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A single transition state may lead to multiple intermediates or prod-
ucts if there is a post-transition-state reaction pathway bifurcation.
These bifurcations arise when there are sequential transition states with
no intervening energy minimum. For such systems, the shape of the
potential energy surface and dynamic effects, rather than transition-
state energetics, control selectivity. This Minireview covers recent
investigations of organic reactions exhibiting reaction pathway bifur-
cations. Such phenomena are surprisingly general and affect exper-

imental observables such as kinetic isotope effects and product

distributions.

1. Introduction

A transition state (TS) is the highest energy point along
the minimum-energy path connecting reactants and products,
usually connecting one set of reactants with one set of
products. However, a single transition state can be shared by
two or more reaction pathways if there is a post-transition-
state bifurcation. Bifurcations occur when there are sequen-
tial transition states with no intervening energy minimum;
such a surface involves a valley-ridge inflection (VRI),[
where the potential energy surface (PES) valley changes into
a dynamically unstable ridge (Figure 1).”! This type of
potential energy surface describes a reaction mechanism that
is different from stepwise or concerted and has been referred
to as a two-step-no-intermediate mechanism.” When a
reaction has this type of surface, the rate of selective
formation of one product relative to another is governed by
the potential energy surface shape and resulting dynamic
effects.
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Early reported examples of bifur-
cating reactions involved simple iso-
merizations, rearrangements, and ad-
dition reactions. These include, for
example, bond shifting of cyclooctate-
traene, ring opening of cyclopropyli-
dene, and the addition of HF to ethylene.>”! Recently,
however, several complex organic reactions, most notably
pericyclic reactions, have been shown to involve bifurcating
reaction pathways. This Minireview covers recent examples of
isomerizations, substitutions, and pericyclic reactions that
involve reaction pathway bifurcations.
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Figure 1. Model potential energy surface with sequential transition
states. Dotted white lines represent the IRC pathway while solid lines
represent expected reaction trajectories.
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A stationary point on a molecular PES is a point in the
3N—6 dimensional configuration space in which the energy
gradients (forces) with respect to nuclear positions are all
zero.?! Characterization of a stationary point as either a
minimum or saddle point requires the evaluation of second
derivatives, or force constants. When all second derivatives
are positive, the stationary point is a minimum, while one
negative second derivative indicates a saddle point.”! In
typical quantum mechanical calculations, characterization of
stationary points is achieved by diagonalizing the matrix of
mass-weighted second derivatives (the Hessian matrix) to
yield normal vibrational modes (eigenvectors) and the
associated force constants (eigenvalues).!

Along the floor of a downward sloping valley, one
gradient is negative and all others are zero, with positive
force constants. If two transition states occur sequentially with
no intervening energy minimum, the curvature of the energy
surface along one direction perpendicular to the reaction
coordinate must change from positive to negative; that is, the
valley floor becomes a ridge at some point in this two-
dimensional configuration space. The point where this occurs
is the valley-ridge inflection point. Here the Hessian has one
zero eigenvalue corresponding to a motion perpendicular to
the gradient.”) Near the VRI, the single reaction pathway
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branches into two; there is no longer a restoring force for
molecular motion perpendicular to the reaction coordinate.
However, unlike minima and saddle points, the location of a
VRI point is dependent upon the choice of coordinate
systems.[®!

The intrinsic reaction coordinate (IRC) is the most
common quantum mechanical reaction pathway description
(Figure 1).’1 This is a mass-weighted steepest descent path,
following the negative gradient downhill from a transition
state. Physically, the IRC corresponds to the pathway
travelled by nuclei moving on the PES with infinitesimal
velocities and is typically considered the theoretical mini-
mum-energy pathway (MEP). However, when the gradient
becomes zero or a potential energy surface is flat, a single IRC
cannot describe a unique preferred reaction trajectory.!”)

Figure 1 shows the difference between an IRC pathway
(dotted lines) and qualitative dynamics trajectories (white
arrows) for a symmetrical model PES with two sequential
transition states (TS1 and TS2) and an intervening VRI point.
The IRC is the steepest descent pathway from TS1 and
follows the valley floor in this region. After passing through
the VRI point, the IRC stays on the developing ridge before
stopping at TS2. From TS2, the IRC exhibits the typical
reaction pathway behavior, following the normal coordinate
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corresponding to the imaginary vibrational frequency, con-
necting the two products. Representative reaction trajectories
that would result from dynamics simulations are depicted by
the white arrows and show that typical trajectories deviate
from the IRC in the vicinity of the VRI, bypassing TS2.M""
Several groups are actively investigating alternative theoret-
ical treatments of hypersurfaces to rigorously define a
reaction pathway when a VRI occurs.'? Methods include
reaction-path Hamiltonians,!® reduced gradient following,['*!
gradient extremals,”” transition path sampling,'® and the
distinguished coordinate method.!'”)

2. Unimolecular Isomerization Reactions
One of the most thoroughly studied reactions with a

reaction pathway bifurcation is the isomerization of methoxy
radical (1, Scheme 1). Ab initio, DFT, and dynamics simu-

Scheme 1. Isomerization of methoxy radical to hydroxymethylene radi-
cal.

lation studies all yield similar conclusions about the PES
shape and mechanism of this rearrangement.'>*2 Scheme 1
shows the potential energy hypersurface in terms of the COH
angle and one of the HCOH dihedral angles. The reaction
first proceeds through a three-membered C; transition state
for hydrogen migration (2). The reaction pathway bifurcates
between TS 2 and TS 3 owing to an intervening VRI. After
the VRI, the OH group rotates in or out of the COH plane,
leading to either of the equivalent forms of 4. TS 3,
corresponding to rotation about the C—O bond, arises from
the OH bond eclipsing the half-filled hybridized methylene
orbital.

Studies on the monodeuterated methoxy radical deriva-
tive, H,DCO,"™ have provided insight into vibrational effects
on the product ratio. In the all-hydrogen case, the mass-
weighted PES is symmetrical, leading to equal reaction-
pathway branching toward two equivalent forms of 4.
However, for the deuterium-substituted version, ab initio
wave packet dynamics simulations have shown that the slight
asymmetry induced by a deuterium atom creates a branching
preference in which the hydrogen atom is transferred cis to
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the deuterium atom on the now slightly unsymmetrical mass-
weighted PES.I)

The complete active space self-consistent field (CASSCF)
PES for cyclooctatetraene (COT) bond shifting is shown in
Figure 2.7 Starting from one of the D,,symmetric tub

D P -1 D
of =" 0%

Figure 2. CASSCF/6-31G* potential energy surface for the bond shift-
ing of cyclooctatetraene. Reprinted from reference [23].

structures, there is a flat D,;, saddle point corresponding to tub
inversion with localized alternating single and double bonds.
This saddle point can be converted to an equivalent D,,-
symmetric structure by passing through the planar, antiar-
omatic Dy, saddle point. Alternatively, starting from this Dy
symmetric saddle point, there are two bifurcating reaction
pathways leading directly to four equivalent tub structures,
bypassing the D,, structures (red lines). Features of this
complex PES have been confirmed by a photodetachment
study of the COT anion.!

There is also a bifurcation along the reaction pathway for
the transformation of COT to semibullvalene (Scheme 2).
Instead of involving the bicyclo[3.3.0]octadiendiyl diradical 5
in a stepwise process, the CAS(MP2)/CASSCF PES comput-
ed by Castafio and co-workers suggests that this reaction first
proceeds through the rate-determining TS 6. The reaction
pathway then branches between 6 and the Cope TS 7, yielding
either of the equivalent forms of semibullvalene.

Other isomerization reaction pathways with bifurcations
include the transformation of fulminic acid (HCNO) to
isocyanic acid (HNCO),*! ketene—ketenimine rearrange-
ment,” and the photochemical formation of singlet carbene
and N, from diazirine, in which the bifurcation leads to two
different S,/S, conical intersections.*”!

3. Substitution Reactions

Addition of aldehyde radical anion to alkyl halides is
hypothesized to occur either by electron-transfer (ET) or
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Scheme 2. Stationary points along the CAS(MP2)/CASSCF PES for the
transformation of COT to semibullvalene. Energie values (in
kcalmol™) taken from reference [24].

substitution mechanisms (Scheme 3 a). Shaik and co-workers
have shown that these mechanisms actually involve a
common transition state and a PES bifurcation.” Scheme 3b
outlines the computed ab initio PES for the reaction of
formaldehyde radical anion with methylchloride. After an
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Scheme 3. a) Substitution and electron-transfer reactions for aldehyde
radical anion additions to alkyl halides. b) (U)QCISD(T) PES for the
reaction of formaldehyde radical anion with methylchloride. IRC start-
ing at 8 leads to 10, while the reaction path in non-mass-weighted
coordinates leads from 8 to 11. Energies and configurations taken
from reference [28].

Angew. Chem. Int. Ed. 2008, 47, 7592 —7601

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandii,fe ,

initial van der Waals complex, there is an electron-transfer TS
(8) immediately followed by the TS for radical addition (9).
Because of a PES bifurcation, the mass-weighted IRC leads
from 8 to the C-substitution product 10 (which was not the
experimentally observed major product), whereas the steep-
est descent path in non-mass-weighted coordinates connects
TS 8 to the electron-transfer product 11.

Schlegel, Shaik, and co-workers®®! and others®®"! provided
further insight into this system on the basis of ab initio
molecular dynamics simulations of formaldehyde and
NCCHO radical anions with methyl chloride and fluoride.
The predicted product distribution for the reaction in
Scheme 3b at 298 K was 54:12:12:22 for ET, C-substitution,
O-substitution, and return to reactants, respectively. The
branching ratio was roughly correlated with the C—C bond
length in the electron-transfer transition state; long C—C
bonds in 8 lead to 11, while short C—C bonds lead to 10.

4. Pericyclic Reactions
4.1. Electrocyclic reactions

One of the earliest identified examples of a PES
bifurcation was reported by Valtazanos et al. for the ring
opening of cyclopropylidene (R) to allene (P,/P,, Fig-
ure 32).>%! Their computed MCSCF hypersurface, mapped
with the coordinates for the average conrotatory angle (J)
and the ring-opening C-C-C bond angle (¢), is shown in
Figure 3b. In cyclopropylidene, the methylene groups are
orthogonal to the ring plane (6 =90°, ¢ =55°). In the initial
stages of the reaction, 0 remains constant at 90°, and only
disrotatory motion (change in ¢) occurs. The first of two
sequential transition states involves a C-C-C ring angle
increase to 80° in combination with disrotatory movement
of the methylene groups while maintaining C,; symmetry until
the C—C bond is broken. As the ring angle increases further,
the steepest descent path leads to the transition state that
interconverts equivalent allene structures by methylene
group rotation. The reaction pathway bifurcates near the
VRI point (located at 6x90° and ¢=84°), thus allowing
conrotatory displacement to mix into the reaction pathway,
breaking C, symmetry.

Using B3LYP-DFT, Nouri and Tantillo found that the
sigmatropic shift and electrocyclic ring opening steps for
cyclopropylcarbinyl carbocation 12 occur sequentially with no
intermediate.’” On this PES, the shared TS is for the 1,2-
hydride shift, followed by the disrotatory ring-opening TS.
The reaction pathway bifurcates, leading to allyl cation 13 or
14.

Birney and co-workers have reported an electrocyclic ring
opening with an uphill PES bifurcation for the thermal

Me Me. _.H Me _.H
H P—Me Me Me
H H._A_H Me __~._Me
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Me Me Me H H
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Figure 3. a) Cyclopropylidene (R) to allene (P,/P,) rearrangement sta-
tionary points. b) MCSCF potential energy surface. Reprinted with
permission from reference [2]. Copyright Springer 1986.

deazetization reaction of heterocyclic nitrosimine 15
(Scheme 4).3 The reaction proceeds by sequential transition
states for C—N bond rotation (16) and pseudopericyclic
cyclization (18), which then leads to N, loss via intermediate
19. Interestingly, the analogous ring opening of oxetene gives
only one concerted transition state, mixing ring opening and
dihedral rotation motions simultaneously.

e ol
H oN

Ere1 0.0 2.7 H

Scheme 4. MP4SDQ stationary points for the thermal deazetization of
heterocyclic nitrosimines. Energies taken from reference [33] (in
kcalmol™).
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4.2. Sigmatropic Rearrangements

Hrovat, Duncan, and Borden have investigated the Cope
rearrangement of 1,2,6-heptatriene 20 (Scheme 5).** Evi-

-13.8

Scheme 5. PES for the rearrangement of 1,2,6-heptatriene (20) to
3-methylene-1,5-hexadiene (22). IRC calculations using DFT lead from
21 to 22, while the IRC computed using CASSCF connects 21 to 24.
CASPT2(8,8)/6-31G* energies (kcalmol™') taken from reference [34].

dence of both stepwise and concerted mechanisms has been
observed experimentally.’” However, Borden and co-work-
ers only found a single concerted TS (21). Formation of either
the concerted rearrangement product (22) or the diradical
intermediate (24) was predicted, depending on whether an
IRC was computed using DFT or CASSCF methods. Dy-
namics simulations using a reparameterized semiempirical
molecular orbital (MO) model (AM1-SRP) fit to CASSCF
stationary points showed that 17 % of the trajectories follow a
“concerted” pathway.’® Houk and co-workers have identified
a similar type of bifurcation on the PES for the rearrangement
of 6-methylenebicyclo[3.2.0]hept-2-ene, which yields a dirad-
ical intermediate or 5-methylenenorbornene.””

Bifurcations also exist on the PESs for the rearrangements
of cis-bicyclo[6.1.0]nona-2,4,6-triene, 9,9-dicyanobicyclo-
[6.1.0]nona-2.,4,6-triene,™  cis-1,2-divinylcyclobutane, and
cis-1,2-divinylcyclo-propane.®” In these reactions, the C,-
symmetric Cope transition state is followed by the C, boat
interconversion transition state with no intervening inter-
mediate. In each case, the result is a bifurcating reaction
pathway that leads to either of two equivalent boat structures.

4.3. Ene Reactions

The mechanism of the singlet-oxygen ene reaction has
been studied extensively.*”! Three mechanisms—concerted,
stepwise, and exciplex perepoxide formation—have all been
proposed on the basis of experimental and theoretical
considerations (Scheme 6). Early ab initio studies favored a
stepwise mechanism,*"! while measured kinetic isotope ef-
fects (KIEs) and observed stereospecific suprafacial product
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Scheme 6. Concerted and stepwise mechanisms for the singlet-oxygen
ene reaction.

formation suggest a concerted mechanism or perepoxide
mechanism.*

A collaborative effort by the Singleton, Houk, and Foote
groups used “C KIEs and quantum mechanical methods to
show that this reaction takes place through a two-step-no-
intermediate mechanism.**! CCSD(T) single-point energies
computed on a grid of B3LYP structures revealed that the
PES bifurcates after a common TS (26; Figure 4). The second
sequential TS 27 is the elusive perepoxide-like structure with
shorter partial C—O bond lengths and connects the two ene
products. When branching occurs on this surface, the C—H
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Figure 4. CCSD(T)//B3LYP potential energy surface of the singlet-oxy-
gen ene reaction mapped according to the average alkene C—O
separations. Adapted with permission from reference [3]. Copyright
2003 American Chemical Society.
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bond breaks and an O—H bond forms. Quasiclassical dynam-
ics simulations on a B3LYP surface™ predicted ky/kp =1.38,
close to the experimental value of approximately 1.4. The
origin of this isotope effect is different from that of typical
isotope effects, which arise from differences in transition-state
zero-point energies. In this case the effect arises from changes
in the curvature of the mass-weighted PES, which in turn lead
to different dynamics trajectories between the H- and D-
substituted cases. The value of 1.4 is related to the /2 ratio of
stretching frequencies of the CH and CD bonds broken in the
reaction. Lluch and co-workers located the VRI at a C-O
bond length of 1.90 for O, addition to (deuterated) tetrame-
thylethylene.[!

The ene reaction of allene 29 forms the C>-C® cyclization
product 30 (Figure 5)."**"! Singleton and co-workers have

a possible
trajectory

minimum
energy
path

e
SiMe,
OA
© 30

Figure 5. Qualitative unsymmetrical bifurcating PES for C2-C°® cycliza-
tion of allene 29 (UB3LYP/6-31G** TS geometries). Adapted with
permission from reference [47]. Copyright 2005 American Chemical
Society.

shown that there is a single “concerted” TS (31) that leads to
either the ene product (30) or the diradical intermediate 32.
Figure 5 shows Singleton’s qualitative unsymmetrical bifur-
cating surface and B3LYP stationary points. Because the
sequential transition states are offset, the MEP/IRC connects
TS 31 to 30. However, possible trajectories can pass over 31
and go to the diradical intermediate (32). The amount of 32
formed will depend on the exact shape of the surface.
Quasiclassical dynamics simulations on a B3LYP surface
showed that 29 out of 101 trajectories deviate from the MEP
and form the diradical intermediate. This finding is consistent
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with experimentally trapped diradical intermediates and the
measured KIE (again, ca. 1.4), which is too large for a
stepwise mechanism but too small for concerted. Schmittel
et al. have recently confirmed this bifurcation model exper-
imentally by observing large differences in intermolecular
and intramolecular KIEs for several substituted versions of
29 41

4.4. Cycloadditions

Both Sakai and Nguyen®! and Cremer and co-workers®™!
have described the bifurcation on the PES for the concerted
cycloaddition of cis-1,3-butadiene with ethylene. After the C,-
symmetric Diels—Alder transition state, the reaction path
bifurcates, leading to either of the possible half-chair cyclo-
hexenes.

Caramella et al.”'* brought the role of bifurcations to
the attention of many chemists through the remarkable
finding that some of the simplest Diels—Alder reactions
involve surface bifurcations. In a series of papers, Caramella
and co-workers have shown that endo dimerizations of
methacrolein,® cyclopentadiene, butadiene,**! and cyclo-
pentadienone,* occur along bifurcating reaction pathways.
Previously, diene dimerization reaction selectivity was viewed
as the result of competing transition states. Figure 6a shows a

Figure 6. Model potential energy surface contour plots for a) pericyclic
and b) bis-pericyclic cycloaddition. (high energy: red, low energy:
blue).

model contour plot of a PES with two competing cyclo-
addition transition states, TSa and TSb, a second-order
saddle point (SOSP) that connects them, and the Cope TS
(TSc), corresponding to isomerization of the cycloadducts. In
the diene dimerizations studied by Caramella and others,>!
TSa and TSb have merged into a single “bis-pericyclic”
transition state, TS1 (Figure 6b). On such a surface, the
second-order saddle point is lost and a VRI point intervenes
between the bis-pericyclic TS and the Cope transition state,
TS2.

While there are two possible [4+2] cycloaddition path-
ways for cyclopentadiene dimerization (Scheme 7a), a single
highly asynchronous Diels—Alder transition state, (34,
Scheme 7b) is found. The primary [2+44] interactions are
equal in magnitude to the [4+2] interactions, resulting in one
short partial bond (1.96 A) that is common to both inter-
actions and two equivalent long partial bonds (2.90 A). The
IRC leads directly from 34 to the Cope transition state (35),
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Scheme 7. Endo cyclopentadiene dimerization a) [4+2] interactions;
b) transition-state structures from reference [52].

with only a slight decrease in energy (2.3 kcalmol™') and
shortening of all three bonds. The two endo cycloaddition
pathways have merged at the bis-pericyclic transition state
and split at a VRI point between 34 and 35, leading to one of
two equivalent endo cycloadducts. Lasorne et al. located the
valley-ridge inflection structure with partial bond lengths of
1.87 and 2.87 A 1

Houk and co-workers have studied a series of tethered
(intramolecular) cyclobutadiene-butadiene cycloaddition re-
actions with bifurcating PESs.”” Figure 7 shows the influence

Figure 7. Qualitative PESs for cycloaddition of cyclobutadiene and
butadiene with trimethylene and tetramethylene tethers. Energies and
geometries taken from reference [57].

of the tether length on the transition-state structure and PES
shape and branching ratios (white arrows) for trimethylene
and tetramethylene tethers. The Diels—Alder and Cope
transition states are nearly aligned relative to each other
along the reaction coordinate in the trimethylene tether case
and are predicted to give roughly equal ratios of [2+2] and
[442] cycloadducts. The longer tetramethylene tether sub-
stantially offsets the positions of these transition states,
resulting in a highly unsymmetrical surface with a large
preference for formation of the [4+2] cycloadduct.

More recently, our group has found that periselectivity for
cycloadditions of cyclopentadiene with nitroalkenes and o-
keto-f,y-unsaturated phosphonates under thermal and Lewis
acid catalyzed conditions are controlled by a bis-pericyclic
transition state.”® Under thermal conditions, cyclopentadiene
acts as the 4m-diene component in the cycloaddition with

Angew. Chem. Int. Ed. 2008, 47, 7592 —7601
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nitroalkenes 36, and the Diels—Alder (DA) adduct 37 is the
major product (Scheme 8). Selectivity is reversed with Lewis
acid SnCly, and the hetero-Diels—Alder (HDA) adduct (38) is

R
/7
+ !\l:O
o-
%’ 37
\3\0
i O
RN S
36 P ¢y _
Yo 0.+.0
N
g
R
38

R= Ph experimentally

Scheme 8. Competing Diels—Alder and hetero-Diels—Alder cycloaddi-
tions of cyclopentadiene and nitroalkenes.

preferred. Figure 8 shows a qualitative comparison of the
thermal and Lewis acid catalyzed bifurcating PESs with
geometries of the bis-pericyclic Diels—Alder transition states
(TS1) above and the Claisen rearrangement transition states
(TS2) below each surface. Preference for the Diels—Alder
adduct under thermal conditions is due to the shorter C—C
bond compared to the C—O interaction. SnCl, coordination
decreases the C—O bond length and increases the C—C
distance, leading to a preference for C—O bond formation
along the IRC. Effectively, SnCl, skews the bis-pericyclic
transition state toward the hetero-Diels—Alder adduct, and

Figure 8. Qualitative contour plots and transition-state structures for
a) thermal and b) Lewis acid catalyzed Diels—Alder cycloaddition of
cyclopentadiene with nitroethene. Adapted with permission from
reference [58]. Copyright 2007 American Chemical Society.
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now only trajectories deviating significantly from the MEP
lead to the Diels—Alder adduct.

Singleton and co-workers have also shown that the PES
for the cycloaddition of cyclopentadiene with diphenylketene
is unsymmetrical and that a common transition state leads to
both [442] and [2+2] cycloadducts.”! Again, the rate-
limiting transition-state geometry provides a good predictor
of periselectivity, but there is no simple way to quantitatively
predict branching ratios with dynamics simulations.

Bis-pericyclic transition states are also involved in com-
plex cycloaddition reactions used in natural-product syn-
thesis. For example, Quideau and co-workers have shown that
a bis-pericyclic Diels—Alder transition state controls diaster-
eofacial selectivity in the dimerization of ortho-quinols for the
synthesis of (+)-aquaticol, a bis-sesquiterpene./”! Cycloaddi-
tion bifurcations were also reported for the reaction of 1,2,4,5-
tetrazines and pyridazines with alkynes, the cycloaddition of
cycloheptatriene and cyclopentadiene,® 1,3-dipolar cyclo-
additions,® and dichlorocarbene addition to cyclopropene.!

5. Conclusions and Outlook

The possibility that multiple intermediates and/or prod-
ucts can be formed from a single transition state expands the
scope of possible reaction pathways and complicates classic
distinctions between stepwise and concerted mechanisms.
Lluch and co-workers have proposed the use of variational
transition state theory to predict product distributions in the
case of symmetric bifurcating reaction pathways made
unsymmetric by isotopic substitution.”! However, in general,
when a PES bifurcation occurs, analysis of the entire potential
energy surface is critical for a qualitative understanding of
reaction pathways. Presently, molecular dynamics simulations
are often necessary to give quantitative predictions of
selectivity and isotope effects for these cases, since product
distributions are no longer dictated by relative free energies
of competing transition states.”

The last decade has witnessed a flurry of reports of
reaction pathway bifurcations in organic reactions, precipi-
tated in part by the pioneering work of Caramella and co-
workers on bis-pericyclic reactions.”' Future work will
undoubtedly uncover many more examples of post-transition-
state reaction pathway bifurcations in pericyclic reactions.
The sundry examples described in this Minireview demon-
strate that reaction pathway bifurcations are not mere
curiosities, but may be quite general for many types of
organic and organometallic transformations.'*!
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