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Abstract: Molecular dynamics has been used to investigate the reaction of a series of ketyl anion radicals and
alkyl halides, CHO*~ + CHzX (X = F, ClI, Br) and NCCHO™ + CH3Cl. In addition to a floppy outer-sphere
transition state which leads directly to ET products, there is a strongly bound transition state that yields both
electron transfer (ET) and C-alkylated (SUB(C)) products. This common transition state has significant C-- C
bonding and gives ET and SUB(C) products via a bifurcation on a single potential energy surface. Branching
ratios have been estimated from ab initio classical trajectory calculations. The SUB(C) products are favored
for transition states with short C--C bonds and ET for long C--C bonds. ET reactivity can be observed even
at short distances ot_c = ca. 2.4 A as in the transition state for the reaction NCEH® CHzCl. Therefore,

the ET/SUB(C) reactivity is entangled over a significant range of the C--C distance. The mechanistic significance

of the molecular dynamics study is discussed.

Introduction

Much interest has recently been focused on the transformation

between electron transfer (ET) and substitution (SUB) mech-
anisms as the nature of the reactants is gradually vérfed.
Particular attention was paid to the question whether the
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mechanisms are mutually exclusive with distinct transition states
or whether the mechanisms are related, with transition states
that form a continuum of related structufés."2°-9 Still other
questions concerned the degree of bonding between the nu-
cleophile and electrophile moieties in the ET transition state
(ET-TS)1afi2ai|n one extreme, electron transfer can occur via
a weakly bound outer-sphere-type species (bondidgkcal/

mol) that involves hopping between two potential energy
surfaces. In the other extreme the reaction can proceed on a
single electronic surface via a tightly bound species with distinct
stereochemical constraini®! Clearly, the entanglement of the
two mechanisms and their crosso¥ér, the occasional similar-

ity of structure-reactivity relationships exhibited in thethand

their importance as two prototypical mechanisms of chemical
reactivity by and large make their relationship a fundamental
issue. A recent intriguing issue is the nofiBid—"5 that in some
cases, a single transition state can lead to both ET and SUB
products via bifurcation on a single, ground-state potential
energy surface. Should this be the case, some fundamental
mechanistic concepts of physical organic chemistry would have
to be reconsidered, chiefly the concept of the microscopic
reversibility of the reaction mechanism.

The reactions between ketyl radical anions and alkyl halides
exhibit this richness of probler?&*5 and provide thereby ideal
targets for a theoretical investigation of the mechanistic question
by means of molecular dynamics. Thus, ketyl radical anions
can react with alkyl halides via outer-sphere ET or via two
different transition states that involve partial bond forma#ién.
Outer-sphere ET may involve a weak interaction, but is not
expected to have a significant orientational preferéntae
other reactions can proceed via a reactant comfldr, which
the oxygen interacts with the alkyl carbon. Substitution by
oxygen, SUB(O), occurs by way of a separai@ $ransition

(4) Bertran, J.; Gallardo, I.; Moreno, M.; Sam, J.-M.J. Am. Chem.
Soc.1996 118 5737.

(5) Yamataka, H.; Aida, M.; Dupuis, MChem. Phys. Lett1999 300,
583.
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state,2, in which the oxygen lone pair displaces the halide in
the usual backside approathThe transition stat8 involving
attack by the carbon of the ketyl radical anion is the one of
central interest to the studies of mechanistic crossover. Depend

ing on the substituents, the ground-state potential energy surface

can lead from this transition state to both ET products and
substitution at carbon, SUB(GY, and in some cases may also
yield substitution at oxygenTherefore, this transition state
serwes simultaneously for seral distinct mechanisniReactions

between ketyl radical anions and alkyl halides have been studied

both experimentally and theoreticafly?> The ab initio studies
demonstrate that the C--C bonded transition sgatgives either

ET or SUB(C) products depending on the-C distance; the
reaction path leads to ET foe—c > ca. 2.45 A and SUB(C) if
rc—c is shorteBe Thus, changing to a less electronegative
halide switches the mechanism from SUB(C) to ET. Changing
to radical anions that are poorer electron donors favors SUB-
(C). Making the alkyl halide bulkier or making the transition
state more strained favors the ET mechani$fnn investiga-
tion of the shape of the potential surfé&aas suggested that

AR(C-C)

5

0.5
AR

.TS
0

0

-1. -1 -0.5 0.5 1

Figure 1. Contour plot of a cross-section of the potential energy surface
for CH,O*~ + CHj3Cl,%d showing that the surface bifurcates into ET
and SUB(C) channels as it descends from the transition state.

the ET/SUB(C) mechanisms are both nascent from the same

transition structures, and therefore their reactivities should be
strongly entangled. The need for dynamics has been pointe
out by a number of authos3f and the first dynamics
calculations have been reported recently for the reactiofOCH

+ CH3CL5 In the present work, we use ab initio classical
trajectories on the BornOppenheimer surface to study branch-
ing ratios in an extended reaction series,,Otf + CH3X (X

= F, ClI, Br) and NCCHO + CHsCIl. We have calculated a
variety of individual trajectories with a range of initial conditions
to help understand the factors contributing to the branching

vibrational frequencies along the path reveals a bifurcation in

gthe path as it descends from the transition state toward pro-

ducts3cd A cross-section of the surface for @Bt~ 4+ CHsCl,
Figure 1, shows a low ridge separating the product valleys for
electron transfer and substitution at caréiThe presence of
such a bifurcation can explain why path following can lead to
different results with small changes in the level of theory. Bi-
furcation of the potential energy surface into two product valleys
can also explain how the mechanism can change as substituents
are varied. The question of which mechanism dominates depends

ratios, and we have examined thermal ensembles of trajectorien the relative rates of formation of the products.

to obtain estimates of the branching ratios.

Theory

General Considerations of Approaches for Studying
Reaction Mechanisms Generally, reaction path followifids

used to classify the reaction mechanism, but sometimes, as in
the reactions of Scheme 1, the results may be ambiguous. Fo

the same reaction, path following can give a different result in
internal coordinates than in mass-weighted coordin®&tes.
Changing the level of theory from spin unrestricted calculations
to spin restricted (e.g. UHF to ROHF) can also affect the
outcome of reaction path followin§;¢ even though the
topology of the surface remains the same. The calculation of

(6) Schlegel, H. B. InEncyclopedia of Computational Chemistry
Schleyer, P. v. R., Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A.,
Schaefer, H. F., lll, Schreiner, P. R., Eds.; Wiley: Chichester, 1998; p 2432
and references therein.

The rate of a reaction can be estimated by transition state
theory from the energy, structure, and vibrational frequencies
of the transition statéReaction path following can identify with
some certainty the reactants and products connected by the
transition state, unless the path branches. If the branching occurs
before the transition state, there will be a separate transition
state for each branch, and transition state theory can be used to
lestimate the relative rates. If the branching occurs after the
transition state, as in the present case (see Figure 1), the
branching ratio cannot be determined by transition state theory,
but depends on the nature of the potential energy surface as it
descends from the transition state toward the different products.
Branching in the reaction path can be detected by analyzing
the vibrational frequencies perpendicular to the gaffhe
valley-ridge inflection point (VRI) is where one of the perpen-

(7) Steinfeld, J. I.; Francisco, J. S.; Hase, WQhemical Kinetics and
Dynamics Prentice Hall: Englewood Cliffs, 1989.
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dicular frequencies goes to zero, and marks the place where a 2.692
valley turns into a ridge indicating branching of the potential };ggg 2.363
energy surface. As molecules move on the potential energy 1233 2521
surface, they do not follow the steepest descent reaction path, 1-292
but explore much wider regions of the potential energy surface.
Thus if the branching occurs after the transition state, the system
must be studied with molecular dynamics. If there are large
differences in the reaction paths leading to different products, 1318
then approximate methods of estimating the outcome of
dynamics may be sufficiedtFor the more subtle differences

in the potential energy surface, as in the present case, molecular
dynamics needs to be considered explicitly.

For the reactions in Scheme 1, the molecular dynamics canFigure 2. Optimized geometries of the transiton states for the reactions
probably be modeled adequately by classical trajectory calcula-of CH:0"~ + CHsF, CHCI, and CHBr as well as NCCHO + CHs-
tions1® quantum effects should be small since the reaction occurs ! (for C*Hzoﬁ + CHiCl, HF/3;21_G' HF/6-31G*, HF/6-3tG*, MP2/
on a single potential energy surface and most of the motion gf’éﬁg Ehingtrg‘)efsl)sﬁfrfvfiﬁgiscfti ifeﬂrfﬁsfgoﬁoifgérznd HF/3-
involves heavy groups. For economic reasons, classical trajec- ) )
tory calculations have traditionally been carried out on global

. 1 . T matrix) are obtained at the beginning of a trajectory step. For the
analytical surfaces. However, it s difficult to construct accurate redictor phase, the classical equations of motion are integrated on this

surfaces for these reaqtlons because of the mar!y degree_s Ofocal guadratic surface for a fixed distance. The energy, gradient, and
freedom and the complicated nature of bond making/breaking yessian are calculated at the endpoint of the predictor step. The energy,
in the transition state region. For small systems, one can comput€yradient, and Hessian at the beginning and end of the step are fitted to
classical trajectories directly from ab initio electronic structure a 5th order polynomial surface. A corrector step is then taken by
calculationst? integrating the equations of motion on the 5th order polynomial surface.
There are two approaches to ab initio molecular dynamics: The energy, gradient, and Hessian at the end of the predictor step are
Car—Parrinello and BoraOppenheimer. In the CaParrinello used for the beginning of the next step. Details of the integration
approach? both the wave function and the nuclei are propagated algorithm have been published elsewh€ré.The ab initio work per
by the appropriate equations of motion. In the Be@ppen- step is the same as the local quadratic model used by Hel_gakef“e_t al.,
heimer approack the wave function is converged at every step but the step size can be increased py an order of magnltl_Jde without
and the molecule is propagated on a well-defined potential !o_ss of accuracy. Because the po'gentlal energy surface is falrly smooth,
energy surface. Since branching in these reactions depends Olt is possible to update the Hessian rather than recalculate it at each

btle details of th ial f h h gtep?5 With 5 updates before recalculating the Hessian, the computa-
subtle details of the potential energy surface, we choose t €tional work is reduced by an additional factor of 3. The ab initio classical

latter approach. trajectory calculations were carried out with the development version

Methodology of Gaussian 987

The trajectories were started at the optimized transition states shown
in Figure 2, and the initial conditions were chosen to correspond to a
{eaction at 298 K. Motion along the transition vector in the direction
toward products was sampled from a thermal distribution. The
remaining vibrational modes were given zero-point vibrational energy

Technical Methods. The classical equations of motion were
integrated by using a Hessian-based predietorrector algorithni**®
The energy, gradient, and Hessian (second derivative or force constan

(8) For discussions of bifurcations and algorithms to handle reaction path
branching see: Valtazanos, P.; RuedenbergTtieor. Chim. Actal986

69, 281. Krauss, W. A.; Depristo, A. Etheor. Chim. Actal986 69, 309. plus sampled thermal energy; the rotational energy for the system was
Basilevsky, M. V.Theor. Chim. Actd 987, 72, 63. Taketsugu, T.; Hirao, also based on sampling from a thermal distribution of a symmetric
K. J. Chem. Phys1993 99, 9806. Taketsugu, T.; Hirao, Ktheomchem  top. The trajectories were integrated with step sizes ranging from 0.075
é?r?]‘én:’;lglﬁf% %?Jkairtyu# gr:!;mp.g% %szfg?;%éhiﬂ%s%aa f‘?jm to 0.20 am&? bohr. The step sizes are chosen so that the total energy
Chem.1993 48, 309. Bosch, E.: Moreno. M.- Liuch, J. BertranGhem. is conservec_i to better than Tthartree (0.006 k_cal/m_ol). Total angular
Phys. Lett1989 160, 543. Taketsugu, T.; Tajima, N.; Hirao, K. Chem. momentum is conserved to better than®h0 Trajectories were stopped
Phys.1996 105, 1933. when the distances between fragments were larger than ca. 12 bohr

(9) Perterson, T. H.; Carpenter, B. K.Am. Chem. So992 114, 766. (corresponding to 160500 fs and up to 1300 integration steps) or when
;yonfégé ﬁi;apgfze;' J.; Peterson, T. H.; Carpenter, BJKAm. Chem.  the maximum number of steps was exceeded {38 fs). The

(10) Bunker, D. L. Classical Trajectory Methods. Methods Comput. Hartree—Fqck level .Of theqry ha_s been found to be quite satlsfacto_ry
Phys.1971 10, 287. Raff L. M.; Thompson, D. L. ITheory of Chemical for calculating classical trajectories to analyze the molecular dynamics
Reaction Dynamicdaer, M., Ed.; CRC Press: Boca Raton, 1988.ances
in Classical Trajectory Method$iase, W. L., Ed.; JAI Press: Greenwich, (15) Bakken, V.; Millam, J. M.; Schlegel, H. Bl. Chem. Phys1999
1992; and references therein. Thompson, D. L. Hncyclopedia of 111, 8773.

Computational ChemistrySchleyer, P. v. R., Allinger, N. L., Clark, T., (16) Helgaker, T.; Uggerud, E.; Jensen, H. JChem. Phys. Letil99Q
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Figure 3. Branching ratios for the reactions of @bt~ + CHsF, CHs-
Cl, and CHBr as well as NCCHO + CHsCl obtained from trajectories
computed at the HF/3-21G level of theory.

of formaldehyde photodissociatidf®!8 Sy2 reactions? and radical
additions to multiple bond®.Trajectories calculated at the HF/6-BG*
leveP show features similar to the HF/6-31G* trajectories in the present
work. Addition of diffuse functions and electron correlation did not
alter the geometry of the transition state significafit(gee Figure 2).
Earlier work also showed that barrier heights varied little with the level
of theory®® These observations indicate that the HF/6-31G* level of
theory is sufficient for the present study. For €4 + CHsClI, the

J. Am. Chem. Soc., Vol. 123, No. 1, 2881

ET products and three gave SUB(C) products, but not enough
trajectories were studied to estimate branching. Before calculat-
ing an appropriate statistical sample to obtain an estimate of
the branching ratios, we decided to explore the qualitative effects
of different starting conditions on the mechanism of the reaction.
Twenty trajectories were computed with-70 kcal/mol kinetic
energy in the transition vector, and with or without zero-point
energy in the remaining modes. When up to 50 kcal/mol was
put in the transition vector in the forward direction, SUB(C)
products were obtained; with more than 50 kcal/mol, ET
products were formed. With zero-point energy added to the other
modes, ET products were favored even at lower energies. For
motion in the reverse direction, the system returned to reactants
if the transition vector was given less than ca. 50 kcal/mol. With
more than ca. 50 kcal/mol, SUB(O) products were formed after
passing through the initial reactant clustérisee Scheme 1).

To obtain an estimate of the branching ratios, we used the
Hessian-based predictecorrector algorithri-15to calculate an
ensemble of 20 trajectories at HF/6-31G* and 50 trajectories at
HF/3-21G with the initial conditions for each chosen from a
thermal distribution at 298 K. In both cases, ET was the major
product (55% in HF/6-31G* and 54% in HF/3-21G) with SUB-
(C) being the second most abundant product (40% in HF/6-
31G* and 12% in HF/3-21G), and SUB(O) relatively minor (0%
in HF/6-31G* and 12% in HF/3-21G). The time required to
reach products varied from 100 to 500 fs, with ET trajectories

branching ratios for ET product are very similar at HF/3-21G and HF/ on average requiring almost twice as long as SUB(C). Some
6-31G* (see below), suggesting that qualitative trends can be obtainedtrajectories started as SUB(C) but dissociated to ET (2 out of
adequately at HF/3-21G. Thus the HF/3-21G level of theory was used 5" 5¢ HF/3-21G). Similar behavior was reported by Yamataka

to calculate the classical trajectories for £¥ with CHsF, CH:ClI,
and CHBr as well as for NCCHO + CHsCI.

To gain a complementary qualitative insight into the effects of a
wider range of starting conditions on the dynamics of the branching

et al® for one of their trajectories. The trajectories leading to
SUB(C) and ET proceeded to products directly from the same
transition state (the C--C type transition st8ten Scheme 1).

ratios, the CHO~ + CHsCl reaction was also explored using 1hose leading to SUB(O) products passed near the reactant
trajectories calculated with GAMESS-®Susing the dynamic reaction ~ cluster,1, and then to products via a different transition state
patt2 option). The trajectories were calculated using the HF/6-31G* (the O--C type transition stain Scheme 1). The fraction of
level of theory with selected amounts of kinetic energy put into the trajectories leading to SUB(O) is anomalously high at the HF/
transition mode, with and without zero-point energy in the rest of the 3-21G level because the barrier between reactant clastad
vibrational modes. The trajectories were propagated for 500 fs with a the SUB(O) products is small or nonexistent at HF/3-21G. Some
time step of 0.1 fs; total energy was conserved tg 3075 hartree. of the SUB(O) trajectories had sufficient energy so that
integration for a longer time resulted in dissociation into ET
products. Compared to the average over all trajectories, those

The classical trajectories were calculated for a set of reactionsleading to ET typically had more energy in the transition vector
which provide a range of mechanistic variation from SUB(C) initially than the average; SUB(O) trajectories generally had
all the way to ET. The transition state structures are summarized|€ss energy in the transition vector than SUB(C) trajectories. A
in Figure 2 and are seen to vary primarily in theirC number of trajectories were deflected back to reactants (no
distances. The branching ratios from a statistical sample of reaction (NR): 22% in HF/3-21G and 5% in HF/6-31G*). These
trajectories computed at the HF/3-21G level of theory are trajectories usually had significantly less energy in the transition
summarized in Figure 3 and discussed below. vector and more rotational energy than the average.

CH,0*~ 4+ CH3Cl: In a previous study, Yamataka et®al. CH,0*~ + CH3F: Of the 25 trajectories studied at the HF/
used the HF/6-31G* level of theory to calculate 9 trajectories  3-21G level, 92% lead to SUB(C), while the rest (8%) returned
starting from the transition state with randomly selected to reactants. None of the trajectories lead to either ET or SUB-
velocities consistent witih = 298 K. They found three gave  (O) products. We note that in many trajectories, the expelled
F~ eventually came around to abstract an H from the Gidup.

CH20*~ + CH3Br: The corresponding transition state has
the longest € C bond length in our series. The results are quite
similar to CHO*~ + CHgzCl, with the exception that no SUB-
(O) products were observed. Thus, of the 25 trajectories at HF/
3-21G, 56% gave ET products, while 24% ended in SUB(C)
products, and 20% of the trajectories were deflected back to
reactants.

NCCHO*~ + CH3Cl: The transition state for this reaction
has an intermediate -©€C bond length, between those for
CH,O"~ + CHsF and CHO"~ + CHaCI. In our previous papé¥
it was concluded that the reaction with NCCHGhould give

Results

(18) Li, X.; Millam, J. M.; Schlegel, H. BJ. Chem. Phys200Q 113
10062.

(19) Li, G. S.; Hase, W. LJ. Am. Chem. S0d.999 121, 7124.

(20) Bolton, K.; Hase, W. L.; Schlegel, H. B.; Song, Ehem. Phys.
Lett. 1988 288 621. Bolton, K.; Schlegel, H. B.; Hase, W. L.; Song, K.
Phys. Chem. Chem. Phyk999 1, 999.

(21) GAMESS-USA, revision May 1998, Schmidt, M. W.; Baldridge,
K. K.; Boatz, J. A,; Elbert, S. T.; Gordon, M. S.; Jensen, J. H.; Koseki, S.;
Matsunaga, N.; Nguyen, K. A.; Su, S. J.; Windus, T. L.; Dupuis, M.;
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SUB(C) exclusively. The trajectory calculation at HF/3-21G the transition state for the reaction NCCHO+ CHsCI.

showed, however, that of the 25 trajectories 20% lead to ET Therefore, the ET/SUB(C) reactivity is entangled over a

products, while the majority, 76%, gave SUB(C) products. The significant range of the C--C distance, and the maximum

rest, 4%, were deflected back to reactants. allowable bonding in the ET transition state can be very robust,
exceeding 14 kcal/maP

The entangled reactivity has a number of consequences. First,
The above results highlight the entangled reactivity of sub- the observation of an excess of inversion of configuration in
stitution and electron-transfer mechanisms via a single transition C—C alkylated products produced from reactions of anion
state that possesses C--C bonding of significant magnftlde. radicals and, e.g., 2-octyl halid&&?*may well be the result of
The formation of O-alkylation products, SUB(O), by way of a 3 single transition state that partitions into ET and SUB(C)
C--C bonded TS is quite intriguing. Kimuithas reasoned from  products, by analogy to the molecular dynamics results. In fact,

his experimental investigation with 1-benzeyihaloalkane that e amount of enantiomeric excess in such reactions can serve
the ET and SUB(O) products share a common transition state s a measure of the bonding in the ET-TS. An interplay of

structure. If this is mdeeq the case, then the classical traJeCtor'esexperiment and theory appears to be the best way to elucidate
results suggest that this transition state should be the C"Cthis fundamental issue of bonding in the ET-TS. Furthermore
bonded species. In addition to being formed by a direct reaction 9 ) ’

via an O--C type transition sta the exploratory trajectory e_xperlr_ne_ntal determination of k|net|_c |soté_ﬁeeffect for
calculations indicate that the SUB(O) products can also be dissociative ET processes coupled with studies of conforma-

formed when the system is deflected back from the C--C type tionally locked systen#§ may enable one to probe the bonding
transition state3, to the reactant clustet, If the kinetic energy ~ ©of the ET-TS directly.
is sufficient, this cluster, which possesses an O--C interaction,
can surmount the corresponding barrier of the O--C type conclusions
transition staté2 to produce the SUB(O) products. We therefore
conclude that the C--C bonded transition staeis connect Molecular dynamics studies on a series of ketyl anion radicals
directly only to the ET and SUB(C) product. and alkyl halides (Scheme 1) show that a single transition state

The exploratory trajectory calculations provide some insight with significant C--C bonding leads to both electron transfer
into the energy factor involved in setting the ET/SUB(C) (ET) and C-alkylated (SUB(C)) products via bifurcation on a
branching ratio, and into the interplay between the shape of the single potential energy surface. Thus, in addition to the floppy
potential energy surface on one hand and the kinetic energy of g o sphere transition state that yields ET products, there is
reacting species on the other hand. When substantial amounts, . o strong bond TS which leads to ET products
of kinetic energy are deposited in the transition vector in the R _ o
forward direction, more ET is observed as more energy is The mechanistic significance of the surface bifurcation is that
available, both with and without zero-point energy in the the common assumption of microscopic reversibility of the
remaining vibrational modes. Analysis of the thermal ensemble mechanism, made in studies and teachings of reaction mecha-
of trajectories reveals the same trend, with trajectories leading nism, is not generally valid. Since this is a fundamental issue
to ET products typically having more energy in the transition in reaction mechanisms, it certainly merits both experimental
vector than those leading to other products or those resultingand theoretical characterization. A serious stumbling block is
in no reaction. When the transition vector is highly energized, the lack of experimental probes for such surface bifurcations,
the recoil mechanism which Separates the TSinto ET fragments,and one hopes that the new femtosecond experimenta| tech-
becoming increasingly more activated. As seen from the pigues will eventually provide such probes. On the side of
transition vector in Figure 2, the two hydrogen substituents of heqry  more extensive reaction dynamic studies, including
the formaldehyde flap against the me_thyl group In opposition ¢ qjm effect, can hopefully reveal additional features of the
to the C--C ?ppfoaCh result in a recoil of theG+O0 moiety bifurcation issue and suggest meaningful experimental ways for
and lengthening of both the-€C and C-Cl bonds. The flapping ) . .

probing these effects. This is an example where the interplay

motion represents, in fact, a chemically simple mechanism by ¢ th q . . ial lead b
which the bonded TS loses its C--C bonding. Since the carbonyl ©F theory and experiment is essential to lead to a better

group undergoes pyramidalization by C--C bonding in the TS Mechanistic understanding.

(see Figure 2), the flapping mode also serves to restore the
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