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C O N S P E C T U S

Computational approaches to understanding chemical reac-
tion mechanisms generally begin by establishing the rel-

ative energies of the starting materials, transition state, and
products, that is, the stationary points on the potential energy
surface of the reaction complex. Examining the intervening spe-
cies via the intrinsic reaction coordinate (IRC) offers further
insight into the fate of the reactants by delineating, step-by-
step, the energetics involved along the reaction path between
the stationary states.

For a detailed analysis of the mechanism and dynamics
of a chemical reaction, the reaction path Hamiltonian (RPH)
and the united reaction valley approach (URVA) are an effi-
cient combination. The chemical conversion of the reaction
complex is reflected by the changes in the reaction path
direction t(s) and reaction path curvature k(s), both expressed
as a function of the path length s. This information can be used to partition the reaction path, and by this the reaction mech-
anism, of a chemical reaction into reaction phases describing chemically relevant changes of the reaction complex: (i) a contact
phase characterized by van der Waals interactions, (ii) a preparation phase, in which the reactants prepare for the chemical
processes, (iii) one or more transition state phases, in which the chemical processes of bond cleavage and bond formation
take place, (iv) a product adjustment phase, and (v) a separation phase. In this Account, we examine mechanistic analysis
with URVA in detail, focusing on recent theoretical insights (with a variety of reaction types) from our laboratories.

Through the utilization of the concept of localized adiabatic vibrational modes that are associated with the internal coor-
dinates, qn(s), of the reaction complex, the chemical character of each reaction phase can be identified via the adiabatic cur-
vature coupling coefficients, An,s(s). These quantities reveal whether a local adiabatic vibrational mode supports (An,s > 0)
or resists (An,s < 0) the curving of the path, and thus the structural changes of the reaction complex.

URVA can show the mechanism of a reaction expressed in terms of reaction phases, revealing the sequence of chemi-
cal processes in the reaction complex and making it possible to determine those electronic factors that control the mecha-
nism and energetics of the reaction. The magnitude of adiabatic curvature coupling coefficients is related to strength and
polarizability of the bonds being broken. Transient points along the reaction path are associated with hidden intermedi-
ates and hidden transition states, which can be converted into real intermediates and transition states when the reaction
conditions or the substitution pattern of the reaction complex are appropriately changed. Accordingly, URVA represents a theo-
retical tool with tremendous experimental potential, offering the chemist the ability to assert greater control over reactions.

1. Introduction

The major goal of chemistry is to control chem-

ical reactions. This implies detailed knowledge

of the reaction mechanism and how the latter

can be manipulated to reduce the reaction bar-

rier, improve stereoselectivity, increase product

yield, or suppress undesirable side reactions.

Controlled changes of this nature are often

needed when optimizing the production of valu-

able new materials from abundantly available
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resources at low energy cost without jeopardizing our

environment.

For more than a century, chemists have measured activa-

tion enthalpies and reaction rate constants to learn about the

properties of chemical reactions with the goal of controlling

them.1,2 Quantum chemical methods have provided the pos-

sibility of calculating the properties of transition states and

reaction intermediates not amendable to experiment3 or

determining reaction rates by combining quantum chemistry

with suitable reaction dynamics methods.4

Today one can distinguish among three different computa-

tional approaches for describing, analyzing, and understanding

the mechanism of a chemical reaction (see Figure 1): (a) The sta-

tionary points located on the potential energy surface (PES) of the

reaction complex and corresponding to reactant minimum, first-

order saddle point (transition state), and product minimum of a

chemical reaction are calculated. This leads to the energetics of

the reaction, gives some insight into the mechanism, and is done

in the majority of all quantum chemical investigations. (b) The

intrinsic reaction coordinate (IRC) path of Fukui,5 which is the

steepest descent path in mass-weighted coordinates connecting

the transition state with reactants and products, is computed. For

a complicated mechanism (e.g., see the investigation of the

ozone-acetylene reaction6), it is no longer possible to assess the

topology of a PES from stationary points alone. IRC calculations

have to clarify which stationary points are connected by one and

the same reaction path. (c) For studying mechanism and dynam-

ics of a chemical reaction in detail the (classical) reaction path

Hamiltonian (RPH) of Miller, Handy, and Adams7 can be used as

an underlying mathematical concept. The RPH is based on a par-

titioning of the (3N - 6) dimensional PES (N ) number of atoms

of the reaction complex) close to the reaction path into the one-

dimensional minimum energy path and the (3N - 7)-dimen-

sional reaction valley embedding the reaction path. This is the

basis of the unified reaction valley approach (URVA),8-12 which

provides a detailed account of the changes of electronic and geo-

metrical structure of the reaction complex by exploring reaction

path and valley from entrance to exit channel.11,13-18 In the fol-

lowing, we will consider exclusively the third approach of ana-

lyzing the mechanism of a chemical reaction.

2. Basics of Reaction Mechanism

Detailed insight into the mechanism of a chemical reaction

requires the knowledge of how the properties of the reaction

complex change along a representative reaction path. In the

FIGURE 1. Three ways of investigating the mechanism of a chemical reaction computationally: (a) investigation of stationary points; (b)
additional investigation of the IRC path connecting the stationary points; (c) energy profile along the IRC path of panel b; convex and
concave parts of E(s) are indicated; (d) investigation of reaction path and reaction valley embedding the path.
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literature, different reaction paths have been suggested5,19,20

where one has to consider that the reaction path is, similar to

the chemical bond, just a model quantity based on the con-

cept of the PES. The IRC path5 expressed as a function of its

arclength, s, provides a suitable choice of a representative

path. Usually the IRC tends to follow the floor line of the reac-

tion valley (especially in regions where the function E(s) is con-

vex19) leading from reactants to transition state and products.

There are reactions that possess such a small energy bar-

rier that after considering vibrational and temperature correc-

tions, the activation enthalpy, ∆Ha, vanishes. Although such a

transition state is not chemically relevant, it can be used for

the determination of an IRC path and the mechanistic analy-

sis. The addition of vinylidene to acetylene yielding methyl-

enecyclopropene represents a typical example for such a

case.12

There are reactions (e.g., dissociation or recombination

reactions) that do not possess a transition state at all, and

therefore an IRC path no longer exists. Nevertheless it is pos-

sible to determine a representative path on a multidimen-

sional PES.12,18 Two cases can be distinguished: (a) the

reaction valley disembogues into an energy plateau; (b) there

is no reaction valley. The PES close to the reactant minimum

resembles a cirque: From the reactant minimum, many paths

ascend a bowl-shaped slope up to an energy plateau (Figure

2). The latter situation is found for the decomposition of cyclo-

propane to methylene and ethene; that is, the methylene-
ethene cycloaddition can follow a multitude of energy-

equivalent paths downhill to the cyclopropane minimum

(Figure 2).18 For cases a and b, it is possible to determine

chemically meaningful paths by exploring the reaction val-

ley close to the energy plateau or the range of the cirque with

the help of Newton trajectories (Figure 2).12,18 Once the shape

of reaction valley or cirque is known, a central point at the

edge of the energy plateau can serve as the starting point for

a downhill path. Experience shows that such a path or related

(parallel) paths lead to a representative description of the reac-

tion mechanism.12,18

The dissection of the mechanism into reaction steps is

energy-based as are nearly all analysis methods applied today

for mechanistic studies. For example, one can determine the

first derivative of the energy function E(s), which leads to the

reaction force, F(s) ) -dE(s)/ds.21,22 In this way, an E-based

partitioning of the reaction path, given by the extrema and the

zero points of the force, is possible. However, such an E-based

partitioning of a chemical reaction misses mechanistic detail:

The energy is a cumulative parameter that collects all energy

changes associated with the reacting molecules in one quan-

FIGURE 2. Schematic representation of a PES resembling that of the methylene-ethene cycloaddition reaction complex. Reaction
energy, ∆E ) -112.1 kcal/mol; ∆H(298) ) -105.6 and ∆H(298,exp) ) -101.6 kcal/mol.18 (a) Geographical cirque; (b) model surface
with minimum at the lower left corner (corresponding to cyclopropane) and energy plateau in the upper right corner (corresponding to
methylene + ethene). Newton trajectories (NT, dashed lines) trace out possible paths from the energy minimum to the energy
plateau.18

Analysis of the Mechanism of Chemical Reactions Kraka and Cremer

Vol. 43, No. 5 May 2010 591-601 ACCOUNTS OF CHEMICAL RESEARCH 593



tity thus disguising mechanistic details. It is a reliable book-

keeping quantity; however it is less useful for a detailed

understanding of the reaction mechanism.

For the purpose of gaining more insight into the reac-

tion mechanism, it is useful to focus on the chemical pro-

cesses of bond forming and bond breaking. Clearly, more

than one or two chemical processes can take place in a

chemical reaction. These take place within confined ranges

(described by specific s-values) of the reaction path, which

are called bond-breaking phase, bond-forming phase, or in

general reaction phases.11,18

There are other than the chemical processes that are rele-

vant for a detailed account of the mechanism. For example, in

the van der Waals phase far out in the entry (exit) channel the

reactants (products) adjust their mutual positions to minimize

exchange repulsion and to maximize stabilizing dispersion

and electrostatic interactions. In the reactant preparation

phase, the reactants prepare by undergoing conformational

changes for the actual chemical processes whereas in the

product adjustment phase, the products relax to a more sta-

ble form. Each reaction phase is associated with a typical

change of the reaction complex. One can detail the mecha-

nism by describing the electronic, geometrical, and dynami-

cal changes of the reaction complex in chemically meaningful

reaction phases.

The geometrical changes of the reaction complex

(described by internal coordinates qn(s)) determine the reac-

tion phases because they are a direct result of the corre-

sponding electronic changes of the reaction complex. These

changes are often too difficult to analyze because the struc-

tural changes of the reaction complex can involve many

q-coordinates and in general it is not clear which of them

are most important for a detailed description of the reac-

tion mechanism (Figure 3a). In this situation, one can take

advantage of the fact that reaction path and reaction com-

plex are closely related since the former is determined by

the geometrical changes of the latter. Rather than keeping

account of all geometrical changes, ∆qn(s), of the reaction

complex and identifying those that are relevant for the

mechanism, the changes of the reaction complex can be

described by just two essential reaction path properties: (i)

the reaction path direction given by the tangent vector

t(s)8,11,23 and (ii) the reaction path curvature given by the

curvature vector k(s) (Figure 3b).7,8,24 Focusing here just on

the path curvature expressed as the scalar curvature, k(s)

(Figure 3c), it is possible to analyze k(s) in terms of contri-

butions associated with the internal coordinates, qn(s), of the

reaction complex8,11 rather than analyzing the geometri-

cal changes of the reaction complex directly.

For this purpose, one investigates the dynamical behav-

ior of the reaction complex, which involves the 3N - 7

vibrational motions orthogonal to the reaction path and the

translational motion along the path. Starting at the reac-

tant minimum, a vibrational mode initiates the reaction, that

is, a large amplitude vibration converts into a translational

motion along the reaction path. The normal coordinates Q

of the remaining 3N - 7 vibrational motions of the reac-

tion complex span the (3N - 7)-dimensional reaction val-

ley. In case of reaction path curving, translational and

vibrational motions can couple (Figure 3b) as described by

the normal mode curvature coupling coefficients Βµ,s(s)

(see Figure 3d) and an energy transfer between these

motions can take place.7,8,23,24 This can be used for mode-

selective rate enhancement: A laser is tuned to the fre-

quency of mode µ, energy is pumped into this mode and

then channeled via curvature coupling into the translational

motion along the reaction path thus enhancing the reac-

tion rate in a selective way. Knowledge of the normal mode

curvature coupling coefficients is however not sufficient to

prepare a mode selective rate enhancement experiment. If

the mode in question couples with other vibrational modes,

the excess energy can be dissipated within the reaction

complex before energy transfer to the reaction mode

becomes possible. Hence, one has also to know the

mode-mode or Corolis coupling coefficients, Bµ,ν(s)7,8,23,24

(Figure 3d) to predict the possibility of mode-selective rate

enhancement.

For the mechanistic analysis, couplings Bµ,s(s) are of lim-

ited use because they refer to delocalized vibrational normal

modes. Within URVA, they are transformed into adiabatic cur-

vature coupling coefficients, An,s(s), based on the local adia-

batic internal coordinate modes25-31 that are associated with

the internal coordinates qn(s) used to describe the reaction

complex (Figure 3e). Large positive or negative An,s(s) indicate

a chemical change of the reaction complex described by the

internal coordinate qn(s). Since the sum of the squares of the

curvature coupling coefficients leads to the scalar curvature

(Figure 3d), curvature enhancements and peaks, K (Figure 3c),

indicate the changes of the reaction complex and thereby the

phases of the chemical reaction. Investigations reveal that in

most cases just a small number of curvature coupling coeffi-

cients and internal coordinates drive the changes of the reac-

tion complex during the reaction (Figure 3f). Hence, the
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sequence a-f given in Figure 3 describes the mechanistic

analysis principle utilized in URVA for the study of chemical

reactions.

3. Mechanistic Analysis with the Unified
Reaction Valley Approach

Use of URVA in mechanistic studies has led to an advanced

understanding of chemical reactions.8-18 URVA determines

the energy profile, E(s), and the reaction force, F(s), as well as

higher derivatives of E(s), geometrical parameters, qn(s), and

their derivatives, the internal forces and normal vibrational

modes of the reaction complex, reaction path direction, t(s),
and curvature, k(s), and normal and adiabatic mode curva-

ture coupling and Coriolis coupling coefficients at each point

s along the reaction path.

The reaction path curvature of a reaction AB + CS A + BC

is related to the adiabatic stretching force constant fa(AB) of the

bond being broken and fa(BC) of the bond being formed where

the changes in the fa(s) values as reflected by fa′(s) ) dfa(s)/ds

matter rather than their magnitudes. This is a reflection of the

fact that besides the strength of bond AB also the polarizabil-

ity of bond AB, the polarizing power of the reactant C, and the

strength of the bond BC determine the reaction barrier. Any

chemical reaction involving two or more chemical processes

follows in 3N - 6-dimensional space a reaction path with at

least one curvature peak because chemical change requires a

curving of the reaction path. A straight reaction path leaves the

network of bonds of the reaction complex unchanged.32

Since the path curvature reflects the structural changes of

the reaction complex, it can be analyzed to identify the chem-

ical processes taking place and the range of the correspond-

ing reaction phases.11,18 The character of the reaction phase

is determined by identifying the dominating adiabatic curva-

ture coupling coefficients, An,s(s) (see cycle in Figure 3). The lat-

FIGURE 3. Strategy of a URVA analysis: (a) study of the reaction complex requires the analysis of 3N - 6 internal coordinates, qn(s); (b) the
same information is contained in the direction, t(s), and the curvature, k(s), of the reaction path; normal modes, lµ(s) or lν(s), can couple with
curvature, k(s), if properly aligned; (c) to obtain this information, the scalar curvature, k(s), is calculated and (d) dissected into curvature
coupling coefficients, Bµ,s(s); these are needed for studying energy transfer (for energy dissipation studies, Coriolis coefficients, Bµ,ν(s), are
calculated); (e) normal mode decomposition into adiabatic vibrational modes leads to adiabatic curvature couplings, An,s(s), which identify all
important changes of the internal coordinates, qn(s), of the reaction complex; (f) just a few (M < N) rather than 3N - 6 internal coordinates
have to be analyzed to describe structural changes of the reaction complex.
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ter reveal whether an adiabatic motion of the reaction

complex supports (An,s > 0) or resists (An,s < 0) a curving of the

reaction path and by this the changes in the reaction

complex.8,11 Analysis of electron density features (difference

densities, atom and bond densities, etc.) and other proper-

ties of the reaction complex in dependence of s complements

a detailed description of the phases of a chemical re-

action.8,11-18

4. The Reaction Phase Diagram and
Chemical Predictions
A simple H-transfer reaction between a donor atom and an

acceptor atom may illustrate the URVA analysis leading to a

dissection of the mechanism into reaction phases. In Figure 4,

the curvature diagram of the 1,3 intramolecular H transfer in

methanethioic O-acid yielding methanethioic S-acid (thiofor-

mic acid): SdC(H)OH f HSC(H)dO (reaction 1) is shown.

According to B3LYP/6-311G(d,p) calculations, reaction 1

proceeds via a barrier of 31.3 kcal/mol and is slightly exo-

thermic (-1.4 kcal/mol). The mechanism was previously

investigated by Toro-Labbe and co-workers using the

Hellmann-Feynman reaction force, F(s) to dissect the reac-

tion path into a reactant, transition state, and product phase.21

The curvature diagram contains four curvature peaks

K1-K4 thus leading to a partitioning into four reaction

phases. With the help of the adiabatic curvature coupling con-

stants, An,s(s) (Figure 4), each curvature peak is related to adi-

abatic vibrational modes: K1 to the OCS and HOC bending

modes, K2 to the OH stretching mode, K3 to the SH stretch-

ing mode, and K4 again to the OCS bending but also to the

HSC bending modes.

One could argue that the H transfer in reaction 1 depends

on the donor/acceptor capacities of O and S atoms and there-

fore any change in the reactant that enhances these capaci-

ties will influence mechanism and energetics of reaction 1.

The mechanistic picture developing from the curvature dia-

gram k(s) speaks however a different language. The reaction

is initiated by deformation of the OCS skeleton (phase 1, light

blue line, Figure 4), which first resists and then supports a

curving of the reaction path. Bending triggers a lengthening of

the CdS bond (red line) and a bending of HOC (brown line).

OCS and HOC bending trigger the start of OH bond cleavage

(phase 2) and the forming of the SH bond. In phase 3, the SH

bond formation is finalized. According to this mechanism, the

energy barrier will increase if the ACB (A, B ) O, S) heavy

atom framework is made more rigid rather than by decreas-

ing the H-acceptor capacity of B. For example replacing S by

O leads to a 3 kcal/mol increase (rather than decrease) in the

barrier whereas exchanging O against S reduces the barrier.

In both cases, the four-phase mechanism shown in Figure 4 is

not changed.

FIGURE 4. Curvature diagram for reaction 1: SdC(H)OH f HSC(H)dO. The scalar curvature, k(s), is given as a black line; the adiabatic
curvature coupling coefficients, An,s(s), are given as colored lines. K1-K4 denote the curvature peaks. Vertical lines separate the reaction
phases. The transition state is located at s ) 0 amu 1/2Bohr. B3LYP/6-311G(d,p) calculations.

Analysis of the Mechanism of Chemical Reactions Kraka and Cremer

596 ACCOUNTS OF CHEMICAL RESEARCH 591-601 May 2010 Vol. 43, No. 5



The reverse reaction 1 follows the same mechanistic pat-

tern: skeleton deformation (phase 4, Figure 4) as indicated by

a large OCS adiabatic curvature coupling constant (comple-

mented now by a HSC bending and CO lengthening contribu-

tions) precedes the SH bond cleavage (phase 3). The lower

height of K4 (compared with K1) indicates that the OCS bend-

ing potential of thioformic acid is less stiff (lower adiabatic

bending force constant), the corresponding vibrational modes

possesses a larger displacement amplitude, and the thiofor-

mic acid minimum is more shallow than that of its isomeric

counterpart. Similarly, the heights of K2 and K3 can be related

to the strength and stiffness of OH (higher) and SH bonds

(lower).

Since the chemical processes of bond cleavage and bond

formation take place simultaneously in phases 2 and 3 (a

large OH A-coefficient is complemented by a small SH A-co-

efficient and vice versa), it is justified to combine these two

phases to a transition state phase and to consider phases 1

and 4 as reactant or product preparation phases thus lead-

ing to the E-based three-phase mechanism of Toro-Labbe and

co-workers.21

Using URVA, we investigated the hydrogenation of XHn

radicals (F, OH, NH2, CH3),11 as well as cycloaddition reactions

such as the Diels-Alder reaction,16 the addition of HX or X2

to ethene (X ) F, Cl, Br, or I),15 1,2 H-shifts in carbenes,17 and

chelotropic reactions such as the addition of methylene (car-

benes) to ethene or acetylene.12,18 In all these reactions, a

detailed mechanism based on the reaction phase model could

be established. By establishment of this mechanism for a pro-

totypical reaction, for example, the addition of methylene to

ethene, predictions of the mechanism and the energetics of

related reactions, for example, the addition of carbenes,

silylenes, germylenes, etc. to multiple bonds in general, could

be made.18 Also relations between reactions that are gener-

ally considered to belong to different reaction types could be

established. It was shown that symmetry-forbidden cycload-

dition reactions can start as a substitution reaction and termi-

nate as a recombination reaction where the substitution step

is responsible for the high energy requirements of the reac-

tion.15

The relationship between path curvature, adiabatic force

constants, and structural changes of the reaction complex

becomes obvious from Figure 5, which shows the curvature

diagram of reaction 2, CH3 + H2 S CH4 + H. The unpaired

electron in the sp3-hybrid orbital of the methyl radical extends

more into space than the s-electron of the H atom. Accord-

ingly, the far-range polarizing power of the methyl radical is

larger than that of H. Despite the fact that the HH bond is

stronger than the CH bond in CH4, curvature peak K2 (asso-

ciated with the HH bond) is broader and smaller than K3

(associated with the CH bond, Figure 5) because under the

polarizing power of the methyl radical the HH bond starts ear-

lier to deform and polarizes more smoothly. If a C-H bond in

CH4 is attacked by an H atom, deformation of methane begins

at close range, which is reflected in the curvature diagram of

Figure 5 by a shoulder preceding the CH-cleavage peak K3.

K3 is high and rather narrow because the actual cleavage pro-

cess starts late as reflected by a large adiabatic curvature cou-

pling coefficient, ACH,s(s), and a large derivative f′a,CH(s). If H is

replaced by a more polarizing agent such as F, the cleavage

peak will become broader and smaller.

The curvature diagram and the mechanism of symmetry-

allowed pericyclic reactions differ considerably from those of

symmetry-forbidden reactions. This was demonstrated for the

Diels-Alder reaction between ethene and butadiene (reac-

FIGURE 5. Decomposition of the reaction path curvature, k(s) (bold
black line), of reaction 2 in terms of adiabatic curvature coupling
coefficients, An,s(s) (colored lines). The curvature, k(s), has been
shifted by 0.5 units to more positive values to facilitate the
distinction between k(s) and An,s(s). The position of the transition
state corresponds to s ) 0 amu 1/2Bohr. UMP2/6-31G(d,p)
calculations.11
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tion 3), for which the mechanism dissects into three reaction

phases (Figure 6):16 In phase 1, electron spin decoupling of

the π-bonds leads to bond equalization (R(CC) ) 1.4 Å) shortly

after the transition state at s ) 0 amu 1/2Bohr. In phase 2, spin-

recoupling results in the formation of a 2-butene structure with

some 1,4-biradical character due to pyramidalization of the

terminal CH2 groups, which has as a counterpart a similarly

distorted ethene molecule (CC bond lengthened and CH2

groups pyramidalized). In phase 3, located far out in the exit

channel of the reaction, two new CC bonds and the cyclohex-

ene molecule are formed (Figure 6).

The curvature peaks in phases 1 and 2 close to the tran-

sition state are rather small and develop from changes in

almost all adiabatic curvature coupling coefficients of the

reaction complex. Similar situations are found for other

symmetry-allowed pericyclic reactions and suggest a col-

lective but small change of all or most of the internal coor-

dinates of an easy to polarize reaction complex close to the

transition state. Such a collective change of many internal

coordinates requires less energy than the large change of

just a few internal coordinates observed in symmetry-for-

bidden reactions.15 Hence, the energy increase toward the

transition state is moderate and a relatively low reaction

barrier results. Also typical of a symmetry-allowed reac-

tion is the fact that close to the transition state a largely

delocalized electron system with equalized heavy atom

bonds is generated. This is in line with the Dewar-
Evans-Zimmermann rules that compare the transition state

of a symmetry-allowed pericyclic reaction with aromatic

cyclopolyenes benefiting from electron delocalization.

5. Hidden Intermediates and Hidden
Transition States
The mechanism of the symmetry-forbidden cycloaddition

reaction between ethene and HF (reaction 4, CH2dCH2 + FH

f CH3CH2F) is characterized by four curvature peaks and four

reaction phases (van der Waals peak K1 and van der Waals

phase are not shown) that indicate HF cleavage, CH bond for-

mation (phases 2 + 3), and CF bond formation (phase 4).15

The transient configuration of the reaction complex at s ) 2.7

amu 1/2Bohr resembles an ethyl cation separated from a F

anion according to geometry and charge distribution.15 If this

transient structure is stabilized in a polar nonprotic solvent or

F is exchanged against Br or I in the reaction complex, a real

intermediate is obtained, which justifies to speak in the case

of the gas-phase reaction 4 of the presence of a hidden

intermediate.15,18

Figure 7 shows (a) energy profile, E(s), (b) curvature dia-

gram, k(s), and three reaction phases of the chelotropic

cycloaddition of CH2(1A1) to ethene yielding cyclopropane

(reaction 5).18 The reaction proceeds without any barrier in a

single, strongly exothermic step where E(s) does not offer

much mechanistic insight. However, analysis of the reaction

path curvature reveals a complicated mechanism comprising

four different mechanistic phases (including the van der Waals

phase not shown in Figure 7). Between the phases, a hidden

transition state (corresponding to a single CC bond formation)

and a hidden intermediate (corresponding to a trimethylene

biradical) are located that can convert to a real transition state

or intermediate in the case of other carbenes, silylenes, or ger-

mylenes, as was demonstrated for the reaction between dif-

luorocarbene and ethene or the reaction between germylene

and ethene.18 The URVA analysis of the mechanism of the

prototypical reaction 5 makes it possible to predict the mech-

anism of other chelotropic cycloaddition reactions in differ-

FIGURE 6. Curvature diagram (top; bottom shows an enlarged
portion) for a symmetry-allowed reaction, the Diels-Alder reaction
(reaction 3). B3LYP/6-31G(d,p) calculations.16
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ent environments thus opening up a new way of un-

derstanding and controlling chemical reactions.

6. Conclusions

Previous work on chemical reaction mechanism focused

almost exclusively on the stationary points of the PES along

the reaction path, thus overemphasizing the role of the total

energy E(s), which as a collective quantity cannot provide

detailed insight into the mechanism. The details of the mech-

anism are unraveled when analyzing changes in the struc-

ture of the reaction complex. Due to the relationship between

reaction complex and reaction path, analysis of reaction path

direction and curvature in terms of adiabatic vibrational

modes leads to the dissection of the mechanism into reac-

tion phases where the chemically important changes of the

reaction complex take place. Even a one-step reaction with-

FIGURE 7. Energy profiles E(s) and E0(s) ) E(s) + ZPE (top) and curvature diagram (bottom) of the barrierless reaction 5: CH2(1A1) + H2CdCH2

f cyclopropane. Curvature (blue), some of the adiabatic curvature coupling coefficients (green, red, purple), and reaction phases (except van
der Waals) are shown. B3LYP/6-31G(d,p) calculations.18
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out a transition state (dissociation of H2; addition of methyl-

ene to ethene) possesses a nontrivial mechanism and

encounters two or more reaction phases along the reaction

path. The analysis of the mechanism in terms of reaction

phases for prototypical chemical reactions reveals that the

chemical processes of bond breaking and forming can take

place close to the transition state or far away in exit and

entrance channel. The fate of a reaction is determined in the

van der Waals phase.15 The adiabatic curvature coupling coef-

ficients describing chemical processes can be related to bond

strength as probed under the polarizing ability of an attack-

ing reaction partner. Specific transient points along the reac-

tion path associated with a curvature minimum can be converted

to stationary points (transition state or minimum) if the reaction

complex or the reaction conditions are changed in a specific way.

Therefore, it is justified to call these transient points hidden inter-
mediates or hidden transition states. Examples have been given

for the cycloaddition of HX to multiple bonds and the chelotro-

pic addition of carbenes to ethene.15,18

The analysis of the mechanism of a chemical reaction as

described in this Account bears a large potential. Current work

in this research area aims at the quick comparison of dozens

of chemical reactions, including the reactions of biomolecules,

reactions in solution, and homogenously or heterogeneously

catalyzed reactions (reactions on surfaces), which is supported

by the development of more efficient reaction path following

methods.33 These investigations will lead to new insights and

advance chemistry toward a control of chemical reactions as

needed for the energy-conserving production of new materi-

als under environment-protecting conditions.
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