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Direct Dynamics Quasiclassical Trajectory Study of the Thermal Stereomutations of
Cyclopropane

I. Introduction
First reported in 1958,the stereomutations of isotopically
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Classical trajectories are computed for the stereomutations of cycloprapie-at 695 K using direct
dynamics on an AM1-SRP potential energy surface (AM1 with specific reaction parameters). The trajectories
were initiated on a dividing surface, separating the cyclopropane reactants from the stereomutation products,
with momenta and coordinates sampled from a 695 K Boltzmann distribution. The quasiclassical procedure
was used, with two different sampling schemes, to ensure zero-point energy and vibrational quantization
conditions for the energy levels on the dividing surface. From the product distribution, the ratio of rate
constants for double and single methylene rotatiqgk;, is 2.3 and 3.5 for the two sampling methods.
These are between the values of 1.0 and 3 deduced from two separate experimental studies. A harmonic-
oscillator/rigid-rotor transition-state theory calculationkef/k;, assuming trimethylene as an intermediate,
giveski/k; = 1.35 on the AM1-SRP potential energy surface. The lifetime distribution of reactive trajectories
is nonexponential, in contrast to the nearly exponential decay computed from a Boltzmann average of RRKM
rates. However, the initial 70% of the decay is single exponential, and the ratio of the time constants for
decay of the single and double rotation rates is essentially the samglascomputed from the product
ratios. Nearly all the trajectories cyclize on the first approach to a (90, 90) conformation. The data support
a range of mechanistic descriptions. Most double rotations are conrotatory and occur via direct, short-lived
trajectories. A quantity of 23% of trajectories have lifetime$00 fs and include multiple independent rotations

and both single and double rotation isomerizations.

Hoffmann’s extended Hikel study? of trimethylene called
attention to the question of single rotation vs simultaneous

substituted cyclopropanes are an archetypal organic isomerizadouble rotation of the terminal methylenes. The calculation

tion. An abiding question in cyclopropane isomerizatfoiss

predicted that (0, 0) trimethylene (Chart 1) is an intermediate

whether a trimethylene intermediate is involved and, if so, what 1¥ing 10 kcal/mol below (0, 90), the presumed transition state
its properties must be in order to account for the observed for single rotation. Stereomutation was predicted to go via
product distribution. In fact, there is growing evidence that double rotation, not single rotation. Double rotation was
small biradicals lie beyond the boundaries of what one usually Predicted to be conrotatory because disrotation is Woodward

means by an intermediate. An intermediate is normally assumedHoffmann forbidden. The middle Ciplays the same role as

to exist in a local minimum on the potential energy surface the carbon lone pair in the ring opening of a cyclopropyl anion.
(PES). However, in recent ab initio calculations with inclusion Bensor® concurred that trimethylene is an intermediate on the

of zero-point energy (zpe), neither trimethyl8A&2 nor basis of bond additivity calculations and predicted trimethylene
tetramethyler®67lies in a minimum but they nevertheless have 1o lie in a 9.3 kcal/mol well. Early ab initio calculations of
measurable lifetime%.An intermediate with statistical dynamics ~ Salent* and Goddar# found a fairly flat PES with double
should have the same properties no matter how it is generatedrotation only slightly favored over single rotation. Though
However, Carpenter’s studfesf reactions where biradicals are ~ recent ab initio calculations on trimethyléré? predict the
likely to be involved point to an interpretation involving strong absence of a local biradical minimum when zpe is taken into
memory effects. A biradical with memory will have properties account, the qualitative features of Hoffmann’s PES remain:
that depend on its precursor. A long-standing example is (0, 0) is lower than (0, 90) by about 1.5 kcal/mol and conrotation
thermally generated tetramethylene, which shows an order ofis favored over disrotation by about 1 kcal/mol.
magnitude more stereorandomness when generated from cy- One of the important goals of experiments on cyclopropane
clobutané® than from a diazene precursBr.Recently, one of  stereomutations has been to establish the ratio of double to single
us has suggested a resolution of this paradox based onmethylene rotation. This is important both because it serves
dynamically determined stereochemistry. as a test of theory and because its value could either rule out or

T ) support the involvement of a stereochemically random tri-

ced3@columbia.edu. . - . L
* kim@traj.chem.wayne.edu. methylene intermediate. The current situation is that two careful
8 hase@sun.chem.wayne.edu. studies of isotopically substituted cyclopropanes have yielded
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Figure 1. Kinetic scheme for isomerization of cyclopropah@-c.
Mechanistic rate constants are defined in the tex,Inis 13C.
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respectively, using transition-state theory (TST) with ab initio
harmonic frequencies and assuming trimethylene as an inter-
mediate. As these authors pointed out, the computed isotope
effect depends on the accuracy of the PES, and explicit
consideration of the torsional potentiafsmay also have an
effect. Puttingki/k, = 1.07 andf; = f;, = 1.1 in eq 4 leads to
kio/ks = 42, but other reasonable choices could make this value
much lower. Iff; andfi, are uncertain within the range 0-8
1.1, the Berson experiment would be compatible Witiik; =
5—42. Even lower values df;2/k; would be possible if one
considers the upper limit d§/k, compatible with the standard
deviation of 0.045¢ In the Baldwin experiment o8, there is
no analogous isotope effect other than @ effect, i.e.f; =
fio = 1. Fromki/k, = 1.48172Baldwin obtainedk;o/k; = 1.0
+ 0.2.

The two experiments lead to very different pictures of the

stereodynamics. Bersonksy/k; = 5—42 suggests a moderate
to negligible stereorandom component and is consistent with

different conclusions about the mechanism of stereomutation. predominant concerted double rotation. Baldwikigk; = 1
The point of divergence is the ratio of rate constants for approachis consistent with a stereorandom intermediate or with competi-

to cis—trans equilibrium,k;, and loss of optical activityk,.
Berso® measuredki/k, = 1.07 &= 0.04 for isomerization of

(§9-1 at 695 K (Figure 1). The collaboration of Baldwin,

Lewis, Nafie, and Freedméfresulted inki/k, = 1.48+ 0.04
from thermolysis of2 at 680 K!® This apparently small

tive concerted single and double rotations.

The kinetics of trimethylerfeand tetramethyleriehave been
examined by microcanonical variational RRKM the®rand
canonical variational TSF calculations based on ab initio PESs.
Canonical variational TST calculations predict that an entropic

difference gives rise to very different ratios of double to single fqe energy minimum of trimethylene begins to appear only at

rotation.
Figure 1 shows a kinetic scheme widely used to interffet
k. and the double/ single rotation rate constant r&i§:1"Here,

ki andk;» are the rate constants for net single and double CHD

rotation, respectively, when the;€C, bond is cleaved. For
reactions involving &—Cs cleavagek;' is the rate constant for

net single CHD rotation ankd; is the rate constant for double

rotation of the CHD and CH"® Figure 1 leads to the following
mechanistic definitions ok andk,: 16

k =4k k= 2k+ 2k, 1)

temperatureabove 1500 K3 Variational RRKM calculations
predict that the trimethylene lifetime is approximately 50 fs at
energies accessible at 695°K.Thus, both RRKM and TST
suggest the absence of a mechanistically significant intermediate
at the experimental temperature of 695 K because it lacks a
free energy minimum and has a fleeting lifetime.

The power of TST is that it bypasses the dynamical details,
but this is a limitation to understanding the stereochemistry of
trimethylene. Dynamical aspects of the stereochemistry can be
addressed with classical trajectory calculations. Chapuisat and
Jean performed trajectory calculations on a PES with three

In the Berson experiment, the deduced value of the double/ degrees of freedom, and found results consistent with %ST.

single rotation rate constant ralig/k; depends strongly on the
isotope effects assumed for reaction involving-C, vs G —
Cscleavage. The isotope effedisandfi, for single and double
rotation, respectively, are given by

fy=ki'lky, f1o=kidkpp 2

Equations 1 and 2 lead¥o* 4052

ki_ 2 _ 1+f1k_1 3
ku_1+k12/k_1+(1+f12)kiz ®)
1+f, [k
Pl
e . (4)
ky  k(1+fy, 2,
k_a(1+fl)_(1+fl)

In eq 4, the ratio of mechanistic rate constaktgk; refers to
C,—C; cleavage only, deduced from the experimental ritio
k. and the assumed isotope effects.

Berson suggestef] = fi, = 1.1 on the basis of available
precedent® Getty, Davidson, and Bordéhand Baldwin,
Yamaguchi, and Schaefércomputedf;, = 1.13 and 1.12,

In previous work we used semiempirical direct dynamics, in
which trajectories are integrated using energies and derivatives
obtained directly from electronic structure theory without first
fitting to an analytical functiod® We found that trimethylene
exhibits intrinsic non-RRKM decay at low energit&and that

the product stereochemistry depends strongly on the identity
of the modes initially excite@*® The predicted lifetime at high
energy agrees well with Zewail’'s experimental vatue.

In direct dynamics calculations, use of an ab initio PES would
be preferable to a semiempirical PES but is only practical for
very short-time trajectory ensembles of small sys#&ifsor
for single trajectories over longer times (dynamic reaction
path)?” The semiempirical direct dynamics trajectories reported
here were calculated by interfacing the general dynamics
program VENUS 98 with the MOPAC 7 semiempirical
electronic structure packaffeto give the hybrid program
VENUS-MOPACS?0 The trajectories were run on a previously
described* AM1-SRP PES (AM$#! with specific reaction
parameter®).

In view of the experimental situation concerning the stereo-
mutation dynamics, an important part of the present work is
the calculation oki/k, andk;o/k;. An equally important goal
is to find out whether trimethylene intervenes as a mechanisti-
cally significant intermediate and, if so, what its stereochemical
properties are. A preliminary report of our present work on
the thermolysis of cyclopropanes has appeéfedong with a
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double rotation follow the diagonal dotted lines. Two shallow
enantiomeric minima Min @, symmetry) occur along the
conrotatory path, separated by a 0.01 kcal/mol barrier at the (0,
0) Cy,, structure in the center of the diagram. Three saddle
points, Con, Dis, and CT, mediate conrotation, disrotation,
and cis-trans isomerization, respectively. On the ab initio
PES$a452the intrinsic reaction coordinates (IR®)passing
through the Cohand Dig saddle points connect cyclopropane
to shallow trimethylene minima witlC, and Cs symmetry,
respectively. The IRC passing through the ab initic'Gaddle
point (close to (0, 90) but witlc; symmetry) connects a pair
of cyclopropanes via a single twist of the in-plane methylene
and bypasses the trimethylene minima. On the AM1-SRP PES,
Figure 2, Coih and CT are saddle points and Bidas two
imaginary frequencies corresponding to disrotation and conro-
tation. The IRC passing through the AM1-SRP *GSaddle
point ((0, 90),Cs symmetry) consists of single rotation of the
out-of-plane methylene and connects two trimethylene Min
structures and does not lead to cycloprop#fieThe CT—
Cort energy difference matches the ab initio difference within
0.2 kcal/mol; the Cof+Min energy difference equals the ab
initio value. The Di§—Min energy difference is 2.4 kcal/mol
Figure 2. AM1-SRP potential energy surface for trimethylene as a with zpe correction, which is about 1 kcal/mol higher than its
function of torsion angles. Structures of statipnary poi_nts are pIa_c_ed ab initio counterpart. With zpe correction, Goand CT are

on the graph such that the central carbon coincides with the position 0.4 and 1.8 kcal/mol above the two minima, Min, which merge

of the stationary point. Conrotatory and disrotatory double rotation . . L
follow the diagonal dotted lines. Numbers beneath the names are INto one effectie minimuncentered about thé,, (0, 0) structure

energies in kcal/mol relative to the minima, excluding zpe. Shaded areasin the center of Figure 2.

surrounding cyclopropanes indicate deep minima. The AM1-SRP relative energies are within a few tenths of a
kcal/mol of the ab initio results except for the results of Dis

similar trajectory study by Hrovat, Fang, Borden, and Carpen- In a test of the AM1-SRP PE%? direct dynamics gave a

ter** based on an analytic fit to an ab initio PES. These two trimethylene lifetime of 90 fs, close to the experimental value

studies gave similar values féy/k, and fork;o/k;. We shall of 1224 8 fs 37 and variational RRKM based on AM1-SRP

discuss this in detail below, but we note here that these resultsgave results very similar to results from variational RRKM on

suggest a degree of insensitivity of the computed quantities to the ab initio PES2

fine details of the trimethylene PES.

Torsion 2

Torsion 1

lll. Procedures for the Trajectory Simulations

Il. AM1-SRP Potential Energy Surface ) . . .
In this study we simulate the trimethylene stereodynamics

This PES has been described in det&il The BIRADICAL involved in thermolysis of$9-1 at high pressure, where there
keyword in MOPAC was used to invoke the half-electron is a Boltzmann distribution of reacting molecules. Our goal is
method® followed by 3x 3 Cl involving HOMO and LUMO, to determine the kinetic product distribution (relative rate
and the AM1 resonance integrals between certain pairs of atomsconstants), not the absolute rate constants. We decided not to
were changed so that features of the AM1-SRP PES matchedinclude 2 in this study after a preliminary calculatiéf
the ab initio PES. In particular, the barrier for propene suggested thato/k; is the same fol and2. Hrovat, Fang,
formation was lowered by increasing the—8 resonance Borden, and Carpentércame to the same conclusion on the
integrals involving the central hydrogens and terminal carbons, basis of an extensive comparison of their analytic PES.
and the energies and geometries of cyclization saddle pointsUnfortunately, it is not feasible to simulate the actual experi-
were adjusted by scaling the resonance integrals involving both ment, in which one starts and ends with cyclopropane, for two
terminal carbons. The energy difference between trimethylene reasons. First, at 695 K the cleavage of aCbond is such
and the products was corrected by introducing Morse-type an infrequent event that nearly all the integration time would
energy terms in the product regions of the PES. be spent exploring cyclopropane. Second, if the dynamics of

Figure 2 summarizes the main features of the AM1-SRP PES cyclopropane is ergodic, as assumed by RRKM theory, most
relevant to the stereomutations of cyclopropane. From a of the trajectories in a Boltzmann distribution of cyclopropane
dynamical perspective, probably the most important feature of molecules would reach the transition states for ring opening
Figure 2 is that it divides into shaded and unshaded regions.without zpe in the vibrational modes orthogonal to the reaction
The shaded regions surround the deep cyclopropane minimacoordinate®® an unrealistic situation.
The unshaded region corresponds to trimethylene, which is free A tractable approach to simulating the high-pressure ther-
to roam throughout this region hindered only by small barriers. molysis of cyclopropane, and the one used here, is to initiate
In particular, all the saddle points can be interconverted with the trajectories at geometries between the cyclopropane reactant
only a small extra expenditure of energy. The dips and humps and the stereomutation produethat is, to focus on the
undoubtedly influence the motion, but the basic character of dynamics of trimethylene rather than on cyclopropane. In-
the PES is that there are deep minima separated by a high flatramolecular vibrational energy redistribution (IVR) is assumed
plateau. to be fast for cyclopropane so that a microcanonical ensemble

Propene formation is an integral part of the AM1-SRP PES of reacting molecules is maintained at each ené?gys a
but is not included in Figure 2. Conrotatory and disrotatory result, there is a canonical Boltzmann distribution of reacting
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molecules in the high-pressure thermolysis experiments. The
classical rate constant for thermolysis is then a Boltzmann
average of the flux of reactive trajectories through a surface
that divides the cyclopropane reactant from the stereomutation
products. The rate constakts given by

1
h'Q,

_ p
k= [...[dq dp e @D~ o(q, — a)y (. p) (5)

where Q; is the reactant partition functiorti(q, p) is the
Hamiltonian for the system as a function of coordinajesnd
momentap for the n degrees of freedorm(= 24, excluding
center-of-mass translation)y; and p; are coordinate and
momentum for the degree of freedom orthogonal to the dividing
surface (reaction coordinate), the Dirac delta funcidq, —

a) defines the dividing surface ah = a, andy(q, p) is the
characteristic function that equals unity if a trajectory initiated
on the dividing surface moves in the reactant product
direction 1 > 0) and is reactive, and is zero otherwise. If
x(a, p) = 1 for all trajectories initialized on the dividing surface
with p; > 0, k in eq 5 becomes a TST rate constaft?41
Conventional TST is obtained ifig= a corresponds to a first-
order saddle point on the PES. )

Below we discuss two different approaches used in the present CTt3 CTH4
CalCUIat.lons to model the Hamiltonian for a.d|V|d|ng surfacg Figure 3. Starting geometries for initialization with TS normal-mode
separating the cyclopropane reactant from its stereomutationgampiing. shaded hydrogens are deuterium. Structirasd 4 are
products. The product ratios were determined by initializing formed from CHD-CHD and CH—CHD cleavage, respectively. Con
trajectories on the dividing surfaces, sampled from a Boltzmann and CF are saddle points shown in Figure 2. D&and Dis 4 are
distribution, and integrating each trajectory forward and back- nonstationary structures on the IRC just below'Tfee text).
ward until cyclopropane was formed in each direction. The
relative rate of forming a given product is proportional to the
number of trajectories that form the product. This is discusse
in detail below.

The quasiclassical modélwas used to sample quantum
mechanical Boltzmann distributions on each dividing surface.
In this method, each vibrational normal mode receives at least
the zero-point energy, and any additional energy is added in
discrete quanta so that the initial energy distribution for each
vibrational mode is in accord with quantum mechanics. After surfaces. ,
the trajectory begins, this condition is relaxed and the system INitial conditions were chosen by an appropriate random
evolves according to classical mechanics. By initialization of SamPpling of coordinates and momenta at a specific TS structure.
the trajectories in this waj23 the goal is to simulate the Sampling was initiated at the six TS structures in Figure 3, three
quantum mechanical relative rates for stereomutation. Previous€@ch for CHD-CHD bond cleavage 3] and CHD-CH,
quasiclassical trajectory simulations of MRunimolecular ~ cléavage4). With a Boltzmann distribution of states at each
decomposition from a shallow minimufh,and release of TS, the relative probabilitieB;(T) of populating the TSs are

potential energy in going from a potential barrier to prodtfcts P (T):Py(T):Pur(T) =
have shown that the quasiclassical trajectory model gives very Com '/ Dist /-0 CT
good agreement with experimental results for short-time dy- @Qﬂ; o EcorllkeT). @ Q* o EoidkeT). }E Qx o EcrllkeT)
namical processes on the time scale of trimethylene cyclization. o, *°°" " Opis 0 " oer T

A. Selection of Initial Conditions. Two different quasi- (6)
classical sampling methods, transition-state (TS) normal-mode
sampling and normal-mode/rotor sampling, were used to samplewhere Q' is the partition function for TS (CT¥, Corf, or
Boltzmann distributions on a dividing surface separating cy- Dis"), E; is the energy difference between the zero-point levels
clopropane from its stereomutation products. of TSi and §9-1, g is the symmetry number for TiS andA;

TS Normal-Mode Samplingln this sampling method both  is the number of degenerate or quasidegenerate stereoisomeric
the vibrations and torsions are treated as normal modes, andstructures of T$ obtainable from$9)-1 (degeneracy refers to
the dividing surface intersects the saddle points on the PESenantiomers, and quasidegeneracy refers to diasteredthers).
connecting reactant and product cyclopropanes. Rigorously pifferences among th€' are negligible#8 therefore, with the
construed, this criterion is fulfilled only for Cébecause Dis energy of Cohas the zero of energy, eq 6 becomes
is a second-order saddle point and the IRC throughd@finects
trimethylene minima instead of cis and trans cyclopropanes (i.e., P, (T):Ppis(T):Pc(T) =
the reaction coordinate consists of single rotation of the out- ) A 1
of-plane methylene, but on the ab initio PES it is the in-plane —on . 7D o~ (Bos—EcolllleD, ZCT g~ (Eer—Eea/lkaT) (7)
methylene). However, on the AM1-SRP PES a path leading Ocon  9pis Oct

from CT* to cyclopropane, via rotation of the in-plane meth-
d Ylene, rises by no more than 0.1 kcal/mol before decreasing
toward cyclopropane. Cidrans isomerization of cyclopropane
can therefore occur efficiently via GTwith a very small extra
amount of energy. Indeed, the PES in Figure 2 is flat enough
to allow Corf, Disf, and CT to be easily interconverted over
low torsional barriers. Thus, for the 695 K sampling performed
here, it is appropriate to include Cois* and CT as dividing
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Instead of initializing the trajectories by sampling all the TSs amplitude torsion. These spurious stretching components make
simultaneously, we calculated individual sets of trajectories for the torsional barriers artificially high, which tends to suppress
the six TSs of Figure 3. This provided more microscopic detail the amplitudes of the initial torsional displacements below what
about the stereomutation dynamics. The results of the threethey would be without the stretching components. This problem

sets of trajectories initiated 0B were averaged with weights

given by eq 7 to obtain the final result for isomerization of
(S9-1 via CHD—CHD cleavage. Similarly, the three sets of
trajectories initiated od were combined to give the result for

CHD—CH; cleavage.

Because Dishas two imaginary frequencies, trajectories were
initialized not at Di$ but at a structure that had all positive
eigenvalues of the projected force constant matigcated 0.7
kcal/mol below Di$ along the IRC for disrotatory cyclization.
In this structure, CCG= 105.9 and the torsions are-55.0°
and —55.¢° (Dis* has CCC= 109.6 with torsions+45.1°).
With zpe correction this point is 2.2 kcal/mol above Min and
1.8 kcal/mol above Cdrin Figure 2. The zpe-corrected EF
Cort energy difference is 1.4 kcal/méf2

could be solved by transforming the second derivative matrix
from Cartesian to internal coordinate®efore performing the
sampling. However, an additional problem is that the vibrational
amplitudes and scaling factors described above are computed
in the harmonic approximation, which is not appropriate for
the torsions. For these reasons we examined an alternative
method for defining the reactanproduct dividing surface from
which initial conditions are sampled.

Normal-Mode/Rotor Samplingln this sampling method the
initial torsion angles are allowed to take cendomvalues on
[0, 27] subject only to the Boltzmann condition. The rationale
is that, on the periodic potential of Figure 2, trajectories starting
at cyclopropane will emerge in all directions into the nearly
flat trimethylene region. To minimize the bias in sampling these

To prepare a canonical ensemble with the zero of energy atyrajectories, we simply sampled them all instead of sampling at

one of the TS structures in Figure 3, the initial number of quanta
n in each orthogonal normal modewas selected from the
harmonic quantum Boltzmann distribution function expfhvi/
(ksM][1 — exp[—hwil(kgT)], wherev; is the frequency andl =
695 K30 The resulting energies in the normal modgs= (n;
+ 1/,)hv; were transformed to normal-mode coordina@gand
momentaP; by using the relation®; = A cos(2rR) andP;
—wiAi sin(2zR) to select random phases, wherse= 27v;, A
= (2E)Y3w; is the maximum amplitude at ener@y, andR is
a uniform random number, 8 R, < 1.51.52 The initial reaction
coordinate kinetic energy and moment&®gwere chosen from
a thermal distribution using,. = +[—2ksT In(1 — R)]¥2, where
Ris a uniform random number on [0, 3. The initial Cartesian
coordinatey and momentg were obtained by transforming
the Q; andP; andP, by the eigenvectors of the Cartesian force
constant matrix. Since the normal-mode approximation is not
exact for finite displacements, the selectpdndp had to be
scaled to obtain the desired energy for the trajectory. The
scaling factor Wasﬂtraj/Esca@l’z, whereEyg,; is the desired energy
and Egcqeis the energy corresponding to current valuegjof
andp. In most caseSH,fEscad/? is initially 1.00+ 0.03, and
the scaling was iterated 2 or 3 times uilik,ewas within 0.1%
of Etraj-

To create a thermal distribution of angular momentum, we

assumed the TS structures were symmetric tops and sample

the angular momentund and its z component from the
probability distributions

P(J,) = exp[-J,2/(2LksT)] 0= J, < oo (8a)

PU) =Jexp[-3/2 k)] J,<J<w (8b)
wherel, andlx are thez andx components of the moment of
inertia®* Equation 8a was sampled by rejection, and eq 8b was
sampled by the cumulative distribution functién
J=[32- 21k, TIn(1— R)* (8c)
whereR is a uniform random number on [0, 1]l andJ, were
transformed to Cartesian momenta as described previétizly.
Itis possible that TS normal-mode sampling introduces a bias
by treating the torsions in the same way as the vibrations. In

specific saddle points. The use of randomly sampled torsions
constitutes a de facto sampling of the dividing surfaces for ring
opening of §9-1, (RR)-1, andcis-1. By contrast, the Con

and Di¢ structures in Figure 3 sampled by TS normal-mode
sampling are on IRCs leading t§§)-1. This in itself should
have no effect on the computed relative rate constants in Figure
1.

Normal-mode/rotor sampling was used to initialize two sets
of trajectories, for3 and4. In this method, the molecule is
assumed to consist of 19 nontorsional vibrations plus two
torsions. The torsions are unrestricted over [g,@&hd sampled
by a thermal Monte Carlo scherfeand the nontorsional modes
are sampled by the TS normal-mode sampling described above.
To implement the method, it is necessary to choose a reference
structure on the dividing surface at which to compute the
nontorsional frequencies, which are assumed to be independent
of the torsions and invariant over the dividing surface. In fact,
the nontorsional modes of GTCor¥, and Dig are virtually
invariant®” but to minimize any variations, we chose a lower
energy structure well on the way to cyclization as the reference
structure for the nontorsional modes. Therefore, the sampling
was started from a geometry located 0.4 kcal/mol below*Con
along the IRC for conrotatory cyclization toward cyclopropane.

t this geometry the CCC angle is 1Q5own from 109 at
Ont_ZAa

Diagonalization of the force constant matrix of the reference
structure yielded B — 7 = 20 eigenvalues after projecting éut
translations, rotations, and gradient (the conrotatory reaction
path). The lowest was disrotatory torsion and was excluded
from the set of nontorsional modes. Initial Cartesian coordinates
and momenta for the 19 nontorsional modes were chosen with
TS normal-mode sampling as described above. The combined
energy of the two torsiong;er, was then sampled from a mean
energy of gT (the reaction coordinate with mean enekgy,>®
plus the classical vibrator lin¥it kg T of the other torsion) by
choosing fromEr = —2kgT In R, whereR is a uniform random
number on [0, 1]. Starting from the geometry produced by TS
normal-mode activation of the nontorsional modes, the torsions
were activated by first displacing each by a random rotation on
[0, 27] followed by 2000 steps of a Markov chain using the
Metropolis algorithr® with Boltzmann weighting. The random

this sampling method, the Cartesian coordinates are displacedvalk was performed in internal coordinates, varying only the
linearly along the eigenvectors of the mass-weighted Cartesiantwo torsions?® At this point the combined torsional kinetic

second derivative matrix. Because of the linear displacement,
C—H bonds have to be stretched in order to generate a large-

energy was given b¥ior = Eor — (Vi — W), whereV, is the
potential energy following TS normal-mode sampling of the
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nontorsional vibrations, and, is the potential energy after the
2000 step torsional random walk. Individual torsions were given
kinetic energyT: = RTr and To = Tior — T1, WhereR is a

J. Phys. Chem. A, Vol. 102, No. 21, 1998653

bond was shorter than 1.3 A. For cyclization, the trajectory
was stopped when the CCC angle dropped below 70

freshly generated uniform random number. From the torsional IV. Analysis of Trajectories

angular momental;, = £(2I;iT)¥2 (i = 1, 2), we computed
angular velocitie€2; = Ji/l;, wherel; is the reduced moment of
inertia for torsioni. We usedlicyp = 2.48 andlcy, = 1.68
amu 2. The angular velocities were then used to commte
= Mi(Qi x rj), the six-component torsional contribution from
torsioni to the full Cartesian momentum, whelg is the 6x

6 diagonal matrix of atomic masses of the two H/D atoms of
torsioni (three identical elements for each atom) anid their
Cartesian position vector.

A complication introduced by this method of torsional
activation is that the momenta originally selected by TS normal-

To compute the relative rates of isomerization amd§){
1, (RR)-1, andcis-1 and the ratio of double to single methylene
rotation, the main task was to count the net rotations needed to
interconvert the products formed in the forward and backward
trajectory segments. For a given CHD group, only trajectories
that connect cyclopropane isomers via an odd number of 180
rotations correspond to observable events. Trajectories in which
both reactant and product were the same were deemed unreactive
even if extensive rotations (by even multiples of 18@ad taken
place. In monitoring single vs double rotation, we recorded a
double rotation only if both methylenes rotated by an odd

mode activation of the nontorsional modes are no longer multiple of 180. An isomerization in which one rotated by

appropriate for the torsionally activated molecule. For example,

momentum originally placed in a-€H stretch becomes largely
torsional momentum if the €H bond is rotated by 90during
torsional activation. Therefore, before adding gheontribu-

180 and the other by 360wvas counted as single rotation. For
CHD—CHD cleavage vi&, double rotation connect§g)-1
with (RR)-1 and single rotation connects trans with cis. For
CH,—CHD cleavage vid, both double rotation and single CHD

tions described above, we rotated the nine Cartesian momentunfotation connect trans with cis.

components of each terminal @dr CHD group through their

For the trajectories initialized with TS normal-mode sampling,

respective cumulative angles produced by the torsional randomthe rate constant ratio of double to single rotatikg/k, is

walk. The main effect was to preserve the local charactet{C
stretch, CCH bend, etc.) of the momenta initially placed in the
terminal methylenes by TS normal-mode sampling of the
nontorsional modes. After subtracting any overall rotational
angular momentum artificially created during the torsional
random walk, we multiplied the Cartesian momentum by the
scaling factor [E, + Ewor — Vit)/Tw]¥2to produce a total energy
equal toEy, + Ey, whereE, is the total energy resulting from
TS normal-mode vibrational activation afig; is the kinetic
energy after vibrational and torsional activation. The scaling
factor was usually 1.06t 0.03. Finally, the molecule was
rotationally activated at 695 K according to eq 8.

If TS normal-mode sampling tends to restrict the initial
torsions to the vicinity of the saddle points, normal-mode/rotor
sampling may tend to err in the opposite direction by allowing

the initial torsion angles to take on random values. By selecting

initial conditions with these two sampling schemes, we hope
to bracket the true Boltzmann distribution for the cyclopropane
ring opening TSs on the AM1-SRP PES.

B. Trajectory Integration. The atomic motion was evalu-
ated by integrating Hamilton’s equations in Cartesian coordi-
nates and momenta with a combined 4th-order Ruiggta
and 6th-order AdamsMoulton predictor-corrector algorithn§9
as implemented in VENUS 98. At each step of the integration

the Schroedinger equation was solved according to the AM1-

SRP prescriptiod?® The first derivative of the energy with
respect to Cartesian positions was computed by the Dewar
Liotard®® analytical Cl method in MOPAC 7. The integration

step size was 0.25 fs, and energy was conserved to four or five

significant figures over a typical trajectory. All computations
were performed on the IBM SP2 at the Cornell Theory Céfiter.
The integration rate was 16.5 fs of trimethylene motion per CPU
minute per node (RS6000 Power 2).

C. Final Trajectory Conditions. Each trajectory was
integrated forward and backward in time until either propene

k_12 Gy,

kG, 9)
whereG; and G;, are Boltzmann weighted product yields for
the single and double rotation processes lab&leandk;, in
Figure 1 averaged over the results obtained from sampling at
Corf 3, Dis* 3, and CT 3in Figure 3. That isG; is half the
yield of (S9-1 — cis-1 (from the factor of 2 in Figure 1) and
Gi2is the yield of §9)-1 — (R R)-1, both via3. kiok, which

is used in eq 3 to compute the experimental radit, is
obtained from the trajectory results by

k

Mz Cu (10)
k G +G

where G' is the yield for §S-1 — cis-1 via both single
and double rotation id (processes with rate constahkis and

kiz in Figure 1) Boltzmann averaged over the trajectories
sampled at Cdn4, Dis* 4, and CT 4 with relative weights
according to eq 7. Thus, eq 10 combines the trajectory results
for 3 and4, assuming zero isotope effect on the formatior3 of
and 4 from cyclopropane. Boltzmann weighting facto;s

and Wer are calculated relative to Comising zpe-corrected

energiesEpis — Econ = 1.8 andEct — Econ = 1.4 kcal/mol,
Weon=1 (112)
Apid Opi
Whis = $ g (Fois~FeanllleD (11b)
Corf “Con
s Aerloer o (EcrEcoll(ieT) (11c)

lCor{UCOn

or cyclopropane was formed. In this way, the product distribu- where the explicit dependence bfindo on D substitution 3
tion was obtained by following each cyclopropane isomerization vs 4) is not shown. FoB, Acon= Act = 2, Apis = 1, 0con= 2,
until it completed its journey through the biradical region of opis = oct = 1, Whis = 0.27, Wt = 0.72 at 695 K. Fo#d,
the PES. The criterion for propene formation was that the Acon = Apis = Act = 2, 0con = 0pis = oct = 1, Whis = 0.27,
breaking C-H bond was at least 2.3 A and the nascenttC Wer = 0.36 at 695 K.
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The product yields are given by

— Pgon3+ WDisP(I:Dtis?, + WCTPgTS (12a)
! 2(1+ Wy + Wey)
_ Pg%tns"‘ WDisP(E))IiJstS + WCTpoctha (12b)
12 1+ Wi + Wer
- P?:ton4+ WDisP‘I:DtiSA + WCTPgTA (120)
1+ Whs + Wer

where PJ! is the fractional yield for process$ (cis—trans
isomerization, ct, or optical isomerization, opt) derived from
TS normal-mode sampling at TS structurgone of the 6
structures in Figure 3), calculated assumirgSkl as the
reactant. P; is defined by

P = N
1= Ned,

whereN; is the number of trajectories that undergo prodess
andNssis the number that formsS(9-1 in at least one of the
forward-time or backward-time trajectory segments. For ex-
ample, of all the trajectories initialized at Co8, PS, ;is the
fraction involving cis-trans isomerization of§9-1, i.e., in
which either the forward or backward segment lead<Sig){1

and the other segment leadsdis-1. Nssis analogous to a

(13)

reactant concentration. The factor of 2 appears in eq 12a

because in Figure 1 the rate constant §6)\-1 — cis-1 via 3
is 2k, so the yield for this reaction must be divided by 2 to
reflect k.

The procedure for obtaining kinetic product ratios from
normal-mode/rotor sampling is similar to eqs 9 and 10. The
ratio kyo/k in terms of the product yields is

k F

Qe _ 12 (14)
k F,+F

whereF1, F1,, andF ' are the normal-mode/rotor analogues of
G, Gi12, andG'. The double/single rotation rate constant ratio
is

(15)

the analogue of eq 9. Equation 3 is used to calcldétg using

eqg 14 in the case of normal-mode/rotor sampling or using eq
10 in the case of TS normal-mode sampling. Because Boltz-
mann weighting is part of the normal-mode/rotor sampling
scheme,Fi, Fi, and F' are obtained directly from the
trajectories by a procedure presented below.

V. Results and Discussion
A. Product Ratios. In this discussion, “trajectory” refers

Doubleday et al.

TABLE 1: Results from TS Normal-Mode Sampling

barrier and
H/D patterd Nt Np®  Nsd Nopt Nef  Neo®  Ngi
Conf 3 133 13 98 59 21 52 7
Dis* 3 120 3 93 36 43 23 13
CT*3 158 12 60 17 38 4 13
Corf4 78 6 58 43
Dist 4 80 4 64 28
CT*4 80 6 66 48

aSee Figure 3 Total no. of trajectoriesS No. of trajectories that
form propene¢ No. of trajectories that form39)-1 in at least one of
the forward-backward trajectory segmentNopt = Neon + Nis is the
number that undergoes optical isomerization by conrotation or disro-
tation.f No. of trajectories that interconver§,g)-1 andcis-1.

backward trajectory segments. These are used in eqs 12 and
13 to compute the Boltzmann averaged product yields.

The trajectory counts from normal-mode/rotor sampling are
shown in Table 2 and Figure 4Nss Ngrgr, and Ngs are the
number of trajectories that forme& -1, (R R)-1, andcis-1
in at least one of the forward/backward trajectory segments and
are shown in parentheses beneath each structure in Figure 4.
Nij (i, ] = RR, SS, cis) is the number of trajectories that
interconvert isomersandj. The other column headings have
the same meaning as in Table 1. Equations 18 defineF;
andFi,, the mean fraction of single and double rotation $ja
andF ', the average yield for interconversionai$-1 and §9-1
via 4,

F,= 1 (NSS,cis Nrr,cis NSS,cis+ NRR,cis) (16)
4 Ncis Ncis 2NSS 2NRR
_ 1 NSS,RR NSS,RR Ncis,cis Ncis,cis
Fo=72\Nee TN N, | N, (7)
SS RR cisl cis2

Fr==2

5 (18)

Ncis NS
whereNis1 and Nisp are the numbers of trajectories that form
the two species ofis-1 shown at the left in Figure 4N\is; +
Neis2= Ngis). The data are averaged because of the small number
of trajectories. Each equation is the mean of the different ways
(four, four, and two ways, respectively) of using the data to
calculate the quantity on the left. In the limit of perfect statistics
the cis-trans cyclopropane equilibrium constant is unity and
Nss = Nrr = Ncig/2, Nsscis= Nrr,cis Nssrr= Neiscis Then
substitution of egs 16 and 17 into eq 15 would ghe/F; =
2Nss rdNsscis 1IN eq 17 the experimentally unobservable-cis
cis reaction is included to improve the statistics for double
rotation. The factors of 2 appear in eq 16 for the same reason
as in eq 12a.

Table 3 shows the product yields and rate constant ratios
computed from both sampling methods. The reactive fractions
are less with normal-mode/rotor sampling than with TS normal-
mode samplingK;1 < Gy, F12 < Gy, F' < G') in part because
normal-mode/rotor sampling was initiated 0.4 kcal/mol below
Corf. The computed value dé/k, (1.32 and 1.28) is midway

to the combined forward-time and backward-time segments from between the value of 1.0F 0.04 reported by Berséh for
a given set of initial coordinates and momenta. Table 1 shows isomerization oflL and 1.484 0.04 reported by Baldwiriafor

the results from the TS normal-mode sampling methbig, is
the total number of trajectorie®, is the number that form
propene N is the number that interconver$§-1 andcis-1,
Nopt = Neon + Nais is the number that undergo optical
isomerization by conrotatioN¢e) or disrotation Ngis), andNss

is the number that form§S)-1 in at least one of the forward/

isomerization oR. Our value ofk; ki, 2.3-3.5, is also midway
between the 1.0 of Baldwin and the-82 range compatible
with the Berson experiment. A computed valuekgfk; close

to both experiments suggests that direct dynamics on AM1-
SRP gets the main features of the dynamics correct, but there
emerges no clear support or rejection of either the Berson or
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TABLE 2: Results from Normal-Mode/Rotor Sampling?

d2 pattem Ntot Npr NSS NRR Ncis NRR,cis NSS,cis NRR,SS Ncis,cis Nopt th Ncon Ndis
3 960 44 330 351 619 66 76 135 116 135 142 113 22
4 260 9 179 172 172 102 77 16

aN;; (i, ] = RR, SS, cis) is the number of trajectories that interconvert isoimemsj (eqs 16-18). Others have the same meaning as in Table

D 135 D included in Figure 5), are
o IA‘ 185 FK
D ke Ky ApidOpis g -
% (551 (RR)-1 Kk don & el =054 (20)
(330) (351) Cort ™ Con
1116 7& /:36 Steady-state analysis of the kinetic scheme leads #&; =
1.35, below the 2.33.5 in Table 3. From a kinetic scheme
DIAID involving a trimethylene intermediate on their analytical PES,
0(3 ’ 9;3 ©19) Hrovat, Fang, Borden, and Carpefteteduced a TST prediction

of kiz/ky = 1.18, also below their trajectory-derived value of
Figure 4. Number of trajectories that connect each pair of isomers 4.7. Baldwin, Yamaguchi, and Schaéfealso used a kinetic

initiated on3 with normal-mode/rotor sampling. Numbers in parentheses gcheme with a trimethylene intermediate to computék, =
under each isomer are the total number of trajectories that lead to that0 94 directly from their ab initio PES

isomer, including unreactive trajectories that form the given isomer in . L .
both the forward and backward directions. The unobservabteciss Since thekiJk; ratios in Table 3 exceed the TST estimates

reaction is shown at left. of 1.35 and 1.77, the trajectories appear to exhibit a dynamical
preference for double over single rotation. However, the
Baldwin picture of the stereodynamics. Recently, Hrovat, Fang, trajectory calculations are anharmonic and the TST estimates
Borden, and Carpenférreported a trajectory study of cyclo- ~ are based on harmonic partition functions for the nontorsional
propane stereomutations on an analytical PES. Like AM1-SRP, Modes® A fully anharmonic TST estimatémay be different.
their PES is a good but not perfect approximation to the ab At present the contribution of nonstatistical dynamics to the
initio PES. The two PESs differ from ab initio in different Product distribution is not known. However, at a fixed energy
waysS3 but they give similar values dbak;. At 695 K, the of 4.4 kcal/mol above the zero-point level, trajectories initiated
k12/k1'= 4.7 of Hrovat et al. is close enough o our-23§’5 o at Corf exhibit high mode selectivity in favor of conrotation as

suggest a robust system in which the stereodynamics are no{ong as the initial energy placed into disrotation is .

o . C. Trimethylene Unimolecular Kinetics. Figure 6 shows
extremely sensitive to the subtleties of the PES but to broader,[he survival probabilityS(t) = N(t)/No and lifetime distribution
features of the PES.

o ) P(t) = —(1/No) dN(t)/dt of the trajectories computed f@rwith

B. TST Prediction of kioky. Given the features of the  ngrmal-mode/rotor sampling, whemd(t) is the number of
AM1-SRP PES, statistical theory can be applied to predigt  trajectories that have not formed product at titnend Np =
ky for concerted and nonconcerted mechanisms of cyclopropanegsg is the total number at= 0. For a given trajectory the
stereomutations. The TST estimates are based on egs 6 and Tifetime was taken to be the sum of the duration of the forward
in which the differences among Chmis*, and CT harmonic  and backward trajectory segments, delimited in each direction
partition functions are negligib®,and conventional TST rather by the final passage through the TS. This is the total time spent
than variational TST is used. The concerted mechanism, with traversing the trimethylene region of the PES, from ring opening

no trimethylene intermediate, is shown in Figure 1. W3I$)\-1 to product formation. Our TS criterion for cyclization was CCC
as reactant, crossing CoBior Disf 3 gives R R)-1 and crossing = 94°, determined previousk? for energies in this rang®.

CT* 3 givescis-1. From eq 7, the resultink»/k; ratio at 695 The decay in Figure 6 is strongly nonexponential. Eer

Kis 100 fs, about 40% of the biradicals decay with a time constant

T ~ 60 fs, wherer is the reciprocal of the time constant for
Acon  Apis oo keT) qlec_ay ofP(t) (t_o be distinguis_hed from the_ individual trajector_y
K o + o e e e lifetimes). This early decay is almost entirely due to unreactive
12__ Z“Con “Dis - trajectories that enter the trimethylene region and promptl
== =177 (29) je ! etny g promptly
ky ACT - (Ecr-EeodllaD cyclize to reactant. It might arise in part from our choice of
P reference structure for normal-mode/rotor sampling that is 0.4
kcal/mol below Cofi In the range 100< t < 550 fs, P(t)
decays witht ~ 230 fs; this includes most of the reactive
trajectories. Above 600 fs the survival probability of the
remaining 15% of the trajectories (about half reactive) decays
with 7 &~ 600 fs. The decay extends into the multipicosecond
range—7% of the trajectories last-14 ps. The large range of

One can also make a TST prediction with the assumption decay rates indicates substantial nonstatistical character in the
that trimethylene intervenes as a reactive intermediate. Figuredynamics.

5 shows such a scheme with relative rate constants given in  For a comparison to these lifetimes, it is useful to have an
terms of Boltzmann factorBcon, Bpis, andBer. On AM1-SRP, estimate of the time it takes a CHD group to rotate at 695 K.
3a—3c cyclize via Cori or Dis* and undergo stereochemical For a rotor with mean kinetic enerdgT (the mean energy of
interconversion (but not cyclization) via €T From eq 7, the a reaction coordinatd the angular velocity, @&T/1)Y2, is 2.2
relative rates of formation &a—3cfrom (S9-1, k, ks, ke (ot x 103 radian s for a CHD with a reduced moment of inertia

Oct

smaller than the 2:33.5 ratio deduced from the trajectory
results. In the limit that the energy differences in eq 19 approach
zero,kiok; approaches 1. The difference from unity is due to
the Boltzmann factors.



3656 J. Phys. Chem. A, Vol. 102, No. 21, 1998

Doubleday et al.

TABLE 3: Product Yields and Rate Constant Ratios Defined in Eqs 9-18

sampling method G G2 G F1 Fi2 F' kik kiofky kilke,
TS normal mode 0.20 0.46 0.70 0.51 2.3 1.32
normal-mode/rotor 0.11 0.39 0.58 0.56 35 1.28
D D 1 ey, . .
l% A‘ AAA DHC, __CHD
D ¥, Single
ch( Bco, Beo, ‘%on % rotation
pis Boi K
H 4B D. H 2B D D N@®
\}L/T = T T = T Y N, | Double%,
2Ber H 4Br W H ® | rotation R, T My,
3a 3b 3c T=130fs \%&, ~ wy,
% l2BCon y
- D D 0.17 A
Be, =1, By =e Cn il g bt i
Figure 5. Reaction scheme for nonconcerted cyclopropane stereomu- 0 200 400 600 800 1000
tations used for TST prediction dfio/k;. Relative rate constants are Time, fs

given as multiples of the Boltzmann factoBon, Bpis, and Bcr,
multiplied by A/o as in eq 7. FoBa—3c, 03a = 03c = 2, 03, = 1. A
count of stereoisomeric pathways giviesn = 2, Apis = 1, Act = 2 for
all reactions shown. For the TSs, conrotation3afor 3c haso = 2
and all others have = 1.

10
Normal-mode/rotor sampling at 695 K

o DHéCHzéHD 959 trajectories

a

g=— T=60fs

o

% Lifetime d(N@)

® distribution (ps') ~ g7 To]
le
3 - 7=230fs
[=]
o
Survival ® 2. D H?'Eﬂﬁﬁgj
probability %, 9
0. 1 ] M - 7, >
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' 7 oo
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Figure 6. Lifetime distributionP(t)/ps* and survival probability§(t)
(definitions in text) for trajectories initiated with normal-mode/rotor
sampling on3. Approximate time constantswere fitted to a single
exponential within a specific range described in the text.

| of 2.48 amu &. The resulting mean time for a 180CHD
rotation is 140 fs, close to Zewail's 122 8 fs lifetime for
trimethyleneel, at high energy’

At 695 K, the RRKM prediction for§(t) is a Boltzmann
average,

s = . e*“©PE)dE

where k(E) is the RRKM rate constant an®(E) is the

(21)

Figure 7. Survival probabilities of single and double rotation reactive
trajectories initiated or8 with normal-mode/rotor sampling. Double
rotation includes both optical isomerization and cis-to-cis trajectories.
Fits to a single exponential were made between 100 and 900 fs for
single rotation £ = 430 fs) and between 100 and 250 fs for double
rotation ¢ = 130 fs).

normalized probability that trimethylene has eneEydeter-
mined by the Boltzmann distribution sampled in choosing the
initial conditions. Though eq 21 suggests nonexponential decay,
St) computed in this way is nearly exponential. This is because
the very low barriers make cyclization so efficient théE) ~

1.4 x 10*2 s71 over the entire range d accessible at 695 K.

Figure 7 shows the survival probabiliti&g) for thereactive
trajectories oB initiated with normal-mode/rotor sampling; i.e.,
trajectories whose forward and backward segments led to
different cyclopropane isomers. The triangles represent net
single rotation (cistrans) and the circles double rotation,
including optical isomerization and the formally unobservable
cis-to-cis double rotation (included to improve the statistics).
The single and double rotation trajectories have very different
time constants for decay. Their ratio is*3%;3 = 3.3,
essentially the same as the/k; = 3.5 derived from product
ratios. The two ratios would be identical if each decay was
exponential. However, in contrast to the RRKM prediction of
single-exponential decay, the decay of double rotation trajec-
tories in Figure 7 is highly nonexponential. It may be that single
rotation trajectories persist longer in the trimethylene region of
the PES simply because they have to surmount a higher barrier
than conrotatory double rotation. Trajectories undergoing
disrotatory double rotation, which has a higher barrier than single
rotation on the AM1-SRP PES, also decay with a long time
constant on the order of a single rotation decay. The number
is uncertain because there are only 42 trajectories.

In the vast majority of cases, a trajectory cyclizes the first
time it comes close to a (90, 90) conformation. Most double
rotation trajectories undergo a single set of approximately
simultaneous 180rotations and cyclize immediately. The
common feature of most long-lived trajectories, whether single
or double rotation, is a mismatch of torsional phases that
frustrates a (90, 90) alignment and prolongs the trajectory. We
base this on a survey of reactive and unreactive trajectories
lasting >500 fs, 84% of which cyclize on the first approach to
(90, 90) even though each torsion may undergo severdl 180
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trajectories behave essentially statistically. Carpéitas used

1804 C.IS t.rans isomerization w this assumption to compute a bimodal lifetime distribution in a
o Lifetime = 470 fs di . . . . )
N irect dynamics quasiclassical trajectory study of a [1,3]
S 0 D\Qﬁ DN/\MD - Start sigmatropic shift, where the long-lived component was com-
"_6 1 2 puted from RRKM theory. The product ratios of the trajectories

u in Figure 7 that last400 fs are consistent with the possibility
-180 TN of statistical dynamics for long-lived trajectories. They give
-540 360  -180 0 180 360 kio/ks &~ 1.4, similar to the harmonic TST value of 1.35 for the
Torsion 1 case of a trimethylene intermediate. Further assessment of
statistical behavior for the long-lived trajectories will require
270 including anharmonic effects, particularly for the torsions (for
Cis-trans isomerization ~ 3+ P example, as in ab initio calculations of trimethyléhand
Lifetime = 390 fs &é tetramethylen®), when determining the TST value fégok;.
N
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