for the electronic coupling matrix element
responsible for splitting the upper and lower surfaces of 0.9 eV is obtained. The model illustrates the molecular
features that allow barrierless fragmentation from a formafiyadical.

Introduction of theN-methoxypyridyl radicals studied previously underwent

Transition state theory remains the most widely used method bond fr?g)r?er;]tatgn _appafrer}tly with I|ttlef or 1o bar(;|et: t%
for the analysis of reaction rate constants in organic chendistry. ;eacuon.t t The $_3|gn tﬁ te ectron tt;ﬁnsht_erhac?vate ibl on i
Although transition state theory successfully relates the rate of hragrtr:en arl]on r%‘?‘c |or}s a.docc%rl atthe '% est possible rate
a reaction to its barrier height, it does not describe the factors as been the su .Je.c't of consideraple research over many'years,
that control the height of the barrier nor allow predictions of yet very few_ definitive examples of such reactions that occur
how to make the barrier larger or smaller. Curve-crossing modelsWlth no_ barrier have been reporte_d. ) i
relate barrier height to the overall reaction energy change and reviously, we found that a qualitative curve-crossing model
form the basis of many other theoretical descriptions of chemical Provided a useful understanding of the rates of these reacfions.
reaction kinetics, including the BelEvans-Polyani principlé? The modell accpunted for substlltuent effe'c.ts and was found to
the Hammond postulateMarcus theory, the Shaik/Pross be predictive in t_erms of relatl\_/e reactivity. We_ wondered
VBCM model® and Saveant's description of reductive cleavage whether eguantitative curve-crossing _model could simulate the
reactions. In principle, parametrization of such a theory could apPsoluterate constants for the reactions.
allow reaction barrier heights, and hence rate constants, to be Proper description of the fragmentation reaction Nf

predicted although examples of this are rér&:.10 methoxypyridyl radicals requires the consideration of two
In a recent series of papers, we have described the kineticsmportant coordinates, that is, bond stretching and out-of-ring
of N—O bond fragmentation in a series Nfmethoxypyridy! plane bond bendind. Hynes et al. recently described in detail
radicals formed by one-electron reduction of the corresponding & guantitative 3-D curve-crossing model for a closely related
pyridiniums, as illustrated in eq 1 for the parent systéhese reaction, that is, fragmentation of the radical anion of the
reactions are of interest for several reasons. p-cyanophenyl chloride radical anion, as a function of the same

two coordinated® The Hynes model included a detailed

k description of solvation effects and used modified transition state
O e @ fr O 1) theory to s_uccessfully simulate the kinetics Qf the @ bond
N7 N N fragmentation process. Importantly, the matrix element respon-
| | .e

sible for splitting of the ground and excited radical anion
OCHjg OCHg ‘OCHjy (diabatic) states was also obtainéd.
Herein, we describe a quantitative model for the pyridyl
First, their reaction path is determined by avoidance of a radical fragmentation reaction of the “Hynes” tyfethat
conical intersectiof! The importance of conical intersections accurately reproduces the reaction barriers for a series of
in photochemical processes is well-kno¥érhut their role in fragmentation reactions with a wide range in rate constants. The
ground state reactions is less frequently discus$&tSecond, model is extremely simple to implement and, in addition to
avoided crossings around conical intersections involve the reaction barriers, provides structural information for both the
mixing of ground and excited states characterized by intramo- radical minima and transition states. The model clearly illustrates
lecular electron and energy transfer matrix elements. Evaluationthe factors that control the relative reaction barrier heights for
of such matrix elements is central to research on radiationlessthe reactions, and the origin of a barrierless reaction is easily
and radiative transitions:*>With the exception of the VCBM understood.
model of Shaik and Pro$showever, discussion of their role in
ground statechemical reactions is less comm¥#>216n part, Development of the Model
because their values are difficult to determine. Finally, some
Reduction of alN-methoxypyridinium puts the extra electron
* Corresponding author. E-mail: igould@asu.edu. into asr* orbital associated with the aromatic ring. This state
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i ' i TR SCHEME 2
sl nn*@ 1 <O ON-OCH; —»
'O.Me
50 coordinates, that is, NO bond stretchingin-o, and bending,
Energy / kcal mol™ a (Scheme 2). .
The energy difference between the& and nz* states of
251 R Figure 1 is the N-O bond dissociation energy (BRQJEof the
planarz* radical 8 The energy difference between the product
ok O | n? state and thewr* state, the pyridine excited state energy, is
2 N thus equal to the sum of BDEand E,, the reaction exother-
1 1 1 1 -OMB

micity (Figure 1).

The energy difference between the prodwfand theo* state
is less well-defined. In previous curve-crossing models of this
Figure 1. Energy correlation diagram forza pyridyl radical (bottom type, howevefP10this energy difference has been equated to
left) ando radical (top left) as a function of NO bond lengthrx-o. BDE,. We have made the same assumption here, although we

The solid lines show the correlations for the planar radicals. The curves h | ht ind dent iustificati First th
show the Morse energy curve for thiradical and the repulsive energy ~ 'av€ @S0 sought some indepenadent justinication. FIrst, the energy

curve for theo* radical calculated using eq 2, with the parameters difference between the* state and a puresfoo®) state is

INo/A ———

given in Table 1, and a reaction exothermiciB,, of 6.4 kcal/mol. roughly equal to the bond dissociation energy, since this is the
energy required to transfer an electron from ¢herbital to the
SCHEME 1 o* orbital.® The energy difference between tlitand o* states

in Figure 1 is thus somewhat less than BD&ue to mixing of
c* @ - @ - @ the @roo*) and (0o*?) states. If the decrease in energy due to
N N N mixing is of the same order &Sy, then the assumption is
. : : accurate. This assumption has also been tested using a time-
OCH; OCH, OCH, : : =
(t*06") (00"?) dependent density functional theory (DFT) computation; see
further below.

Construction of the model starts with a more realistic
description of the N-O bond stretching coordinate than the
straight-line correlations of Figure 1. The energy of the bound
sr* configuration as a function of NO distance E,(r), can
be given in terms of a Morse potential (eq®ayhere the value
of the curve at infinite bond length equals BRES is the
asymmetry parameter, and zero energy is defined to be
the bottom of the Morse curve. The energy of thteconfig-
uration,E,(r), can be described as the repulsive component of
the Morse curve (eq 2I5%:1° The energies are given in terms
of Arn-o, the difference between the actual bond lengtho,
and that of ther* radical configuration at its minimum energy,

is stable with respect to dissociation of the-® bond, since
theo bond order remains unaffected. As shown by the straight-
line correlation in Figure 1, stretching theXD bond in this
radical yields the methoxy radical and pyridine with one electron
in the z* orbital and one in a nonbonding orbital on nitrogen,
that is, a pyridinen — z* excited state rfr* in Figure 1).
Formation of the ground state pyridine and methoxy radical
products (2 in Figure 1) thus requires the participation af
excited states of the radical. In this regard, the aryl halide radical
anion’1% and pyridyl radical systems are slightly different. In
the halides, the presence of an electron indherbital results

in a three-electron €CI bond that may be repulsive and lead

to the product aryl anion and halide anion direéfly\Because E (r) = BDE_(1 + exp(—28Ar — 2 exp=BAr
of the smaller difference in electronegativity, however, theON (1) al PE26AN-0) PECAAN-0))

three-electron bond may not be repulsive, and higher excited (2a)

o* states are probably involved®¢ Two states that were E_(r) = (BDE, exp(-28Ar,_o) — E (2b)
discussed previously are illustrated in Scheme 1. One of these 7 i N0 P

has one electron in each of the, o, ando* orbitals (roc*), rmin. Examples of these potential energy curves are shown
and another has one in tleorbital and two in thes* orbital superimposed on the straight-line correlations in Figure 1.
(00*?) (Scheme 1). Thesergo*) and (oo*?) states readily mix The energy of the diabats in the second (bending) coordinate

upon out-of-ring plane bending of the-D bond. The nature s estimated as a standard bending potenEigl,s These can
of the mixed state depends on the-@ bond length. At short  take complex forms, but a simple quadratic potential works well
bond lengths, theroo*) state is lower in energy and the mixed  (eq 3)1° Here, kpengis the out-of-plane bending force constant

state has mainly this character. At longer bond lengths, the and a is the bend angle in radians. The bending potential is
repulsive ¢o*?) state dominates and yields the ground state

pyridine and methoxy radical products at large separation. To Epend= Koend™ — a)z (3)
simplify the model, we assume a single mixgdstate (Figure

1) that changes character smoothly with increasirgNoond included in the model by simple addition to the bond stretch
distance and correlates with the ground product stite Figure potentials to give the diabatic energies as a functiomyof

1. anda, D,(r,0)), andD,(r,a) (eq 4). Examples of these diabats

The reaction is thus characterized by a crossing ofithe  are illustrated in Figure 2A. The bending potential is assumed
(attractive) andr* (repulsive) excited states. A critical pointis  to be
that mixing of thex* and o* states is symmetry forbidden in
the planar radical and an avoided crossing only occurs when D,(r,a) = E (1) + Epend0) (4a)
the N—O bond is bent out of the ring plafe!! The curve-
crossing model is thus properly defined in terms of two D,(ra) = Ey(r) + Epend®) (4b)
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Figure 2. (A) Diabatic z* and o* surfaces as a function of NO distancern-o, and out-of-plane bending angle, (B) Lower reactive (mainly
blue) and upper excited (yellow/green) adiabatic surfaces formed by mixing the diabatic surfaces from part A. The Morse and repulsive curves

from which the diabatic and adiabatic surfaces are derived are indicated by the black dots in each part of the figure. The surfaces are calculated
using the parameters of Table 1 and for a reaction exothermicity of 6.4 kcal/mol.

the same for both diabats and to be independentynob. TABLE 1: Values of Fitting Parameters That Give the Best
Bending is associated with rehybridization of the nitrogen and Fit 10 B3PW91/6-31+-G* Computed Potential Energy Curves
. . . . . for Fragmentation of the N-Methoxypyridyl Radicals of
in the absence of mixing results in an increase in energy because e 2
(in addition to other electron repulsion effects) two electrons
formally associated with nitrogen occupy a nonbonding atomic , BPEx fin Koena Vimax
. ; (kcalmor?y) (A) (A)  (kcalmoflrad?  (kcal mol?)

orbital on nitrogen when bent but occupy lower enetgy
bonding orbitals on the ring when planar. This is the case 76.7 211 140 4.9 20.8
whether there is actually an-ND bond or not; hence, the aSee text for definition of symbols.
assumption that bending is independent @fo seems safe.

The adiabatic reaction surface is formed using a simple two- assumptions, the reactions proceed via the minimum energy
state perturbation model, which gives the relationship between geometry at the transition state, avoiding the conical intersection.
the diabatic and adiabatic state energies, as shown in eq 5a.  N—O bond fragmentation in the series of pyridyl radicals

indicated in Table 2 has been studied previously using hybrid

0. =B Vv =0 (5a) density functional computations (B3PW91/6-3%*).11¢ A best
\ (D, —E) fit to these DFT potential energy surfaces for radidats was
obtained using the curve-crossing model (eqs6R The
D,+ D, + \/ (D, + D0)2 —4(D,D, — V2) parameters BDE f3, I'min, Knena @ndV were varied globally (that
E1= 5 (5b) is, they were set to the same for every compouig), the

reaction exothermicity, is the parameter that distinguishes the

Here,V is the matrix coupling element arilis the adiabatic various reactions and was allowed to vary for each radical. A
energy, which has two valueg, andE, for any given set of  final parameterEsy, is a compound-dependent shift parameter,
the independent variables that determieand D,. Solving expected and found to be small, which reflects the fact that the
for these values using eq 5b yields the energy of the lower DF_T energies are normahzed to those at the minimum geom-
reaction adiabatic potential energy surfaEg,and an excited ~ etries. These geometf'eS_ are not that of the pufestate
upper adiabatic surfacg,. The matrix coupling elemen¥, is minimum, that is, arn-o = rmin, the energy upon which the
related to the orbital overlap between thando radical states. ~ calculated surfaces were based. The offsets should be dependent
We have approximated this overlap using a sine function (eq on the reaction exothermicity, and this was found to be the case

6) whereVinaxis the coupling at maximum orbital overlap. Using ~ (Table 2). Because the model describes the best fit to DFT
eqs 2-6, computed energy surfacds,, andEq are electronic energies.

The parameters that best fit the DFT data are those summarized
V=V,,sinr— ) (6) in Tables 1 and 2. Thp-styrylpyridyl radical,2, has a reaction
exothermicity of 6.4 kcal/mol; thus, Figures 1 and 2 describe
values forE; and E, as a function ofry_o and o are easily the diabatic and adiabatic energy curves and surfaces for this
computed, and examples are given in Figure 2B. The reactive particular reaction.
lower and excited upper surfaces exhibit extensive splitting, The fits to the DFT surfaces are illustrated in Figure 3 for
except at the crossing point in the planar conformation, where several of the radicals. For each radical, a contour plot is shown
they meet at a conical intersection. Under transition state theoryof energy versus angle versius-o, calculated using the curve-



Curve-Crossing Model for Radical Fragmentation J. Phys. Chem. A, Vol. 109, No. 12, 2002915

TABLE 2: Model Parameters, E.x, and Eq, Calculated Model Activation Free Energies,AG*.acq, DFT Computed Activation
Free Energies,AG*per, and Experimental Activation Free Energies,AG*exp, for N—O Bond Fragmentation in
N-Methoxypyridyl Radicals

Structure Radical Ena' Eor® AGicad  AGIprr'  AGig,

keal mol™  kcal mol™ keal mol™  kcal mol™  keal mol™!

°2N'<®:N'°Me 1 234 -0.15 6.59 7.29 £

@‘\_@N-om 2 6.39 037 275 271 427

NC@N-OMe 3 5.44 -0.35 3.12 3.10 3.72
@‘@N-OMe 4 12.26 -0.64 0.79 0.70 1.87

5 15.71 -0.95 -0.09 -0.22 1.19

(ON-ome
<@:N‘°Me 6 15.42 -1.0 -0.02 -0.22 0.80

Me°'<@:N'°Me 7 23.24¢ 2.0 -1.83¢ 2158 £

a Model electronic reaction energy, see téXtlodel electronic energy offset parameter, see tealculated using eq 7 as described in the text.
4B3PW91/6-3%G* computed activation free enerd¥f. € Experimental activation enerdi2® f Not measured? Average of energies at 1.4 and
1.5 A for the minimum and 1.5 and 1.6 A for the transition state, since no barrier was ¥sund.

crossing model. The points on the contour plots indicate the The model assumes that the energy difference between the
DFT computed angles versus-o for each reaction. Below each  diabaticn? and o* states (connected by the repulsive curve in
contour plot is shown the difference between the DFT and the Figure 1) is equal to BDE Theo* state in Figure 1 is an excited
calculated energies at eagh-o. The fitting routine determined  state of ther* radical in the absence of mixing, that is, when
the values of the global (BDES, I'min, Knena @ndV) and reaction the out-of-plane bending angke (Scheme 2), is zero. According
specific Exn andEys) parameters that best reproduced the DFT to Figure 1, the difference in energy between the ptrand
energies at eachy—o for each reaction. Reproduction of the o* states at small NO should be equal to BDEminus the
DFT bending angles was not included as part of the fitting reaction exothermicitygxn. A time-dependent DFT computation
routine, and the angles obtained from the model are simply thosewas performed on the parent pyridyl radical in an attempt to
that give the best fits to the DFT energies. Nevertheless, the determine the actual energy difference betweentthand o*
DFT angles are reproduced reasonably well by the model, asstates. The equilibrium geometry of the pyridyl radical is quite
illustrated by the fact that the points lie close to the lowest bent @ = 141°).12¢ The computation, however, was performed
energy path for each reaction predicted by the model. The angleswith the N—O bond length fixed at 1.4 A (i.e., the bond length
at the transition states are somewhat overestimated by the modelfor the purer* radical obtained from the simulations, Table 1)
particularly for radicall, and indeed, the fit to the DFT energy and the angle fixed at 180, to eliminate mixing between the
profile for this radical is the worst of all of the reactions. x* and o* states.
However, the maximum deviation between the model and DFT  Five excited states were obtained, with (electronic) energies
energies for this reaction is 1.7 kcal/mol, which corresponds to above the ground state of 32.7, 62.8, 72.8, 75.9, and 76.3 kcal/
only 6% of the total range of DFT energies included in the fitting mol (see the Experimental Section). Of these, the lowest energy
procedure. Most of the differences between the model and thetransition is clearlyr — x*, but the second, with an energy of
DFT energies are considerabiyl kcal/mol, that is,<3.5% of 62.8 kcal/mol, was found to have mainty — ¢* character,
the total range of DFT energies. which we assign to the vertical excitation shown in Figure 1.
As discussed above, the reactions proceed via avoidance ofFor the parent pyridyl radical, the reaction exothermicity is 15.4
a conical intersectiot 1t and this feature is clearly illustrated kcal/mol (Table 2). Thus, together with a BDEf 76.7 kcal/
in the contour plots of Figure 3. In each reaction, the radical mol (Table 1), the model predicts an energy difference between
has to undergo considerable- bending to get “around” the  pure 7* and o* states at 1.4 A of 61.3 kcal/mol. This is in
high-energy cone and then traverse the transition state mainlyremarkably good agreement with the 62.8 kcal/mol value from

along the N-O stretching coordinate. the time-dependent DFT computation, in support of both the
The bond dissociation energy and length parameters obtainedassumption of the? — o* energy gap in Figure 1 and the model
BDE,, andrn, correspond to the pure* diabatic planar radical. in general. As a further test of the assumption, and of the

The DFT computed minimum NO bond lengths for the actual  interrelationship between the parameters, we have examined the
radicals used in the fitting3—7, range from 1.41 to 1.46 A  effect of allowing the energy gap between tifeando* states
(Table 3). As discussed further below, these should all be longerto be different from BDE. We find that allowing these energies
than that for the pure* radical, as they were found to be. The to differ by up to 10 kcal/mol results in changes in the optimized
computed value for the-nitro radical,1, is somewhat shorter  values for most of the other parameters<af0%. Details are
thanrmin but only by 0.02 A. given in the Supporting Information.
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Figure 3. Contour plots of energy (kcal/mol) versus1® distancer_o, versus out-of-plane bending angte, calculated using eqs-® and the
parameters in Tables 1 and 2, for the radicals shown. The points indicate DFT angles yesdos the reactions from ref 11c; the circled points
represent the radical minima and transition states. There are is no minimum or transition stdtedause this reaction has no barrier. Also shown
are the energy difference8E, between those calculated using the model and those computed using DFT, as a functian ®he plots for
radical5 are not shown; they are very similar to those for radi&al

TABLE 3: Geometrical Parameters from the Model Compared to Those Computed by DFT for N-O Bond Fragmentation in
N-Methoxypyridyl Radicals

radical rminDFT a (A) rmincalcd b (A) (lminDFT a (deg) (XmincaICd b (deg) rsDFTa (A) r4calcdb (A) o:OFT @ (deg) ocalcdb (deg)

1 1.38 141 175 157 1.71 1.76 134 120
2 1.41 1.42 154 147 1.67 1.67 132 120
3 1.41 141 155 149 1.68 1.67 133 120
4 1.43 1.42 147 141 1.61 1.60 133 121
5 1.46 1.43 142 137 1.57 1.57 134 122
6 1.46 1.43 141 137 1.58 1.57 134 124
7 1.4% 1.4% 136 132 1.5% 1.5% 131 121°

2 B3PW91/6-33-G* computed bond lengths and bend angles at the radical minima (min) and transition®té&te$ Bond lengths and angles
from the model, using eqs—26 and the parameters given in Tables 1 and 2, at the radical minima (min) and transition®tat&bdse values
refer to an average of those determined at 1.4 and 1.5 A for the minimum and 1.5 and 1.6 A for the transition state, since no barrier was found in
this casélc

A bending coefficient of 4.9 kcal/maldiand was deter- The crucial parameter is the matrix coupling element that
mined. As discussed above, in essence, this corresponds to aetermines the extent af*/ o* mixing. The optimal value for
rehybridization coefficient. Although there are several differ- Vmax was found to be 0.9 eV (20.8 kcal/mol), which yields a

ences between the-ND bond breaking reaction studied here
and the G-Cl bond breaking reaction studied by Hynes et@l.,
our value is comparable to the value 11.5 kcalAraaliang
determined for th@-cyanophenyl chloride radical anion (when

splitting between the adiabatic states at the transition states of
38—41 kcal/mol, depending upon the particular reaction. This
can be compared to the value that Hynes et al. found for the
p-cyanophenyl chloride radical anion of 0.62 kcal/mdelgree

differences in the formulation of the respective equations are (for a linear dependence of on the hybridization angle),
taken into accoun®? It is reasonable that the coefficient is yielding a coupling coefficient of 16.12 kcal/mol at the transition
larger for the aryl chloride radical anion, since rehybridization state (or an approximate splitting of 32 kcal/m¥)).

localizes a pair of electrons on carbon in this case, compared

to corresponding lone pair localization on nitrogen in the pyridyl The N—O Bond Fragmentation Reaction

radical reaction. The more electronegative nitrogen can more

easily accommodate these electrons and thus rehybridizes more Reaction barriers can be determined from the curve-crossing
easily. model as the energy difference between the radical minima and
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Figure 5. (A) Out-of-plane bending angley, at the bound radical

minimum (closed circles) and transition state (open circles) and (B)

N-methoxypyridyl radicals from the curve-crossing mod®G*cacq N—O bond lengthsin-o, for (closed circles) the bound minimum and

versus (A) DFT computed free energies (slope 1.12, interc@p23) (open circles) the transition state, for fragmentatioN-ohethoxypyridy!

and (B) experimental reaction free energies (slope 0.96, intercept radicals, as a function of reaction exothermicBy,, predicted using

—0.97). the curve-crossing model described by eg$2nd the parameters in

Tables 1 and 2.

transition states. Because the model is parametrized using DFT

electronic energies, this is an electronic energy difference, and 180 to 142 respectively. The model allows lengthening

AEFcaca?® However, the previously determined DFT activation and bending of the NO bond at these minima as a result of

AGper/ keal mol™! — AG¥g,p / keal mol™! —

Figure 4. Activation free energies for NO bond fragmentation in

free energiesAG'per, exhibit an excellent linear correlation

with the corresponding DFT electronic energy differences,

AE*per, according to eq #¢ Therefore, we can calculate

mixing of thes* and o* states. Mixing lowers the energy (in
reality by allowing the electrons to occupy an orbital with
considerable N-O o* character) as a result of eqs 3 and 4. The

activation free energies given by the mod&G*caca by calculated radical minimum energy geometries are determined
by balancing the energy increasing and decreasing factors, just
as in the actual radicals. The extent to which state mixing occurs
is determined by how close the diabats are in energy at any
assuming the relationship of eq 7 holds also A ¢4 cq from particular value ofry—o. In the model, this is varied for the

the model. TheAG*4cq values obtained in this way are are different reactions via the exothermicity paramefg,. The
summarized in Table 2 and are compared to the correspondingreactions with larger exothermicities bring the adiabats closer
DFT values AG¥per, and also those from experimemtGF e o, together, which increases mixing, thus lowering the energy
in Figure 4. The agreement between the activation free energiesaround the minimum geometry and lengthening and bending
from the model and the DFT calculations is reasonable (Figure the bonds. The absolute values of the angles and bond lengths
4A). Because the DFT activation free energies were previously at the minima and the bond lengths at the transition states from
shown to agree well with experimeHgit is not surprising that the model compare reasonably well with those from the DFT
the calculated and experimental activation energies are also in(Table 3). The bond lengths at the minima are also reproduced
good agreement (Figure 4B). The calculated activation energiesreasonably well; however, as discussed above, the transition state
are smaller than experiment byl kcal/mol, mainly because  angles are too large (Table 3). Nevertheless, the simple model
the DFT activation free energies were smaller than the experi- apparently contains all of the essential features of the entire
mental values by the same amount. reaction surface.

In addition to the activation free energies, the model = The model predicts smooth increases in the length of the
reproduces the other important features of the reaction. InN—O bond and also the extent of bending at the bound
general, the reactions are more exothermic and faster with minimum with increasing exothermicity (Figure 5). The-®
electron donating groups and less exothermic and slower with bond length and the bending angle both decrease at the transition
electron withdrawing and delocalizing groups. These trends are state with increasing exothermicity, although the effect is much
expected on the basis of simple thermodynamic cycle argu- smaller than that for the minimum (Figure 5). Thus, the
mentg! and have been discussed in detail from a molecular structures of the radical minima and transition states approach
structure perspective previousfyThe model clearly illustrates ~ each other (the reactant radical increasingly approaches the
the fundamental reason for these trends. An electron donatingstructure of the transition state) with increasing exothermicity.
(or withdrawing group) raises (or lowers) the electronic energies The obvious limit in this regard is radical, in which the
of configurations in which the unpaired electron of the radical minimum and transition state have merged and for which DFT
is in az* orbital more than when it is in @* or nonbonding computations and experiment indicate that there is essentially
orbital on nitrogen. Thus, the energy of thitadiabat is raised  no barrier at all! This reaction is also predicted to be barrierless
by an electron donating group and lowered by a withdrawing by the model, as clearly indicated in Figure 3.
group, whereas the* adiabat is hardly changed. Thus, a Evidence in favor of barrierless solution phase electron
donating group raises the energy of the attractive Morse curve transfer induced dissociation reactions has been sought for some
in Figure 1 (the energies of the* and nz* states are both  timel” One-electron reduction of an appropriate aliphatic
raised) relative to the repulsive curve (the energies ofethe  compound can form a three-electraond (ac* radical) that
and n? states are hardly changed), which results in a larger is repulsive with respect to dissociation of that bond. Alkyl
reaction exothermicity, earlier transition state, and faster reac- halides represent a classic example of this, and one-electron
tion. reduction to form the radical anion of many alkyl halides results

At the geometries corresponding to the bound radicals beforein dissociation of the carberhalogen bond without any
fragmentation, the energy minima from the DFT calculations barrier!® For organic systems containing an aromatic group,
occur for values ofy—o anda ranging from 1.44 to 1.41 A however, the lowest energy unoccupied orbital will in general

AG' ey = 0.96AE" ., — 0.92

@)
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be as* orbital. As discussed above; radicals are stable with
respect to bond breaking, and character is required for
reaction, which in turn requires curve crossing. Thus, it could

Lorance and Gould

M.; Saveant, J.-MJ. Am. Chem. So&999 121, 4451. (c) Pause, L.; Robert,
M.; Saveant, J.-MJ. Am. Chem. S0d999 121, 7158. (d) Constentin, C.;
Robert, M.; Saveant, J.-Ml. Phys. Chem. 2000 104, 7492.

(8) (a) Perhaps the best example of simulations of reaction rates comes

be concluded that the dissociation of an aromatic radical anion from the extensive work of Saveant et al. on the fragmentation reactions of
will always have a barrier. However, the curve-crossing scheme halide radical anions. See, for example: (b) Saveant, JAd4. Electron

discussed here nicely illustrates how the activation energy for

Transfer Chem1994 4, 53.
(9) For an example in electron transfer theory, see: Gould, I. R,;

and by increasing the splitting between tifeand o* diabatic
states. For the current case of radigala nominal reaction
exothermicity of~1 eV and a state splitting also ofl eV

Chem. Phys1993 176, 439.

(10) (a) Laage, D.; Burghardt, I.; Sommerfeld, T.; Hynes, J. T.
ChemPhysChei2003 4, 61. (b) Laage, D.; Burghardt, I.; Sommerfeld, T.;
Hynes, J. TJ. Phys. Chem. 2003 107, 11271. (c) Burghardt, |.; Laage,

combine to the extent that the barrier to reaction completely D; Hynes, J. TJ. Phys. Chem. 2003 107, 11292.

disappears.

The simple quantitative curve-crossing model described here

accurately describes the-ND bond fragmentation reaction in

N-methoxypyridyl radicals and illustrates the molecular features
required for barrierless reaction. One obvious extension of this

work is a parametrization of the model without the need for

(11) (a) Lorance, E. D.; Kramer, W. H.; Gould, I. R.Am. Chem. Soc.
2002 124, 15225. (b) Lorance, E. D.; Kramer, W. H.; Gould, I. R.Am.
Chem. Soc2004 126, 14071. (c) Lorance, E. D.; Hendrickson, K.; Gould,
I. R. J. Org. Chem in press.

(12) See, for example: (a) Zimmerman, H.EAm. Chem. Sod.966
88, 1566. (b) Michl, JJ. Mol. Photochem1972 243. (c) Klessinger, M.
J. Photochem. Photobiol., 2001, 144, 217.

(13) See, for example: (a) Blancafort, L.; Jolibois, F.; Olivucci, M.;

the computations so that reaction rate constants could berobb, M. A.J. Am. Chem. So2001, 123 722. (b) Bearpark, M. J.; Robb,

predicted. Another is to apply the model to related reactions.

Work along both lines is ongoing.

Experimental Section

M. A.; Yamamoto, N.Spectrochim. Acta, Part A999 55 639. (c)
Blancafort, L.; Adam, W.; Gonzalez, D.; Olivucci, M.; Vreven, T.; Robb,
M. A. J. Am. Chem. Sod999 121, 10583. (d) Diau, E. W.-G.; De Feyter,
S.; Zewalil, A. H.Chem. Phys. Lettl999 304, 134.

(14) Newton, M. D. InElectron Transfer in ChemistryBalzani, V.,
Ed.; Wiley-VCH: New York, 2001; Vol. 1, p 3.

(15) (a) Butler, L. J.Annu. Re. Phys. Chem1998 49, 125. (b)

The DFT energy surfaces, radical minima, and transition state Piotrowiak, P. InElectron Transfer in ChemistrBalzani, V., Ed.; Wiley-
structures used in the simulations were those described in refYCH: New York, 2001; Vol. 1, p 215.

11c. The time-dependent DFT computations were executed

using the Gaussian 03 suite of prograthdhe UB3PW91
method? was used with the 6-31G basis ¥etugmented with

a set of Cartesian d orbitals on the second (and higher) period
elements (polarization orbitals; 6-31G*) and one set of diffuse

orbitalg> (6-314+-G). The excitation energies of the planar
N-methoxypyridyl radical were obtained by first completing a
constrained optimization of the radical {N\D bond length of
1.40 A, o angle of 180.0) using UB3PW91/6-3+G*. This
structure was then used for the TD DFT computafon
[UB3PW91 TD(50-50,NStates)/6-314+-G*]. The orbitals were
characterized visually using GaussView %70.
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