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Mechanism of the Vinylcyclopropane-Cyclopentene Rearrangement Studied by
Quasiclassical Direct Dynamics

Charles Doubleday*
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The stereochemical course of the thermal rearrangement of vinylcyclopropane to cyclopentene is computed
using quasiclassical trajectories run on a modified AM1 potential parametrized to fit ab initio calculations.
At 573 K, 34000 trajectories are initialized quasiclassically with a Boltzmann distribution at 3 transition state
(TS) structures, trideuterated for a total of 8 diastereomeric TSs. The computed productsidicaisai =
42:30:10:18 (exptl 40:23:13:24), whesea refers to suprafacial or antarafacial allylic participation ajd

refers to retention or inversion of the migrating methylene. Initialization at each TS leads to all 4 products
that is, the product distribution is entirely under dynamical control. The temperature dependence of the product
ratio over 406-1000 K is small. At 573 K, 83% of the trajectories have lifetimes under 400 fs. For times

< 400 fs the product ratio is strongly time-dependent; tfor 400 fs the product ratio is approximately
constant and closer to statistical. However, trajectories initialized at the 3 TS structures do not give identical
product distributions under any circumstances. Root-mean-square angular velocities of the torsions are
approximately constant over nearly the entire course of the reaction. These data demonstrate nonstatistical
dynamics and are inconsistent with a mechanism involving a statistical intermediate. Instead, the mechanism
consists of 4 competing direct reactions.

1. Introduction p
J8 ety Yy T Y
We present a computational study of the vinylcyclopropane I g % 7 % F %

(VCP) rearrangement to cyclopentene (CP), the simplest 1,3 syn-e-vcp
sigmatropic carbon shif? Its archetypal status has made it an

(si + sr) = 63% ar=13%  ai=24%
important testing ground for the degree of stereochemical control o 573K O o b,

exerted by the WoodwareHoffmann rules and for the existence o l Yy =0 ﬁ ﬁ ~®

of intermediates in thermal isomerizations. The VCP rearrange- S oo b 3

s

pe
D o %
ment typically produces both W-H allowed and forbidden —™%VCP si= 40% or = 23% (ar+ ai) = 37%

products. With most substitueffsthere is a mild (in some Figure 1. Experimental results of Baldwin and Anet (ref 4), where

cases, strorijy preference for W-H aIIow_ed reaction. Baldwin g arefers to suprafacial or antarafacial allylic participation andefers
and Anet reported the pyrolysis of the triply deuterated parent to retention or inversion of the migrating methylene.

compoundssyn-E and syn-ZVCP-d; at 573 K. The product
distribution (Figure 1) isi:sr:ar:ai = 40:23:13:24, whersand

a refer to suprafacial or antarafacial allylic participation and
andi refer to retention or inversion of the migrating methylene.
The ratio of allowed gi + ar) to forbidden ér + ai) products

is ~1:1, consistent with a biradical intermediate or with a set
of competing direct reactions.

Recently Houk and co-workérand Davidson and Gajew&ki
examined this reaction with complementary electronic structure
methods. Houk used DFT with 4-electron-4-orbital complete
active space MCSCF (4,4-CAS) energy corrections, 4,4-CAS/
6-31G*//(U)B3LYP/6-31G*, and Davidson and Gajewski op-
timized stationary points with 4,4-CAS/6-31G*. The calculations 156 T5(90,180)
agree on several points. There is no well-defined local minimum Fioure 2. Saddl 358 < o the AMLSRP ;3'25 15(0.0), TS(90.0)
in the biradical region of the potential energy surface (PES). alngdu'rres . 16‘8 5 ?120'” SS (r’r']‘me‘; WL denzt’ésag'sion ancles about”
Instead, there is a broad flat region where all 4 paths_a_re within Ci—C, EEnd’Q—C):& n\aff)e?:/tively. Xi\/lol’-ngRP relative energiesg(kcallmol)
2—3 kcal/mol of each other. The lowest energy transition state 4re from ref 18. The IRC passing through TS13 corresponds to the 1,3
(TS) capable of mediating the 1,3-shift is TS13 (Figure 2), shift. IRCs passing through the other four involve VCP sterecisomer-
whose intrinsic reaction coordindtéRC) corresponds tai. ization.

In fact, this is the only TS whose IRC involves a 1,3-shift. To account for the other 3 paths, both groups point out that the
PES is flat enough to allow two or more paths to merge at TS-
* E-mail: ced3@columbia.edu. (90,0) and TS(0,0). Qualitatively, this accounts for all 4
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reactions. However, if a single TS mediates two or more reaction is used to invoke the half-electron metfdavith 3 x 3 ClI
paths, then transition state theory (TST) as currently apblied involving two electrons occupying HOMO and LUMO. A
cannot predict a unique product ratio without additional dynami- Levenberg-Marquardt nonlinear least squares program is used
cal assumption¥ to minimize the sum of squares,

For this reason we have resorted to quasiclassical trajectories,
i i 101 i i i 2 2 2 2
in which the pr_oduct ratio is given swn_ply by a trajectory count. Wi z(Ei — Eio) + wg Z(R — RiO) +
We employ direct dynamics, in which the classical nuclear | T
motion (dynamics) is computed directly from AMelectronic W2 AN 4 w25 (D. — D92
structure calculations, suitably modified and reparametrized. A Z(A‘ A) b Z( ' )
(“Direct dynamics” has been in use for a number of y&ais
denote variational TST calculatidtia which partition functions where the difference terms involve AM1-SRP minus ab initio

are computed directly from electronic structure theory, a \gues of energiess; (MRCl/cc-pVDZ energie¥ of the
calculation that bypasses the nuclear dynamics to yield rate gi,ctures in Figure 2, experimentaH* 20 relative energy of

constants.) Our goal is to compute tkesr:ar:ai ratio and VCP and CP), €C bond length&, C—C—C bond angleg\
describe the mechanism. Among the important mechanistic 4 selected dihedral anglBs of the geometries in Figure 2,

questions are whether the reaction involves an intermediate, andhich shows the AM1-SRP saddle points. The weightsware
whether the dynamics is statistical or nonstatistical. Recent — 1 5 mol/kcal Wk = 5.0 A-1, ws = 0.08 degreel, wp = 0.05

trajectory studies of trimethylerdé*and prior trajectory studies degree?.

of 1,3-shifts and other reactions by Carperféhave yielded The fit includes 12 AM1 parameters for C and 5 for H.
a better applreciation of the role of nonstatistical dynamics in Rasonance integrals, cereore repulsions, and electren
stereoselection. o _ nuclear attraction terms are multiplied by constant scaling factors
The conundrum one encounters in using TST to interpret the %i for ij = C1Cy, CoCs, C4Ca, C4Cs, and a single; value for all
VCP rearrangement was discussed many years ago by Déering, c—n pairs. Resonance integrals figr= C,C; and GCs are
who proposed a “continuous diradical” model for the transition multiplied by distance-dependent functioy(®;) containing a
state. The model involves dynamically continuous ring opening tanh function that switches smoothly between valueg(Bf)
toa flat plateau on the PES, interngl rotation,. and cyclization, appropriate for large and smjlldistanceR;. Analytical terms
without a barrier-protected intermediate. Doering proposed that 4re added to correct the otherwise small allylic internal rotation
instead of a single mechanism we embrace a family Of parriers. AM1-SRP is fully defined in the Supporting Informa-
mechanisms, all operating within the plateau region. His model tjon of this paper. Energies, geometries, and frequencies of
emphasizes the difficulty (by implication the futility) of trying stationary points in Figure 2 are also listed in the Supporting
to distinguish _between TSs that share the same region of phasgnformation. The AM1-SRP relative energies of the saddle
space. Baldwifl has recently proposed a model for the VCP  1qints in Figure 2 have an average absolute deviation of 0.2
rearrangement in which substantial stereochemical scramblingycai/mol from the relative ab initio energies reported by Houk
occurs (without an intermediate) in regions of the PES below gnd co-workersand Davidson and GajewskiThese energies
the TS energy. This model implies that the TS below which \yere reported in our preliminary communicatiérand are
these stereochemical paths diverge cannot be used to predicinciyded in the current Supporting Information. The saddle point
the partitioning between them. A related issue is nonstatistical geometries are close to ab initio geometfesequencies are
dynamics. A number of years ago, Carpetit@roposed that  reasonably close, transition vectors are similar, and the IRC

torsional ‘motions, which govern stereochemistry, tend 10 passing through TS13 is similar to that reported by Houk and
conserve angular momentum as the trajectory moves througheq_workers

the TS region of 1,3-shifts and certain other isomerizations. This  Figyre 3 shows selected points along the IRC that passes
conflicts with RRKM theory, which requires that intramolecular through TS13. It is very asymmetric, with a steep drop on the
vibrational redistribution (IVR) be much faster than chemical cp side and a large flat region on the VCP side. All the
reaction. If IVR were globally fast, then torsional motion could - gtereqchemical lability lies in the flat region. Once a trajectory
not continue very far without its energy being diverted into other passes through TS13 on its way to CP, the stereochemistry

modes. In Carpenter's model, energy transfer between torsionalpresent at TS13 is captured and preserved in a specific CP
and nontorsional modes is slower than the reciprocal lifetime jsomer.

of the trajectory. This model has received strong support from

trajectory studies on model and semiempirical PE3sid more 3. Procedures for the Trajectory Simulations

recently on realistic PESs for trimethylééé* and in a ) ) )
preliminary version of the present wokk. In this study we simulate the dynamics of the VCP rear-

rangement in the high-pressure limit, corresponding to a

In this calculation we examine the dynamics of isomerization e
Boltzmann distribution of reactant energy levels. Our approach

of syn-EVCP as the formal reactant, and assume that exclusion ) 97 . )

of syn-ZVCP will not affect the results significantly. Although 'S to focus on the dynamlcs_of the b|rad|calo_|d T.S region of

deuterium labeling is necessary to reveal the stereochemistrythe_ PI_ES' _We assume tha_t intramolecular V|br_at|onal energy
redistribution (IVR) is fast in VCP, so that a microcanonical

experimentally (for which bottsyn-E and syn-ZVCP are le of . lecules i . h eRd
required), calculations do not require it because each atom is€nsemble of reacting molecules is maintained at each erergy.
This implies a canonical Boltzmann distribution of reacting

unique. However, we adhere to Baldwin’s deuteration pattern

because the dynamics of internal rotation depends on the atomi¢nelecules in the high pressure _ther_molysis _Of VCP. We furFr_ler
masses. assume that a Boltzmann distribution applies to the transition

states. This suggests the following procedure: initialize a set
: f trajectories at each TS that can be reached from the reactant
2. AM1-SRP Potential Ener ff 0 each |
S otential Energy Surface syn-EVCP following initial C;—Cz bond cleavage, and average
The ab initio PES is fitted by AM1 with specific reaction the results with weights proportional to the partition function
parameters (AM1-SRP). The BIRADICAL keyword in MOPAC at each TS. Figure 4 lists the 8 trideuterated TS structures that
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Figure 3. Selected points along the IRC passing through TS13, leading
to sireaction. Dots are AM1-SRP energies, uncorrected by ZPE. Circles
are free energies at 573 K.

TS(0,0)-138

Figure 4. Eight diastereomeric TS structures reachable hy G
cleavage ofsyn-EVCP. Numbers at the end of the name indicate
deuterium positions (shaded). The numbering in T$48and TS13-
248reflects their mirror-image structural relationship to TSIBBand
TS13238

TS(0,0)-238

can be reached frosyn-EVCP following initial C;—Cz bond
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all these structures frormyn-EVCP can be accomplished at
energies below the TS energies.

The semiempirical direct dynamics trajectories reported here
were calculated with VENUS-MOPAE a combination of the
dynamics program VENUS 96 with the MOPAC 7 semi-
empirical electronic structure packaffe.To compute the
trajectories we incorporated AM1-SRP into a parallel version
of VENUS-MOPAC, run on the SGI Origin 2000 at the National
Center for Supercomputer Applications.

A. Sampling of Initial Conditions. The TS normal mode
sampling procedufé is used to generate a set of initial
coordinates and momenta that approximates a quantum me-
chanical Boltzmann distribution on a TS dividing surface. In
this procedure, the initial coordinates and momenta are based
on harmonic vibrational energy levels computed from the
Cartesian second derivative matrix. The sampling is carried out
quasiclassically/ which means that 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 the trajectory begins, this condition is relaxed
and the system evolves according to classical mechanics. The
choice of the number of vibrational quanta for each normal
mode, the vibrational amplitude, momentum, and phase of each
mode, the momentum and phase of the reaction coordinate, and
the sampling of a Boltzmann distribution of angular momentum
have all been described in detail for application to trimethylene
dynamics?®

B. Trajectory Integration. After initial conditions are
selected, Hamilton’s equations of motion are integrated in
Cartesian coordinates and momenta with a combined 4th-order
Runge-Kutta and 6th-order Adams-Moulton predietoorrector
algorithm?® Every trajectory is integrated forward and backward
in time until a product (VCP or CP) is formed in each direction.
When a forward-time segment ends, the backward-time segment
begins, initialized with the original coordinates and momenta
with which the forward segment was initialized, using negative
time steps. At each step of the integration the Schroedinger
equation is solved according to the AM1-SRP prescription. The
first derivative of the energy with respect to Cartesian atomic
positions is computed by the Dewar-Liot&tdanalytical Cl
method in MOPAC 7. The integration step size is 0.25 fs, and
energy is conserved to—-b significant figures over a typical
trajectory.

C. Final Trajectory Conditions; Methods for Counting
Reactive Trajectories.The criterion for VCP formation is that
C1C,Cs < 75°, and the criterion for CP formation is thaiGs
< 1.8 A. If either of these criteria is met, the trajectory segment
(forward-time or backward-time) is stopped and the stereo-
chemistry is recorded. A trajectory is unreactive if the forward-
time and backward-time trajectory segments both give VCP or
both give CP, in which case a 1,3-shift is not involved. The
minimum requirement for a trajectory to be reactive is that it
gives a 1,3-shiftthat is, either the forward or backward
trajectory segment leads to VCP and the other segment leads
to CP.

We consider two methods for counting reactive trajectories.
In method 1, we include all 1,3-shifts derived from trajectories
initialized at a given TS with a given trideuteration pattern
(trajectories were initialized at 8 such TS structures in all, see
Figure 4). For example, Figure 5 shows four VVOBP pairs

cleavage. We ignore the enantiomeric set of 8 structures formedlinked by si, sr, ar, ai trajectories initiated at TS1838 The

by C;—Cs bond cleavage. The flatness of the PESguarantees
that the rotations about;€C, and G—Cj3 necessary to reach

stereochemistry of the reaction is determined by comparing VCP
and CP stereoisomers at the termini of the forward-time and
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o & o 2:3 . W, = RS, Qle BideT  d=138,148, 238,248 (3a)
PAY /s
/s O D Wiy o= R 0Qo € Fed’, d=138,238  (3b)
o & ﬂ p d B JkeT
! \§ D \i W)= R} ,Q0 e o, d=138,238 (3¢)
ST . ar
D >/ TSt 3_ 138 e 5 Here, RY is the reactive fraction of trajectories initialized at
o o |l 5 TS 6 with trideuteration patterd, computed by one of the two
‘@ P\ D“Q “Q counting methodsQ% is the product of the vibrational and
o b P 5% 5 % classical rotational partition function for T®with trideuteration

patternd, EY is the ZPE-corrected energys is the Boltzmann
constant, and is the temperatureQ¥ is given by
vib

d__ ~rot vib,i j~vib,i
QG_ chass harm “~<hr /Qharm (4)

where (with suppression af, 6 super/subscripts on the right
backward-time segments. Note that a variety of VCP stereo- side)Qrt,,sis the classical rotational partition functio®®
isomers may be formed by initialization at a given TS
stereoisomer (TS1838in this example), even though Baldwin’s
experiment involves onlgyn-EVCP orsyn-ZVCP. Method 1
was used in our preliminary communicatith.

Figure 5. Representative pairs of VCRCP structures connected via
initialization at TS13t38 and included in the list of reactive trajectories
counted by method 1 (see text). Additional VVE@P pairs are also
formed in which, for example, the vinyl group of VCP is trans tg¢ C
D. All these VCP-CP pairs are counted by method 1.

harm

is the harmonic partition function for the 32 bound vibrational

modes orthogonal to the transition vect@ i, is the

harmonic partition function for the single vibrational mode

assigned to an internal rotation, a@d® i, is the hindered rotor
In method 2, a trajectory is reactive if and only if the 1,3- partition function for mode. The transition vector of each TS

shift involves formation OSyn-E-VCP 1,3-Shifts in which any is assigned to internal rotation aboutl—Q:Z or CG—Ca.

other VCP isomer is formed are considered unreactive. Method Therefore, the other internal rotation, madés one of the 32

2 allows us to construct an ensemble of trajectories initialized pound modes. Its harmonic partition functio®?i.m is

at the 8 TSs of Figure 4, which lead only to the VCP and CP replaced byQ“Piy, in eq 4.Q"Piy, is computed by the method
isomers shown in the top half of Figure 1, and no others. This of Pitzer and Gwinrf® which requires the internal rotation
method corresponds more directly to experiment than method parrier and reduced moment of inertia. AM1-SRP barriers are
1, which includes trajectories that produce various isomers of computed by constrained minimizations at a series of torsion
syn-EVCP. The disadvantage of method 2 is that it gives a angles, optimizing only bond lengths and bond angles and fixing
smaller percentage of reactive trajectories than method 1. Ing|| dihedral angles. The barriers are 3.19 kcal/mol fgr-C;

the absence of a stereochemical isotope effect on the dynamicsyotation in TS13, 2.24 kcal/mol for & C; rotation in TS(90,0),

the two counting methods should give the same product and <0.1 kcal/mol for G—C; rotation in TS(0,0). The ratio
distribution. However, we shall see that the trideuteration pattern Qi /Quibi, .. in eq 4 is 2.72, 2.42, 4.87 for TS13, TS(90,0),

of the TS can affect the product distribution.

4. Product Distribution Derived from Trajectories

We seek the product ratiBs;:Fsi:Far:Fai, whereF, is the
fractional yield of reactiorp (si, sr, ar, ai), with Fs; + Fs +
Far + Fa = 1. For trajectories initialized at a particular 5
(TS13, TS(90,0), TS(0,0)) with trideuteration patter(one of
the 8 structures in Figure 4), Ity , be the fractional yield of
reactionp,

d
Np.,

d _
Fo.,= Ng

@)

whereN% , is the number of trajectories that produce reaction
p andNd = Ny 5 + Ny o + Ndg o + N9 i is the total number

of reactive trajectories, counted by either of the two methods
for counting reactive trajectorie§,, is computed from

F,= AW
— 38 138 48 —148 38 =238 48 —248
A= MS F13;p + \N}3 Fl3;p + MS FlS;p + MB F13;p +
38 =138 38238 38 138 38 =238
Wéo,o Fgo:o-p + VVSO,OFQO,O'(J + Wé,o FO,O'p + \NZO,O FO,O'p
— 38 48 38 48 38 38
W= VV113 + VV113 + Vv213 + VV213 + VV;O,0+ VVSO,O+
Woo +Wop (2)

whereWd is the weight applied t&%,, in the average, given
by

TS(0,0), respectively, and is insensitive to the trideuteration
pattern.

5. Statistical Theory

TST does not give a unique prediction of the product ratio,
because all four reactions are accessible from TS13, TS(90,0),
and TS(0,0). TST, whether conventional or variational, accounts
for the total reactive flux through a given TS, but gives no
guidance about the partitioning among four reactions whose
paths diverge below the TS energy.

We find no free energy minimum along the IRC passing
through TS13 using canonical VT&Twith harmonic partition
functions. The open circles in Figure 3 show the free energy
change through the flat region of the IRC. At 573 K, the
decrease in entropy along the path is small until the cyclopro-
pane ring starts to form, at which point the steep decrease in
energy overwhelms the smaller rise iIPAS,

6. Trajectory Results and Discussion

A. 573 K. Table 1 lists the partition functions, reactive
fractions, and other quantities used in eqs 3 and 4. Tables 2
and 3 show the stereochemical product distributions obtained
from initialization at the 8 trideuterated TSs of Figure 4 at 573
K, using the two counting methods. The standard deviaﬁ’@p
(p = si, sr, ar, ai) for initialization at TS6 with deuteration
patternd is estimated from the binomial distribution usfhg
0%, = [F%,(1 — FY%,)/N%] Y2, whereFd, , andNY are given
in eq 1. Table 4 shows the final product distribution computed
from eq 2 using the two counting methods, with comparison to
experiment.



Vinylcyclopropane-Cyclopentene Rearrangement

TABLE 1: Boltzmann Factors, Partition Functions, Reactive
Fractions, and Relative Weights Used in Eqgs 3, 4
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the molecule actually used in Baldwin’s experiment. Therefore,
we shall adopt the product ratios derived from method 2 as the

counting counting predicted ratios. The agreement between theory and experiment
method 1 method 2 in Table 4 gives us a degree of confidence that dynamical
reactive reactive information derived from the trajectories will be useful for

fraction rel. wt. fraction rel. wt.

describing the mechanism of the isomerization.

TS e AEMeT Q4100 RY,  WH Ry, WY Tables 2 and 3 suggest the VCP rearrangement does not occur
TS13138 1 0124 0867 1 0399 1 in two steps via a statistical intermediate, because the product
TS13148 1 0.124 0.888 1.02 0.086 0.216 ratios derived from TS13, TS(90,0), and TS(0,0) are different.
$§iggig 8-82 8-53 8-3;? 2-88 8-882 8-222 If the reaction did proceed via a statistical intermediate, then
T75(90.0)438 093 0218 0180 0339 0056 0229 trajectories starting at the 3 TSs would be expected to give the
TS(90.0)238 093 0219 0174 0330 0055 0226 Same product ratio as a result of fast IVR to form a common
TS(0,0438 0.21  0.999 0.146 0.289 0.019 0.082 intermediate.

TS(0,0)238 0.21 1.11 0.127 0.279 0.050 0.239

Figure 6 shows the survival probabilitg(t) for reactive

trajectories at 573 K counted by method 2, averaged over the 8
Trajectories initialized at TS13 dominate the results, because TS structures accessible ®yn-EVCP (Figure 4).St) is
they have much higher reactive fractior® in eq 3) than computed from

trajectories initialized at TS(90,0) or TS(0,0). This result is
expected from the IRCs. TS13 is the only saddle point whose St) = B/W
IRC connects VCP with CP. IRCs of the other two TSs lead to
cis—trans isomerization of VCP via the broad flat region of the B = W3 St + WagPSiat) + WASP SEat) +
PES. 48 o248 38 38 238 238

Tables 2 and 3 appear different, but both counting methods 13 S0+ Wéo'o od) ;2/903’8 od) +38 28
predict similar product ratios in Table 4, which agree reasonably Wé,o Slb,o(t) + Wg,o %o(t)
well with experiment. The most obvious difference between
Tables 2 and 3 is the apparent stereospecificity of trajectories iﬂ(t) = Ng(t)/Ng(O) (5)
initialized at TS13 in Table 3. This is a consequence of counting
method 2, which includes only the trajectories that faym- whereW is the sum of weight8\ (eqgs 2, 3) S(t) andNY(t)
E-VCP. As trajectories pass through TS13 going toward CP, are, respectively, the survival probability at tinbeand the
the steep drop in energy (Figure 3) captures the stereochemistrynumber of reactive trajectories of all stereochemistries that are
present at TS13 and preserves it in a single CP isomer. Thusstill active at timet, for trajectories initialized at T® with
syn-EVCP is connected via TS13 to nearly 100% of a single trideuteration patterml. After an initial period, the decay is
CP isomer in Table 4. A stereochemical isotope effect in which approximately exponential from 300 to 1000 fs with a time
thed; pattern affects the product ratios can be seen in TS(0,0)- constantr of 220 fs. S(t) decays to 0.5 in 230 fs. The initial
138vs TS(0,0)238in Table 3 and in TS1348vs TS13238 100 fs period with no decay is the minimum time necessary to
in Table 2. Since isotopomers evidently have somewhat different cross the TS region of the PES, from VCP to CP. The reaction
dynamical properties, counting method 1 (which counts trajec- coordinate involves £-Cs torsion and also ¢-C, torsion if
tories leading to several VCP isotopomers) suffers from the inversion is involved. Figures S2 and S3 in the Supporting
implicit assumption that this stereochemical isotope effect is Information show a typicaki and ai trajectory initialized at
absent. Method 2, in contast, imposes fewer dynamical assump-TS134138 and projected onto the,€C, and G—C; torsional
tions because it counts only trajectories leadingyto-EVCP, space at 2.5 fs intervals.
'{ABLE 2: Percent Yields + 2 Standard Deviations, from Trajectories Initialized at the 8 TSs of Figure 4, Counted by Method

TS13 TS(90,0) TS(0,0)

138 148 238 248 138 238 138 238
i 459+28  48.6+28 377427 411429  263+24  275+27 258+2.6  31.0+£3.2
sr 34.0+2.6 311426 394427  358t28  269+25  265+26 17.6+2.2 14.24+ 2.4
ar 8.5+ 1.5 10.0+ 1.7 125+ 1.8 12.7+ 2.0 18.4+ 2.1 17.1+ 2.3 17.1+£ 2.2 13.4+ 2.3
ai 115+ 1.8 10.4+ 1.7 10.4+ 1.7 10.3+1.8  28.4+25  28.9+27 305+29  41.4+34
no.trajz 1512 1436 1450 1286 7287 6382 7866 6754
%read  86.7 88.8 87.9 88.7 18.0 17.4 14.6 12.7

aTotal number of trajectorie$.Percent of trajectories that are reactive.

TABLE 3: Percent Yields &+ 2 Standard Deviation$ from Trajectories Initialized at the 8 TSs of Figure 4, Counted by Method
2

TS13 TS(90,0) TS(0,0)

138 148 238 248 138 238 138 238
si 99.4+0.7  0+3 1.6+ 1.2 0.9+ 23 422+49  422+53  204+6.8  32.5£5.1
sr 0.2+ 0.9 1+4 97.6+£1.4  0.9+2.3 51+ 23 5.7+ 26 30.6+ 7.7 11.9+ 3.6
ar 0.2+ 0.9 99+22  0.6+08 0.9+ 23 51+ 23 3.7+ 2.2 30.6+ 7.7 11.0+ 3.5
ai 0.2+ 0.9 0+3 0.2+ 0.5 97.3+34  475t50  48.3+54  18.4+6.6  445t55
no.traj> 1512 1436 1450 1286 7287 6382 7866 6754
% react 39.9 8.6 35.0 9.2 5.6 5.5 1.9 5.0

aFor percentages near 0 or 100, the 95% confidence interval is computed from the exact binomial distribution using the calculator at http:/
members.aol.com/johnp71/confint.html#Binomial. In such cases, the confidence interval is writtenakerex is the larger of the two exact
confidence limits? Total number of trajectories.Percent of trajectories that are reactive.
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T — TABLE 6: Time-Dependent Product Ratios* Derived from 3
] TSsP Counted by Method 2
TS13 TS(90,0) TS(0,0)
Z range, f§ sa ilr sla ilr sla ilr
8 % 100-200 463 1.2 0.5 88 1.3 7.1
8 T=2201s 200-300 11 1.7 0.8 23 0.5 9.9
2 514 Sy, 300-400 2.3 0.8 1.0 9.8 0.9 1.7
s 1 400-500 0.7 0.8 15 9.1 13 0.7
g 500-600 0.6 0.8 0.7 10.7 1.2 1.3
@ 600-700 0.6 0.6 1.8 2.8 1.2 0.6
700-800 0. 0.7 0.9 2.3 0.9 1.
1 asla= (si + sr)/(ai + ar); ilr = (si + ai)/(sr + ar). ® Averaged
over the isotopomers of each TS in the manner of eq 2. TS13 ratios
0.01 T T T T are derived from product yields averaged over T338- TS13238,
0 200 400 600 800 1000 TS13448 TS13248 TS(90,0) and TS(0,0) are each averaged alyer
Time, fs patterns138 238 ¢ No products are formed ir100 fs.
Figure 6. Survival probabilityS(t), eq 5, for reactive trajectories at
573 K counted by method 2, averaged over the 8 TS structures of Figure D p
4. The time constantis determined by a fit from 300 to 900 fs (straight o Lo \5 .

line).

TABLE 4: Percent Yields Computed from Eq 2, + 2
Standard Deviations

method 2 method 2 expts
si 39.6+1.2 42.1+ 0.8 40
sr 319+11 30.0+ 0.9 23
ar 12.3+ 0.5 9.6+ 0.6 13 o
ai 16.2+ 0.6 18.3+ 0.8 24 TS13-138 TS13-238
aCounting all [1,3] shifts? Counting only [1,3] shifts involving s lsr
Syn[E-VCP. ¢ £2—-3% (ref 4). l

TABLE 5: Time-Dependent Product Yields, Counted by
Method 2, Averaged According to Eq 2

percent

yields? ratiod
range, fs Si sr ar ai da ilr

0—-100 0 0 0 0

100-200 16.1 13.3 0.0 1.2 23.7 1.3
200-300 15.1 7.3 0.8 6.0 3.3 2.6
300-400 4.7 4.1 2.1 35 1.6 1.3
400-500 2.4 1.8 25 2.3 0.9 1.1
500-600 1.3 1.3 1.8 2.2 0.6 1.1
600-700 0.8 1.0 1.0 0.9 0.9 0.9
700-800 0. 0.3 0.8 0.8 0.5 1.

2 The yields sum to 95.8%, the amount formed in 80 &a= (si
+ sn)/(ai + ar); ilr = (si + ai)/(sr + ar).

Table 5 shows the time development of the products at 100

fs intervals averaged over all 8 TSs according to eq 2. Time- ,@‘
dependent product ratios are a clear indication of nonstatistical D D D™ ™ 7D
dynamics, because a Boltzmann distribution of energy levels ) )

{Eustt give atsmg_:_?] p:oductt d.lsmbUt.lo.?. tlhatddegﬁnds ﬁnly on Figure 7. Main paths of trajectories leading froeyn-EVCP to CP
€ temperature. The trjectories are initialized with a bolzmann ,, rg13, Suprafacial reaction occurs mainly by least-motion coun-

distribution, but deviate from that condition by the time products tgrcjockwise rotation of the vinyl group about-€Cs. Antarafacial
are formed. The time scale for product formation is short (Figure reaction occurs mainly by nonleast-motion clockwise-Cs rotation

6), because the trajectories cyclize whenever the termini of the vinyl group through an anti conformation before passing through
approach with the right orientation. This evidently reduces the TS13.

trajectory lifetimes well below the time required for IVR.

Table 6 shows the contributions &ds andi/r ratios from counterclockwise rotation of the vinyl group about—€Cs,
each of the 3 TSs, separately averaged over the trideuteratiorpassing through TS13 on the way to CP. Most ofdlieaction
patterns using the weight®®d, in eq 3. The strong time  occurs by clockwise &-Cjz rotation of the vinyl group through
dependence of/a in Table 5 is dominated by trajectories an anti conformation (£-Cs torsion angle of 187 e.g., TS-
initialized at TS13. This is becauseand a trajectories reach ~ (90,180)), continuing on to TS1B48 or TS13248, then on to
TS13 by different routes. Of the trajectories initialized at TS13, form CP. The G—Cs torsional motion of these trajectories
81% of a trajectories proceed by way of an anti biradical involves a much greater angular distance of travel fisym-
conformation (G—C;s torsion angle of 187, whereas only 3% E-VCP to CP tharstrajectories. Therefora trajectories take a
of strajectories d&? This is illustrated in Figure 7. After - longer time. High cyclization efficiency implies thata is
C; bond cleavages reaction occurs mainly by least motion kinetically determined by the relative times of travel along the



Vinylcyclopropane-Cyclopentene Rearrangement

s anda paths, and thas/a should be time-dependent. Thle

ratio also shows a strong time dependence in trajectories
initialized at TS(90,0), whose transition vector is the—C,
torsion which determinesvsr.

Trajectories with lifetimes longer than 400 fs (83% decay of
St)) have different dynamical properties from short-lived
trajectories (lifetimes< 300 fs). Carpenter, in a trajectory study
of a 1,3 sigmatropic shif® has suggested that the nonstatistical
dynamical component is confined to short times and long-lived
trajectories behave statistically. Tables 5 and 6 document the

nonstatistical component at short times, and also reveal a species

with different dynamical character at long times. The degree to
which the long-lived trajectories behave statistically cannot be
computed exactly, but we have three qualitative expectations
of a statistical intermediate. The first is a large amount of
stereorandomness. Second, the product ratio should not chang
with time. Third, product formation must be slower than IVR,
so that product ratios should be the same for initialization at
TS13, TS(90,0), and TS(0,0). In Table 5, and for a given TS in
Table 6, the product ratios at> 400 fs are roughly constant
and for the most part in the vicinity of 1, the stereorandom value.
However, the long time product ratio, especially is different

for initialization at different TS structures. The dynamicg at

> 400 fs is more statistical than at early times, but not fully
statistical.

In summary, Tables 5 and 6 show a clear difference between
short-lived trajectories (lifetimes< 300 fs) and long-lived
trajectories (lifetimes> 400 fs), and neither exhibits fully
statistical dynamics. Short-lived trajectories are stereoselective
and the product ratio is strongly time dependent. Long-lived
trajectories, most of which proceed via an anti conformatfon,
are much more stereorandom and their product ratios are
relatively constant. However, long-lived trajectories are not fully
stereorandom, and trajectories initialized at different TS struc-
tures give distinguishable product ratios even at long times.

Our finding of nonstatistical dynamics appears to be at odds
with the assumption of Boltzmann equilibrium used to initialize
the trajectories. This situation is unavoidable, because initializa-
tion at a saddle point is a practical necessity in order to generate
a usable fraction of reactive trajectories, and anything other than
a Boltzmann distribution would be arbitrary. In fact, we do not
know the true distribution of TS energy levels. The choice of
an initial Boltzmann distribution at the three TSs is partly
vindicated by the reasonable agreement with experiment in Table
4.

To examine the torsional dynamics further, we compute the
rms (root-mean-square) cumulative torsional displacemgy
at timet, counted by method 2 and averaged over all reactive
trajectories, given by

Ay (D) = (CIC)Y?
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Figure 8. Root-mean-square cumulative torsional displacements, eq
6, counted by method 2 and averaged over all reactive trajectories.

where@% i n(t) is the torsion angle about thiebond (GC; or
C.Cs) in the nth trajectory at timet, initialized at TS with
trideuteration patterd. WH, is given by eq 3, andild(t) is given

in eq 5. Each trajectory is reordered to start with VCP and end
with CP. Thugt = 0 is the point at which VCP is formed in the
original trajectory, all other points are &= 0, and the final
point is the formation of CP.

Plots of A1o(t) andA,s(t) (Figure 8) are remarkably close to
linear over nearly the entire course of the reactidm(t) is
approximately linear over 1661000 fs (99% decay o§(t)),
and Ax3(t) is approximately linear from 100 to 600 fs (93%
decay ofS(t)). The rms torsional angular velociti€® are 8.7
x 102 and 7.0x 102 rad s! for C;—C, and G—C; torsion,
respectively. The average time required for a °LBflation is
360 fs for G—C, and 450 fs for G—C; torsion. A constant
value ofQ is basically equivalent to Carpenter’s nonstatistical
model of torsional motiot? in which torsional angular momen-
tum is conserve@ It implies that the rms torsional kinetic
energy (;Q%2, wherel, is the reduced moment of inertia) is
constant and not being dissipated into other modes. The linear
plots confirm that the trajectories are direct, that they move
steadily, in an rms sense, from VCP to CP. Above 600 fs the
change in slope al\5(t) suggests that the longest-lived 7% of
trajectories involves more complex, less diregt-C; torsional
dynamics. At lifetimes this long, the change may be due in part
to the well-known ZPE leakage effettan artifact of classical
mechanics in which energy can flow between modes without
the restriction of quantization.

B. Variable Temperature. In addition to 573 K, trajectories
were initialized at TS13-:38with quasiclassical TS normal mode
sampling at 400, 500, 673, 800, and 1000 K to get a qualitative
idea of the temperature dependence of the product distribution
and trajectory lifetimes. The results are shown in Table 7. We
used counting method 1 in order to maximize the number of
trajectories available for analysis. No quantitative conclusions
can be drawn from initialization at one TS isomer, but some
qualitative features are evident. The time constarits decay
of Yt) are essentially constant over the 600 K range. The product
distribution shows a weak temperature dependence in vgiich
becomes more prominent at lower temperature. It was the
absence of temperature dependence of the product ratio in a
1,3-shift that originally led Carpenter to propose that the product
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TABLE 7: Temperature Dependence of Product Distribution from Trajectories Initialized at TS13-138 Counted by Method 1

400 K 500 K 573K 673 K 800 K 1000 K
no. traj2 700 1430 1512 737 1000 1217
reac. fra® 0.887 0.897 0.867 0.881 0.854 0.803
si 57.0+ 4.0 49.64+ 2.8 4594+ 2.8 47.3+ 3.9 4524+ 3.4 40.3+£ 3.1
sr 245+ 3.5 29.7+ 2.6 34.0+£ 2.6 31.1+ 3.6 30.6+ 3.2 29.6+ 2.9
ar 9.7+£24 9.1+£1.6 8.5+1.5 79+21 11.6+2.2 146+ 2.3
ai 89+23 115+1.8 115+1.8 13.7£ 2.7 12.6+ 2.3 155+ 2.3
7° 192 202 223 198 209 197

aTotal number of trajectorie$.Fraction of trajectories that are reactiVélime constant for decay of survival probabilit), fit over 250-800
fs. Uncertainty ofr is ca.£+10%.

ratio is under dynamical contrét.The temperature dependence other modes? For most long-lived trajectories, we think the
in Table 7 is not zero, but would be observable only over a answer is no. First, the time-dependent product ratios are not
large range. At high temperature, stereorandomness increasedully statistical at long times, as would be expected if IVR were
At low temperaturesi emerges as the dominant path. This is complete. Second, according to Figure 8 most long-lived
expected for trajectories initialized at TS13, because the trajectories (up to 600 fs for £ Cs torsion, up to 1000 fs for
minimum energy path between VCP and CP is #idRC C1—Cy) are still moving along with the same rms torsional
passing through TS13. Thus the temperature dependence appeaghgular velocity as at earlier times. These are trajectories whose
to be due to the tendency of trajectories with less energy to jnitial conditions are such that the €Cs distance has remained
follow the IRC. If this is true, one can speculate that the |arge att > 400 fs, or for which cyclization did not occur
contribution to the temperature dependence from trajectoriespecause of unfavorable orbital orientation. The large majority
initialized at TS(90,0) and TS(0,0) should decrease at lower of trajectories with lifetimes over 400 fs also proceed via an
temperature, because the IRCs passing through TS(90,0) andynj piradical conformatiod? Without invoking globally com-
TS(0,0) involve cis-trans isomerization of VCP, not the 1,3- a0 VR or ZPE leakag#:long-lived trajectories are expected

shift. In the absence of these calculations, it does seem safe tq, pye 5 large dispersion in torsional angular velocities, phases,

conclude that the temperature dependence of the productand sians of rotation (cw/cew). as a result of having missed
distribution is very small over 4661000 K. '9 fon (cwicew), . ving mi

earlier cyclization opportunities and having lived much longer
. than average. The large dispersion in torsional dynamics implies
Summary of the Mechanism a more stereorandom ensemble of products.

Quasiclassical trajectory calculations predict a mechanism
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