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We present a method to predict products, transition states, and reaction paths of unimolecular
chemical reactions such as dissociation or rearrangement reactions of small to medium sized
molecules. The method thus provides the necessary input for established procedures to compute
barrier heights and reaction rates, which conventionally have to be assumed heuristically. The
method is an extension of the force field based conformational flooding procedure, but here aims at
an accelerated barrier crossing cohemical reactions rather than conformational motions.
Accordingly, it is now coupled to density functional molecular dynamics, such that the chemical
reaction under study takes place at the picoseconds time scale set by todays computer technology.
Barrier crossings are accelerated by means of an additional energy(fteoding potentigl that

locally destabilizes the educt conformation without affecting possible transition states or product
states. The method is applied to two test systems, bicyclopropylidene and methylenecyclopropane,
for which the reaction paths are predicted correctly. New details of reaction pathways are found,
such as a transient concerted, but asynchronous rotation of the two methylene groups for the
bicyclopropylidene~-methylenespiropentane reaction. Our method can be applied to simulations in
the gas phase as well as in solution and can be combined with force field simulations, e.g., in hybrid
density functional/force fieldQM/MM) computations. ©2002 American Institute of Physics.

[DOI: 10.1063/1.1427722

I. INTRODUCTION test a method that, using the educt structure, can predict in an
unbiased manner accessible product states, transition states,

For chemical reactions of small molecules, the computa- q i h ‘ i ¢ I molecul tart
tion of activation energies, energy profiles along the reactior‘_"fm reaction pathways for reactions of small molecules start-

paths, and reaction rates is—although possibly computatiol®d With bond dissociations. The method, which we term
ally expensive—a routine task in quantum chemistry todaychemical flooding, also provides, as rough estimates, upper
Established methods exist for the following stefafind the  limits for activation energies, which cdand should be re-
appropriate potential energy hypersurface for the chemicdined with established techniques.

reaction;(b) minimize the educt state{c) detect transition We emphasize that our method does not primarily aim at
and product states;” (d) find the reaction pathway connect- an accurate computation of activation free energy barriers or
ing the educt, transition, and product st&te; (¢) calculate  reaction rates. Hence, the obtained reaction pathway will
the transition rate along the reaction path by associated quagypically be used as input for the established methods. Be-
tum statistical mechanical approachiés.* With few excep-  5se chemical flooding rests on trajectory calculations, it
tions, all these methods require as an input a reaction patl?:—an be used for botrin vacuo calculations as well as for

way, the knowledge of the energy hypersurface, putatiy brid quantum chemical/force field calculations of chemical

intermediate states, or, at least, knowledge on the produc i i th q d oh Unlike simple elevai f
and its conformation. reactions in the condensed phase. Unlike simple elevation o

For much larger molecules, such as biological macrolemperature, which severely changes the free energy surface

molecules like proteins, and within the framework of force Vi@ the entropic part, our method leaves the free energy bar-
field molecular dynamics(MD) simulations, a method riers unperturbed.

termed conformational flooding has recently been developed In this work, the ring-opening and further rearrangement
that enables prediction ostructural transitions of these reactions of two molecules, bicyclopropylidefCP) and
molecules:> Here we extend this method towards the predic-methylenecyclopropan@ICP), are studied as test cases. For
tion of chemical reactions. In particular we will develop and hoth reactions, transition states and products are krisee
Fig. 1.1~ For the activation enthalpy of BCP a value of
3Electronic mail: hgrubmu@gwdg.de 39.2 kcal/mol has been measuréd.
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respectively. In both figures, the well represents the educt

R . \\. \ . . . . . _
a) =] =— [>> < .>~_.<]] —_ [5 < state, which is raised through inclusion \8j. As a conse

4 quence, the educt state is destabilized with respect to the

bicyclo- transition state methylene- product statés) and with respect to the barrier impeding the
propylidene spiropentane chemical reaction to be predictégrrow). Thus the chemical
.. \ reaction is accelerated by the Arrhenius factsi™/%sT,
b) — >\; — D whereAF is the destabilization free energy.
methylene- transition methylene-
cyclopropane state cyclopropane

FIG. 1. Known ring-opening and rearrangement reactions of bicyclopropy—A' Collective coordinates

23222 (BCP) and methylenecyclopropari®CP) serve as challenging test Let x= (Xl:---vXN)T be the 3-dimensional(Cartesiah
' vector of theN nuclear positions of the molecule. Linear
collective coordinateg can then generally be written as

Il. THEORY q:=Q(x—X) 1)

The method developed here rests on the notion of thevith orthonormalQe R33N and centerx. Subsequently
essential conformational subspace for the characterization ofi<3N—6 of these collective coordinates will be selected
molecular motions, as described, e.g., in Refs. 15, 19, 20, asnd termed essential coordinates(qy,...,qm) -
well as of a suitably defined landscapefiafe energyin this Two particular choices fofQ will be used here. In the
subspace, as developed in Ref. 15. In sketching this theorftamework of the well-knowmormal modesQ is obtained
we will proceed as follows. For a more rigorous treatmentpy diagonalizing the Hesse—Matrkx,
we refer to Ref. 15. )

First, from the Cartesian coordinates of the molecule, H:M
linear collective degrees of freedom will be defined and used IX; IX; Y=x
as essential coordinates. Two well-known examples will be
given and used subsequently, normal modes, as derived froMith diagonal Q= (5 ?);j-1..a and energy minimum

the Hesse matrix, and principal components of the covariXmin- Here, V(x) is the configurational part of the Hamil-
ance matrix, as derived, e.g., from an equilibration MDtonian for the nuclear motion. Note that, in contrast to the

simulation. usual definition, no mass weighing is applied, since here we

Second, these degrees of freedom will be used to defindo not aim at a description of molecular motions, but rather
a free energy landscape. As an illustration, Fig) 8hows a  Of the configurational space density,
cut through the energy landscajpe(bold line), along one of p(x)oce™VOrkeT @)
these degrees of freedom, terngdherein. For the region of
configurational space populated by the educt configurationyhich is independent of the nuclear masses. Thus, the eigen-
this energy landscape is approximated by a multiharmonivaluesw? here are the curvatures ¥{x) along the direction
function, F [Fig. 2c), bold line], known as quasiharmonic Of the corresponding eigenvectors rather than the usual fre-

=Qm2Quu (2

min

potential'® guencies, and the amplitudes of the respective modes at tem-
In a third step, this approximation will be used to con- PeratureT are measured by; = VkgT/w;. _
struct a localized flooding potentialy [Fig. 2(c), thin line, _For quasiharmonic coordinate®) is obtained by diago-
bottom. Finally, this potential is included into the Hamil- Nalizing the covariance matrig of the nuclear dynamics,
. gy . . -
tonian for the nuclear motiorH+ Vg), and, using this modi C==<(X—<X))(X—(X>)T>=Q(BHAQQH 4)

fied Hamiltonian, an MD simulation is carried out.
Figures Zc) and 2b) illustrate shape and effect of this with diagonaIAz(éiinZ)i,jzl - C and({x) are computed

flooding potential, for the one- and two-dimensional casefrom a suitable ensemblx(™, ... xX(M} of n configurations

a) b) c)

0

FIG. 2. The flooding potentia¥/;, destabilizes an educt conformation, which corresponds to a well in the free energy lanBécgpéold line).
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generated, e.g., from MD simulations of the educt state; theearrangements resulting from the barrier crossing to be pre-
angle brackets in Eq4) denote averages over such an en-dicted, a flooding potentia¥;(x) is designed,
semble, i.e.,

[ kgT
1" Vi(X) :=Eq exp _E(X—ETA(X—?} : (13)
(=2 X, 5 -
k=1 From the equivalent form,
As before, the eigenvalueg measure the extension of the T
f:orzemble along the directions of the corresponding eigenvec- Vy(C)=Eq expl — % 21 )\jCjz ' (12)
. fli=

it can be seen that indeed, and following the above assump-
tion, Vg acts only on then essential degrees of freedon,
while leaving the remaining 18— 6—m degrees of freedom
Both the Hesse matrix as well as tkieversg covari-  unaffectedE; specifies the strength of the flooding potential,
ance matrix can be used to construct a multivariate Gaussiaas illustrated in Fig. @). The figure also shows that the
approximatiorip(x) of the configuration space densjyx), width of the potential is designed such as to increase Bjth
in order to evenly fill up the well of the educt state.

B. Approximated educt free energy landscape

1
p(X)=~p(X) =:%eXF[—%(X—§5TA(X—?5], (6)

with partition function D. Chemical flooding simulations

_ (24r)"2 In subsequenab initio MD simulations the flooding po-
Z==f d*Nxexd —3(x—X)TA(X=X)]=—==.  (7)  tential as defined above is included within the Hamiltonian
detA for the nuclear motion, such that its gradients act as addi-
Depending on whether the normal mode case or the quasiional fluctuating forces on the nuclei. These forces are ex-
harmonic case is consideredl,denotes one of both{/kgT pected to accelerate barrier crossings out of the educt well by
or C™1, andx denotes one Ok, or (x). destabilizing the educt state. As shown in the context of force
Following Ref. 15,m<3N—6 essential coordinates field MD simulations in Ref. 15, and using transition state
(j=1,...m) are defined as those which contribute most to theheory???*this destabilization can be quantified, and an up-
nuclear motions. From the interpretation of the eigenvalueger limit for the destabilization free energyF due to inclu-
\;, them collective coordinates with largest are selected sion of the flooding potential can be derived,
for that purpose. The six collective degrees of freedom which T
describe rigid body motions of the molecyteanslations and AF<Eq ex;{ —m_—
rotations are not considered. 2Ey
Integrating over the remaining irrelevant degrees of free-
dom, a Helmholtz free energy landscdpér) is obtained,

. (13

As can be seen, the destabilization free eneidy is

generally smaller than the flooding strendth, and it de-
creases with increasing.

F(c)=—kgT Inj d*Nx p(x) 8(c— QessX), 8 Particularly for large flooding strengths, nonequilibrium
effects become important, and, the effective destabilization

where Qess.is the N X m-matrix containing only thenes- .o energy is further decreasgd.

sential eigenvectors i@. Using the above approximatign
[Eqg. (6)], the integral in Eq{(8) can be solved, and a har-

monic (approximate free energy landscag€(c) is obtained,
E. Adaptive flooding

m
F(c)=%kBTZ )\jcjz. (9) BecauseAF directly determines the transition rate via
=1 the Arrhenius factor, that quantity—rather theg—should
Note that this approximation holds only for the region inbe controlled during flooding simulations. To thgt aim one
configurational space covered by the educt state; obviously fakes use of the fact that a more accurate estimate for the
lacks the barrigs) separating educt and prod(sit For the  destabilization free energhF can be obtained from the
normal mode case, note also that fa=3N—6, i.e., if all ~ flooding energies, i.e., the actual values of the flooding po-
internal degrees of freedom are considered essefti@), tential Vq(x(t)), as calculated from the simulatiof,
becomes identical to the normal mode parabola, AF~—kgT |n<e*Vﬂ<X)’kBT>. (14)
Vum(X) = 2(X— Xmin) "H(X— Ximin) - 10 . L
M) 1= 20X Xmin) "H (X~ Xpin) (10 Replacing the above ensemble average by a running time
C. Construction of the flooding potential average, an approxmate expression is obtained that can be
evaluated continuously during simulations,
Assuming that the selected essential degrees of free-
dom do not only d_escribe most of the nuc!ear motiothin AF(t)~—kgT Inl ft dt’ e(t’7I)/Te*Vf|(X(t’))/kBT, (15)
the educt statéwhich is true by construction but also the TJ)-o
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and yields an estimate for the instantaneous destabilizatiocomprised all atoms, and the numbmerof essential degrees
energy at a time scale That estimate serves to regulate the of freedom to be affected by the flooding potential was set to
flooding strengthEq such thatAF(t) approaches a given its maximum valuem=3N—-6 (m=36 for BCP, andm

target valueAF,. =24 for MCB), i.e., all internal motions were affected by
V. The second set for BCP comprised only the heavy at-
IIl. METHODS oms. Additionally, for reasons described below, the number

of essential degrees of freedom was reducehtol2, here.
For the computation of the required averages, Edp.
As starting points for the simulations, the structures ofand(5), 10 000 evenly distributed coordinate sets per trajec-

bicyclopropylidene (BCP) and methylenecyclopropane tory were used. For both trajectories, atomic positions and

(MCP) have been modeled with the BIOPOLYMER module velocities at 50 ps were taken as starting points for the sub-

from theINSIGHT 11 software packag®. For the computation sequent flooding simulations. For all chemical flooding

of suitable flooding potential®y, force field equilibrium  simulations, density functional MD was used as well as

simulations were carried out. These simulations were peradaptive flooding with a time constant of 10 ps %, as de-

formed with the parallel MD program package EGQAIl scribed in the Theory section. For the respective target de-

force field parameters were taken from the all atomstabilization free energieAF, we chose the lowest values

cHARMM22 force field?® library file paralln22x.pro. For the for which chemical reactions were induced within a simula-

force field simulations all partial charges were set to zero, agion time span of 0.8 to 1.0 ps. The obtained values fell in the

for the small molecules at hand their effect is already in-range of 4kgT to 80kgT (23.8 kcal/mol to 47.7 kcal/mpl

cluded within the other force field terms. The flooding strengthEy, was regulated by updating its
Density functional calculatioRé?®were carried out with  value after each integration steé@ccording to

Becke’s exchange gradient correction BI3?Bnd Troullier—

Martins pseudopotentiaf, which include nonlinear core El+D, g4 E[AF —AF®] (16)

corrections’ For the valence orbitals plane wave expansions f ! T ° ,

in a 12 A(BCP) and a 10 AMCP) cubic box with an energy  hereAF() was updated by discretizing E€L5) via a run-

cutoff of 40 Rydberg were used. This cutoff value was ob-ning average,

tained from test calculations on BCP using cutoff energies

ranging from 75 down to 25 Rydberg in steps of 5 Rydberg. AF(i+1):=( 1— E)AF“M EV (x1) (17)

Since significant changes of bond lengths and angles were T o '

observed only for cutoff energies well below 40 Rydberg,yare At is the integration step size. Note that the above

that value was considered sufficiently accurate. All dens'tyupdate rule forAF" evaluates Eq(15) in a linear approxi-

f_unctional MD simulgtions were carried out with ta ini- mation, which is sufficiently accurate for this feedback loop.
tio molecular dynamics package CPMfaccessed through

an interface implemented in the EGO force field molecular
dynamics packag®.
The employed force field was tested by carrying out ge-C. Analysis
ometry minimizations using both, force field and density  kqr an analysis of reaction pathways, coordinate sets and
functional calculations. Here, a cutoff_ vglue of 150 Rydbergyarious energy values were stored every 0.5 fs during the
was used. The root mean square deviatiamsd of the force  cnemical flooding simulations. Particular focus was put on
fI?|d m|n|m|zed strupture from the one minimized with den- {44 energyE,(t) [including kinetic energyE,(t)], total
sity functlonal gradlgnts was found tq pe 0.086 A. Thus, thepotential energyE poft) = Eioi®) —En(t) — Vi (t) [excluding
force field was qon3|dered to _be sufflqently accurate. flooding energyV;(t)], flooding strengthEq(t), and the
Both, force field and density functional based MD simu- rmsdd(t) :=|(x(t) —X)/N| Y2 from the average starting struc-

lations were carried out with an 0.5 fs integration time stepyrex of the chemical flooding run, where all atoms of the
and all atoms of the studied molecules were weakly coupleg,gjecules have been considered.

A. System setup

to a heat bath of 300K via velocity rescalings ( To estimate activation free energies from the potential
=10ps™).™ For gll_smulag:[flsons rigid body translations and energy profileE(t) along the reaction pathway obtained
rotations were eliminated: from flooding simulations, locally averaged time-dependent

After minimization, the ;ystems were equilibrated atpartition functions have been computed,
300 K for 50 ps each. During the equilibration runs, the
stability of the systems was monitored via their rmsd from - t)= - dt’ e~ 9o(t=t)Epeft' /kgT (3.3
the respective starting structures. Here, only heavy atoms t=—c

were considered. whereg, is a (normalized Gaussian function of widtl.

These patrtition functions served to compute running free en-
ergy estimates of the system as the reaction proceeds, and in
The two obtained 50 ps trajectories were used to conparticular free energies of the educt and of the transition
struct appropriate flooding potentialg; according to Eq. state, respectively. For this estimate to be valid, local equi-
(12). For both, BCP and MCP, two sets of atoms were subdibrium along the reaction pathway has to be assumed, as
jected to a suitably chosen flooding potential. The first setisually required for every transition state appro&tic-

B. Chemical flooding simulations
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IV. RESULTS FIG. 4. Rearrangement of BCP, as predicted by chemical flooding. Shown

: o ; are in the course of the simulation the flooding enévgft), the (regulated
During equilibration at 300 K, théhea\/y atom rmsd ooding strengthEg(t), the rmsdd(t) with respect to the average starting

with respect to the starting structure stabilized around 0.06 étmcture’ the potential enerdSy(t) (dashedl and a running average free
after 0.5 ps for MCP and 0.15 A after 1.5 ps for BQRta  energy estimatesolid). At the top, snapshots of the BCP structure are
not shown. Figure 3 shows the eigenvalue spectra obtaineghown, selected such as to best characterize the predicted reaction pathway.
from the principal component analysis of the two 50 ps
equilibration trajectories for the two molecules. As can be
seen from the two spectra, the motion of both molecules ipathway] As also indicated by the plateau d{t), the sys-
dominated by only a few degrees of freedom. tem moves slowly in that region. At=330fs, formation of
Figure 4 shows the reaction pathway and energies obthe spiropentane bond quickly drives the system towards its
tained from a 800 fs chemical flooding simulation of BCP. Aproduct conformation, as reflected in both, the abrupt in-
target destabilization free energy afF,=40kgT has been crease ofi(t) and the sharp drop d&, to its product value.
used. Shown are four snapshots that characterize the reactibtere, potential energy is converted into kinetic energy,
pathway:(1) starting structure(2) breakage of the cyclopro- which induces a temperature jump 65 K, and which is
pane bond,3) rearrangement motion of the two affected subsequently transfered to the heat bath of 300 K. Within the
carbon atoms, driven by the flooding potential, a4y for- product state, the visible high temperature vibrations decay
mation of a new cyclopropane ring. as the molecule is cooled down to the initial temperature
The top curve depicts the actual valdg(t) of the (300 K). Although chemical flooding is not primarily de-
flooding potential in the course of the simulation; the fastsigned for the calculation of activation energies, a rough es-
fluctuations reflect the thermal vibrations of the molecule atimate, in terms of an upper limit, for the barrier height can
300 K. Regulated via Eq.16), the flooding strength is in- be derived from the running average free energy, as de-
creased almost linearly with time until shortly after passagescribed in the Methods section. Here, an estimate of 55 kcal/
of the transition statéat t=230f9, at which instance the mol is obtained, while the experimental value is 39.2
flooding potential is switched off to allow unperturbed relax- kcal/mol*®
ation towards the product state. Figure 5 shows the trajectory of the induced reaction in
Passage of the transition state is monitored by the rmsdn essential configurational subspace. This subspace is
valued(t) and the potential enerdy, (lower curve$. The  spanned by the two essential degrees of freedom, which con-
latter exhibits a slow decrease after passing its maximuntribute most to the educt equilibrium fluctuations, i.e., the
value att=160fs. A significant drop ok, after its maxi-  eigenvectors that are associated with the two largest eigen-
mum value was used as criterion famanually switching  values of the covariance matrix. Similar to normal modes,
off the flooding potential[Note that the observed maximum both eigenvectors define collective motions of the molecule,
of Epq¢is not necessarily identicdbut close to the transition ~ which here are coded by the length of the red strokes at-
state, because hefg, reflects fluctuations of the system tached to the ball-and-stick structures shown next to the re-
perpendicular to the reaction pathway, whereas the transitiospective axes. The vertical axis and the upper trajedtmrid
state is defined as the maximum of the minimum energyine) show the potential enerdg, along the reaction path-
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FIG. 5. (Color) Reaction trajectory obtained by chemical flooding, plotted FIG. 6. A formal CH inversion is predicted by chemical flooding. Annota-

in a two-dimensional essential configurational space. For a description S&8)n as in Fig. 4. Two hydrogen atoms are shaded dark to show the inver-
text. ¢ . 4.
sion.

way. The cloud of dots represents the educt state ensemble, One advantage of our method is that it allows to focus
from which the flooding matrix has been derived. The meshhe action of the flooding potential onto selected atoms. This
plot shows the obtained flooding potenti&|. Note that the should enable a hierarchical approach to systematically iden-
product is correctly approached despite the fact that the reifying also rare reactions, which are not seen in the first
action pathway is quite curved. In particular, the direction ofplace. Figure 7 shows an example. Here, the particular aim
the largest fluctuations of the educt state is nearly perperwas to avoid the formal CHinversion, because it has al-
dicular to the line which connects educt and product state. ready been characterized, and which mainly involves motion
Figure 6 illustrates the effect of a relatively large value of the hydrogen atoms. Accordingly, we decided to suppress
for the target destabilization free energyF,=55kgT. this reaction by disregarding hydrogen positions and only
Here, a formal CH inversion becomes kinetically favored. considering the carbon positions for the construction of a
For clarity, two of the four protons involved in this reaction new flooding matrix. As a result, this flooding matrix should
are dark shaded. As can be seen, a branching point is ideact on the carbon atoms only. As higher energy barriers are to
tified, at which the system now fails to form the bond leadingbe expected here, a correspondingly stronger destabilization
to methylenespiropentane. Instead, the concerted rotation éfee energy ofAF,=60kgT was used.
the two methylene groups, which is fast due to the strong Closer inspection of the flooding trajectory reveals a col-
destabilization potential, continues, such that the moleculéective bending mode, induced by the strong destabilization
arrives at a product state which is chemically identical to thesnergy, and reflected in the large fluctuationsVij. This
educt, but is located within a different region of configura- concerted motion ultimately causes breakagdath distal
tional space. Accordingly, the actual flooding potenti4, cyclopropane bonds at=280fs, yielding a diallyl diradical
nearly vanishes betweér 150 andt=250fs, and reappears intermediate, for which experimental evidence has been
only after the flooding strength has been up-regulated to seported:®353’After switching off the flooding potential, the
very large value. At that point, the flooding potential inducessystem relaxes towards the product state. The activation free
considerable strain, which is released only after the potentiadnergy for this reaction has not yet been measured; we esti-
is switched off, at=580fs. The estimated value of 50 kcal/ mate it as 75 kcal/mol.
mol for the activation energy suggests that the reaction rate  Our second test molecule, MCP, is known to undergo a
of this formal CH inversion (which is challenging to be degenerate rearrangement. As shown in Fig. 8, this rear-
observed experimentallyis similar to that for the overall rangement is reproduced in our simulation. As for the BCP
rearrangement leading to methylenespiropentane reaction dease, the large fluctuations o, reflect a combination of a
scribed above. stretching mode of the C-C bond which subsequently
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FIG. 7. Prediction of the BCP to 1,2-dimethylenecyclobutane reaction byc@l flooding. Annotation as in Fig. 4.
chemical flooding. Annotation as in Fig. 4.

potentials that are sufficiently weak to allow full thermal
breaks, and rotation of the methylene groups which are inrelaxation within the educt state before the reaction is in-
volved in the subsequently formed new bond. From the enduced, and for a larger number of flooding simulations start-
ergy profileEy, an estimate for the upper limit of the free ing from one particular educt state, the frequencies of the
activation energy, 65 kcal/mol, is obtained; the measured
value is 41.2 kcal/mot®

J

V. DISCUSSION AND CONCLUSION [><]

Figure 9 summarizes the products and reaction pathways y ~ Sgllfng;ie
that have been identified by our chemical flooding density |>_<.
functional test simulations. For BCP, two possible reactions, 7 transition [>: <]
involving different transition states, are seen, with state
predicted products methylenespiropentari®SP) and D T :I bicyclo-
1, 2-dimethylenecyclobutane. Both reactions are well known, . N propylidene
and both are predicted correctf7*® It is found that the rl())lcylci:i(;e k g
BCP—-MSP reaction involves a transient concerted, but asyn- propy : - NG D
chronous rotation of the two involved methylene groups for transition I:I
the diradical trimethylenemethane intermediate, which sup- state
ports previous suggestioh$Near the transition state of the 1,2-dimethylene-
first reaction, a new branching point is found, which leads cyclobutane
via a formal CH inversion back to the educt, BCP.

For MCP the known degenerate rearrangerffeist re- % e \\
produced. For two of the reactions, the activation energies D= _— >— _— D
are known. Although not primarily aimed at activation en- *
ergy computations, our methods provided reasonable upper ~ methylene- transition methylene-
limit estimates. cyclopropane state cyclopropane

By anStrUCtionv our m_eth_Od is_ _EXpECted to be unbia}seQIG. 9. Summary of identified reaction pathways for the two test molecules
as to which product state is identified. Ideally, for flooding that have been studied.
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occurring reaction pathways should provide the respectivexpected reaction pathways, the kinetics of which can then
reaction rates using the nonequilibrium theory derived inbe studied with established methods.
Ref. 15. In the most straightforward approach, the required Note added in ProofThe arrhenius activation energy for
acceleration factor can be computed from the Boltzmann facthe rearrangement of MSP to 1,2-dimethylene-cyclobutane
tor of the destabilization free energy estimated via @4).  has recently been determined to be 47.9 Kcal/fhobnfirm-

The fact that two different pathways with similar activa- ing our estimate.
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