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Transition between [R]- and [S]-Stereoisomers with-
out Bond Breaking†

Shampa Raghunathan,a‡ Komal Yadav,b‡ V. C. Rojisha,a Tanashree Jaganade,a V.
Prathyusha,a Swetha Bikkina,a Upakarasamy Lourderaj,∗b and U. Deva Priyakumar∗a

The fifty–year proposal of nondissociative racemization reaction of a tetracoordinated tetrahedral
center from one enantiomer to another via a planar transition state by Hoffmann and coworkers
has been explored by many research groups during the past five decades. A number of stable
molecules with planar tetracoordinate and higher-coordinate centers have been designed and
experimentally realized; however, there has not been a single example of molecular system that
can possibly undergo such racemization. Here we show examples of molecular species that
undergo inversion of stereochemistry around tetrahedral centers (Si, Al− and P+) either via a
planar transition state or an intermediate state using quantum mechanical, ab initio quasi-classical
dynamics calculations, and Born-Oppenheimer molecular dynamics (BOMD) simulations. This
work is expected to provide potential leads for future studies on this fundamental phenomenon in
chemistry.

1 Introduction
Preference of tetrahedral geometry by tetracoordinate carbon
centers was reported independently by van’t Hoff1 and Le Bel2 in
1874. This cornerstone principle in chemistry is so general that
no exception to this rule was found for about a century. Wyn-
berg and coworkers3 in 1965 found no optical activity for chiral
butylethylhexylpropylmethane, but ruled out the possibility of in-
terconversion between two enantiomers. Inspired by this exper-
iment, Monkhorst4 examined pathways for interconversion be-
tween enantiomers without breaking any bond (termed as stere-
omutation) using SCF calculations and concluded that it “is in
fact impossible” and that it “would require at least 2-5 times the
carbon-carbon bond energy”, indicating that bond breaking is im-
minent for the process of racemization. Hoffmann and cowork-
ers5 investigated the electronic structure of planar methane to ex-
plore means by which the planar tetracoordinate geometry could
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be stabilized such that it can act as a transition state for viable
stereomutation. Though a stable molecule was not identified,
they proposed elegant strategies by which a planar tetracoordi-
nate carbon (ptC) could be stabilized. Following this, Collins et
al.6 showed the planar forms of Li-substituted cyclopropane and
cyclopropene to be more stable than their tetrahedral counter-
parts. A year later, the first compound with a ptC center was
synthesized by Cotton and Millar.7

Next several years witnessed characterization of numerous
molecular models with a planar tetracoordinate center8–13 based
on the methane model.14 The thermodynamic stabilities of these
molecules were attained either by electronic or mechanical sta-
bilization of the planar center. The central atom of the planar
tetracoordinate molecule holds a lone pair of electrons and con-
sequently the in-plane σ -bonds are electron deficient. Therefore,
electronic stabilization is accomplished by having π-acceptors and
σ -donors as substituents.5 On the other hand, in the mechani-
cal approach, a central planar tetracoordinated carbon atom is
structurally constrained by forming a cage around it.15–21 Wong
and Radom22 showed that the planar form of methane dication
is a minimum but does not exhibit a square shape and about a
decade later Wang and Schleyer23 found similar planar form of
methane dication that lacks the lone pair in the central atom to
be a minimum on its potential energy surface (PES) and proposed
this to be an alternative model based on which a large number
of species have been designed. Recently, two hydrogenated ptC
species, CAl4H and CAl4H− were identified based on a photoelec-
tron spectroscopic and quantum chemical study.24
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For nearly fifty years, significant progress has been made in
terms of theoretical design and experimental realization of chem-
ical moieties with planar tetracoordinate carbon or isoelectronic
counterparts such as B−, N+, Si, Al− and P+.25–34 Several
molecules consisting of planar hypercoordinate centers have also
been reported.35–42

Hoffmann and coworkers5 in their seminal paper anticipated
that realizing a stable planar tetracoordinate center would be
“too much to hope” than to design one that “could serve as a
thermally accessible transition state for a classical racemization
experiment”. The studies that followed have shown the reverse
to be true where many stable planar structures have been found,
but no example that met the original objective of achieving stere-
omutation of a tetrahedral center via a planar transition state
has been identified. In cases where a molecule with a planar
center is a minimum on its PES, the corresponding tetrahedral
form is (a) structurally not plausible, (b) a higher order saddle
point, or (c) significantly high in energy. In this study, we re-
port the first ever examples of molecular models that undergo
classical racemization via a planar transition state or a planar in-
termediate state involving Si, Al− and P+ without bond dissocia-
tion. We also identify a system for which four different stereoiso-
mers are possible for a single chiral center that can intercon-
vert among themselves. We have used high-level ab initio cal-
culations, ab initio quasi-classical trajectory simulations and den-
sity functional theory (DFT) based Born-Oppenheimer molecular
dynamics (BOMD) simulations to rigorously characterize these
molecules and to calculate thermodynamic and kinetic properties
for the interconversion pathways.

2 Methodology

2.1 Quantum mechanical calculations

Geometry optimizations and frequency calculations were per-
formed at the MP2 level and single point energy calculations
were done at the CCSD(T) level using the cc-pVTZ43 basis set
employing the Gaussian 0944 program package. Potential energy
surfaces were generated at the MP2/cc-pVTZ level with respect
one or two geometric parameters as mentioned in the main text.
Quantitative agreement was obtained with the two levels of the-
ory and hence for uniformity, data from the MP2/cc-pVTZ level is
presented unless otherwise specified. To ascertain the importance
of static correlation in the isomerization pathways, CASSCF cal-
culations were performed using stationary point geometries ob-
tained at the MP2/cc-pVTZ level of theory for the X = Si and P+

systems. Two active spaces, (8,8) and (14,14) were used in the
calculations. In addition, CASPT2/cc-pVTZ calculations were also
performed using (8,8) active space to include dynamic correlation
effects.

2.2 Ab initio classical trajectory simulations

Ab initio quasi-classical trajectory simulations45 were carried out
using VENUS/NWChem programs46,47 at the MP2/cc-pVTZ level
of theory. A total of 50 trajectories were initiated from the re-
actant region using microcanonical normal mode sampling pro-
cedure.48 From the classical minimum of the reactants, an ex-

cess energy of 40.79, 40.92 and 42.95 kcal/mol for X = Si, Al−,
and P+ systems respectively were given. These energies approx-
imately correspond to the sum of average vibrational, rotational,
and translational energies of the molecule at 300 K assuming a
Boltzmann distribution. The trajectories were initiated for a total
time of 2 ps each using velocity-Verlet49 algorithm, with ab initio
forces computed at the MP2/cc-pVTZ level of theory.

2.3 Born-Oppenheimer molecular dynamics

We have performed Born-Oppenheimer molecular dynamics
(BOMD) simulations for planar p-Al−, p-Si and p-P+ using the
Car-Parrinello MD (CPMD)50 package which unifies density func-
tional theory (DFT) and MD. MP2/cc-pVTZ optimized geometries
were taken as initial structures for BOMD simulations. They
were then optimized and equilibrated. In the BOMD simula-
tions of the systems reported here, Goedecker51 type pseudopo-
tentials (in the Kleinman-Bylander52 form) have been used for
all atoms and the valence electronic orbitals were expanded in
plane waves with the maximum kinetic energy cutoff of 85 Ry-
dberg. BLYP53,54 gradient-corrected exchange-correlation func-
tional was used. The equations of motion for ions were integrated
using a molecular dynamics time step of 25 a.u. (≈ 0.6 fs). The
simulation length was 400 ps. The equilibrium temperature (300
K) was controlled with the Nose-Hoover chain thermostats.

3 Results and discussion

Motivated by the successful design of the ptC with a central car-
bon atom of molecule C(C2)((CH2)2) – a spiroconjugation of two
3-membered rings55, we have devised novel stabilized systems by
replacing the central C atom by its valence isoelectronic species
from the second row of the periodic table, X = Si, Al− and P+.
When the central spiro carbon atom is replaced by a second row
atom/ion, presumed to possess unoccupied d orbitals that are
relatively low in energy, further stabilization is expected to oc-
cur.56 Energy minimization of the tetrahedral (t-X) and planar
(p-X) forms of the structures (Figure 1a) reveals that all the t-X
structures lie about 3.5–5 kcal/mol lower in energy than the cor-
responding p-X structures. Frequency calculations characterize
the t-X structures to be minima in all three cases. The geome-
try optimizations and frequency calculations were done using the
MP2/cc-pVTZ level of theory and the energies were found to be in
good agreement with the coupled cluster CCSD(T) method (See
Figure S1 for optimized geometries, and Table S2 for energies
in the supporting information). All the discussions on the QM
and dynamics calculations are based on the results obtained us-
ing the MP2/cc-pVTZ method unless noted. The p-X, when X =
Si and Al−, are found to be transition states, where the normal
mode of the imaginary frequency corresponds to an asymmetric
rotation of the two three-membered rings about the central atom
X. Intrinsic reaction coordinate (IRC) calculations following these
normal modes lead to the tetrahedral forms along both sides of
the maximum. In other words, planar forms (X = Si and Al−)
are characterized as transition states for the stereomutation pro-
cess about central atoms – in this case, the transition between two
identical tetrahedral forms. Interestingly for X = P+, we find both
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tetrahedral (t-P+) and planar forms (p-P+) to be minima on their
PES with t-P+ lying lower in energy than p-P+ by 5.2 kcal/mol. A
transition state that connects the tetrahedral and planar minima
was identified. Additionally, complete active space self-consistent
field (CASSCF) calculations were performed in order to examine
the static correlation effect. The CASSCF energies were in sat-
isfactory agreement with the MP2 values (Refer Tables S3 and
S4 for results and associated discussion in the supporting infor-
mation). The seemingly less difference between the tetrahedral
and planar forms compared to most other systems that have been
reported so far can be understood based on the energy decompo-
sition analysis - natural orbital for chemical valence (EDA-NOCV)
calculations57,58 (See Table S5 in the supporting information).
We further calculated PESs for the variation of the angle between
two planes formed by two 3-membered rings (referred to as φ

in the rest of the manuscript) and are given in Figure 1b. For
X = Si and Al−, PESs indicate the possibility of transition be-
tween tetrahedral forms via a planar transition state. Also for the
first time we show an example of a system (X = P+) where both
tetrahedral and planar structures are minima, and the transition
between tetrahedral forms proceeds via a planar intermediate.
Accordingly, if we could design a molecular species with a chiral
central atom with similar energetics, seamless transitions among
four different isomers (R) and (S) for tetrahedral form, and (Z)
and (E) for planar from are viable (See later).

Earlier studies on spiro-(C)4X systems with planar central
atoms,55,59 indicated that those molecules are kinetically unsta-
ble due to facile ring opening reaction corresponding to the XCC-
ring (r-X and r∗-X in Figure 2a). For example, when X = C, the
planar form was found to be a minimum and the tetrahedral form
was found to be a second–order saddle point. However, the ring-
opened product was found to lie lower in energy than the planar
minimum by 31.7 kcal/mol with a barrier of only 2.1 kcal/mol.55

In order to examine how competitive the ring opening process is
with respect to the stereomutation process involving molecules
in this study, we calculated the energetics corresponding to the
ring opening pathway. The energy barriers for this process were
calculated to be 11.3 and 9.0 kcal/mol for Si and Al− systems,
respectively which are higher than those calculated for the stere-
omutation process (4.8 and 3.7 kcal/mol, respectively). Notably,
the ring-opened products are located in a very shallow region of
the PES with barriers of only 0.6 and 0.1 kcal/mol, respectively
for going back to the spiro structure indicating optimal kinetic
stability of these species. In case of the phosphonium moiety
(X = P+), the barriers for transitions between tetrahedral and
planar minima, and the ring opening process are comparable at
5.6 kcal/mol. For computing PESs, we considered geometrical
parameters, φ , that measures the deviation from the planarity
along the stereomutation pathway for interconversion of tetrahe-
dral and planar forms and θ , ∠ X–C1–C2 representing the ring
opening pathway. The different tetrahedral (t-X and t∗-X), planar
(p-X and p∗-X) and ring-opened forms (r-X and r∗-X) along with
the schematic representation of where these species lie on the
PESs consisting the two chosen coordinates are given in Figure
2a and 2b, respectively. The PESs for X = Si and Al− (Figure 2c
and 2d) clearly indicate that the stereomutation process is more

Fig. 1 a, The tetrahedral (t-X) and planar (p-X) forms of the XC4H4 moi-
ety considered in this study. b, Energy (kcal/mol) change corresponding
to the transition between two tetrahedral forms via a planar transition
state (X = Si & Al−) or a planar intermediate structure (X = P+) w.r.t. the
angle (φ , degree) between the two planes formed by the three-membered
rings as the reaction coordinate calculated at the MP2/cc-pVTZ level of
theory. The structures corresponding to key values of φ and their posi-
tions on the PES are also given. The two carbon atoms that form the
XCC ring are colored differently (silver and cyan) to distinguish the two,
and the central atom X is represented in magenta color.

facile than the ring opening process and hence the system is ex-
pected to undergo the racemization reaction more favorably than
ring opening. On the other hand, as noted earlier, the PES of X
= P+ (Figure 2e) exhibits a low energy minimum corresponding
to the tetrahedral form and a high energy minimum correspond-
ing to the planar form separated by a barrier that is comparable
to the ring opening barrier. This reveals possible competition be-
tween the two pathways. We present below the dynamics of the
racemization and ring opening reactions.

The foregoing discussion indicates that racemization may be
possible by a simple rotation about the central tetracoordinated
atom without having to necessarily break one of the covalent
bonds. We investigated the atomic-level mechanisms and the
dynamics of the racemization and ring opening reaction path-
ways using ab initio quasi-classical trajectory simulations60 at the
MP2/cc-pVTZ level of theory. Sets of 50 trajectories for each sys-
tem were initiated from the reactant region using a microcanoni-
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Fig. 2 PESs of the three systems indicating possible racemization process. a, Schematic representation of the structures of the tetrahedral
(t-X and t∗-X), planar (p-X and p∗-X) and ring-opened (r-X and r∗-X) states examined on the PESs. b, Schematic representation of the PES given
in c, d and e. Approximate regions of locations of six different species shown in a on the PES are also indicated. c, d, and e, Potential energy
surfaces corresponding to the transitions among the tetrahedral, planar and the ring-opened states calculated as a function of the angle between two
three-membered rings (φ , degree), and the ∠ X–C1–C2 (θ , degree) for X = Si, Al− and P− respectively obtained at the MP2/cc-pVTZ level of theory.
The θ , radial axis is scaled using a nonlinear function for clarity.

cal ensemble with a total energy corresponding to the sum of av-
erage vibrational and rotational energies assuming a Boltzmann
distribution at 300 K. The total energies available from the clas-
sical minima of the reactants were 40.8, 40.9, and 43.0 kcal/mol
for Si, Al−, and P+ systems, respectively. All the trajectories were
integrated for 2 ps each. Out of these 150 trajectories, 5, 28, and
35 were reactive for X = Si, Al−, and P+, respectively; i.e. they
showed either racemization or ring opening reaction. The trajec-
tories were analyzed along the θ and φ coordinates as defined
above and a representative trajectory for each system is given in
Figure 3. Racemization was observed in 4 out of 5, 27 out of
28 and 4 out of 35 reactive trajectories for X = Si, Al−, and P+

respectively (See Figure S3, S4 and S5 in the supporting informa-

tion). We can see that for X = Si and Al− systems, the trajecto-
ries initially scan through the reactant region of the PES before
the stereomutation process. In addition, we can observe multiple
isomerizations happen including recrossing of trajectories. For
X = P+, due to a larger barrier for stereomutation pathway, the
trajectory exhibits less events of stereomutation within the inte-
gration time of 2 ps. As anticipated based on the barrier heights
(Figure 2), P+ system exhibited more ring opening events and is
negligible for the other two compared to the number of racem-
ization events. It is interesting to note that although the barriers
for the racemization and the ring opening pathways are similar,
31 trajectories followed the latter pathway and only 4 followed
the former indicating the dynamical nature of the process. This
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clearly indicates the role of intramolecular vibrational energy re-
distribution in the reaction, that can be qualitatively understood
from the change of the vibrational frequencies along the reac-
tion path (See Figure S6 in the supporting information).61 The
Rice-Ramsperger-Kassel-Marcus (RRKM) lifetimes for the racem-
ization (0.25 ps) and ring opening (0.10 ps) pathways for X=P+

are consistent with the above observation. For the X = Si and
Al− systems, the ring-opening lifetimes are longer compared to
the racemization lifetimes owing to higher energy barriers for the
ring-opening process. However, it should be noted that dynamics
of the racemization is non-RRKM with several trajectories exhibit-
ing recrossing (For details, see Table S1 in the supporting infor-
mation).

In order to understand the kinetics of these transitions and av-
erage lifetimes of the different forms identified here along the
stereomutation and dissociation pathways, unbiased long molec-
ular dynamics simulations would be ideal. Performing such sim-
ulations at the MP2 level is not practical even with the best of
the computational facilities and hence we have performed BOMD
simulations at the DFT/BLYP level using the Goedecker51 type ef-
fective core potentials in the plane wave basis. Unfortunately, the
lower BLYP level of theory underestimates the ring opening barri-
ers and the energies of the ring-opened product compared to the
MP2 and CCSD(T) methods especially for Al− and P+ systems,
and hence only Si system is discussed here. A 400 ps long BOMD
simulation on the Si system was performed and the probability
distributions of geometrical parameters, φ and θ are presented
in Figure 4a. Maximum sampling was observed for the tetra-
hedral forms compared to the planar or the ring-opened states
consistent with the quantum mechanical calculations and quasi-
classical trajectory simulations presented above. Analysis of the
MD trajectory indicates that the C4SiH4 molecule was present in
the ring-closed state for 90% of the simulation time with the num-
ber of racemization events observed during the 400 ps time to be
148. A movie representing a part of the trajectory where inter-
conversions between two identical tetrahedral forms via a planar
transition state is given in Section 4 of the supporting informa-
tion. Such a comprehensive sampling of all possible states cor-
responding to the above mentioned two processes enabled us to
estimate the kinetic properties of the events and the average life-
times of each of these species.

The continuous-time Markov model on a finite state space
from discrete-time data was used to model dynamical events in-
volved in the transition among various metastable states of the
Si(C)4H4 molecule. We have used the MSMBuilder3.8 software
package62–65 to construct a Markov state model (MSM) using the
BOMD simulation data at a finite time interval. BOMD confor-
mations were clustered into fewer “microstates” identified based
on the ab initio calculations, e.g., closed (t, t∗ and p, p∗) and
ring-opened (r, r∗) states (See Section 4.1 in the supporting in-
formation). The number of transitions between “microstates” at
an interval of a certain lag time L were obtained from the tran-
sition probability matrix T(L ). The transition probability of a
process X going from one state i to another j was calculated as

T(L )ij = P(X(t +L ) = j|X(t) = i) (1)

Fig. 3 Stereomutation as observed in the ab initio quasi-classical
trajectory calculations. The time evolution of the three systems a (X
= Si), b (X = Al−) and b (X = P+) in a representative quasi-classical
trajectory calculation performed using the MP2/cc-pVTZ method initiated
at the tetrahedral region. The path of the trajectory is color coded based
on the time of the simulation in ps (0→2 corresponding red→blue). The
time evolution is overlaid on the corresponding PES of the three systems
given in monochrome. The θ , radial axis is scaled using a nonlinear
function for clarity.

The time-evolution of the probability of a process in a given state
is obtained as,

dP(t)
dt

= K P(t) (2)

P(t) is the probability of a process at time t; K is the rate ma-
trix, and T(L ) is given by the matrix exponential as62, T(L ) =

exp(KL ).
The Markov time, the time scale at which the model is Marko-

vian, a crucial step for an MSM, is achieved by examining the
implied time scales at different lag times. At a given L , the im-
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plied time scale tk can be calculated as66,

tk(L ) =− L

ln |λk(L )|
(3)

where, λk is kth eigenvalue of the estimated transition matrix
at L . If the model is Markovian at lag time L , implied time
scales should remain constant while using longer lag times, e.g.,
at kL , when kL > L (See Figure S8 in the supporting infor-
mation). In order to validate the results obtained from implied
timescales, we performed Chapman-Kolmogorov (CK) test which
follows, T(L )k ≈ T(kL ), using the PyEMMA package66 where,
T(L ) and T(kL ) indicate transition matrices estimated at lag
time of L and kL , respectively. The transition rates along
the two pathways are given in Figure 4b. We found the rate of
ring closing (0.72 ps−1) to be an order of magnitude faster than
that of ring opening (0.06 ps−1) indicating that the equilibrium is
shifted towards the spiro-X structure even when calculated using
a slightly underestimated barrier for ring opening using the BLYP
functional.

The mean lifetimes were computed from the dwell time distri-
butions of various states.67 Pdwell(t; t∗d ) is the probability that a
dwell has a duration of time t considering a transient disruption
time (relaxation) t∗d and can be defined as

Pdwell(t; t
∗
d ) =

1
Ndwell

Ndwell

∑
i=1

∂ [τi(t∗d )− t] (4)

So, depending on the value of t∗d , we can ignore the transient
disruption and reassociation processes. If a dwell, is disrupted
and then again reassociated with a time-difference, of say, ∆t,
and, if ∆t > t∗d the dwell is considered as a new event, else it is
still a part of the same dwell. ∂ [τi(t∗d )− t] is a delta function:

∂ [τi(t∗d )− t] =

{
0, if τi(t∗d ) 6= t

1, if τi(t∗d ) = t

τi(t∗d ) is the time duration for the ith dwell. So, τi(t∗d ) = t, if
t ≤ τi(t∗) ≤ t + dt. dt is the width of the histogram distribu-
tion class intervals. S(t; t∗d ) denotes the survival probability that
a dwell will survive even after time-length of t for a given t∗d
transient disruption time

S(t; t∗d ) = 1−
∫ t

0
dτ P(τ, t∗d ) (5)

The mean dwell time, i.e., the mean lifetime of each state at a
given t∗d can be expressed as

〈τ(t∗d )〉=
∫

∞

0
dt S(t; t∗d ) (6)

The most interesting aspect is that the racemization process was
found to be occurring at the rate of about 0.4 ps−1. Figure 4c
shows that the average lifetimes of the spiro-X, calculated directly
from the BOMD trajectory following the protocol which was ap-
plied in case of MD trajectories67, is also calculated to be signifi-
cantly longer (∼ 7 ps) than the ring-opened states (∼ 1 ps). More
details of the lifetime calculations are given in the supporting in-

Fig. 4 Extensive sampling of the racemization process, kinetics
and lifetime calculations on the Si(C)4H4 molecule calculated us-
ing the BOMD simulations. a, Probability distribution corresponding
to the change in the angle between two three-membered rings (φ , de-
gree), and the ∠ X–C1–C2 (θ , degree) showing the maximum sampling
in the tetrahedral states and possible racemization transition via the pla-
nar structure. Log scale is used for the radial axis for clarity. b, Transition
rates between tetrahedral structures (t-Si and t∗-Si) via planar transition
states (p-Si and p∗-Si), and rates for the transitions between the tetra-
hedral structures (t-Si and t∗-Si) and ring-opened states (r-Si and r∗-Si)
obtained using MSM analysis. c, Mean lifetimes of tetrahedral (blue) and
ring-opened (green) states calculated using different transient disruption
times td∗.

formation (See Section 4.2).
We then set out to identify a true chiral system that has unique

(R) and (S) configurations for which both the tetrahedral and pla-
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Fig. 5 Racemization of a true chiral system via a planar intermediate structure. a, Schematic representation of the structures of the tetrahedral
(R) and (S) isomers and possible transition between them via one of the planar intermediate structures ((Z ) or (E)). b, PES of the chiral system with
respect to the two angles (θ and φ ) calculated at the MP2/cc-pVTZ level showing two deep minima for (R) and (S) stereoisomers and two shallow
minima for (Z ) and (E) isomers. c, and d, The time evolution of the chiral structure initiated at (S) region obtained using the ab initio quasi-classical
trajectory simulations done at the MP2/6-31+G(d) level of theory. In c, (S) to (R) isomerization proceeds via the (E) isomer, whereas in d, the transition
proceeds via the (Z ) isomer. The time evolution from 0→2 ps is represented by color coding from red→blue. The θ , radial axis is scaled using a
nonlinear function for clarity.

nar forms are minima on its PES. Well over 100 different molec-
ular species with chiral Si, P+ and Al− centers were conceived
and calculations were performed on their planar and tetrahedral
forms. Similar to the parent molecules (Figure 1a), geometry op-
timization and frequency calculations were done at the MP2/cc-
pVTZ level of theory. We present here a neutral chiral molecule
with a Si center, [Si(C2NB)H2(CH3)2], whose tetrahedral and pla-
nar forms are minima (See Figure S11 in the supporting informa-
tion). Since the molecule is asymmetric about the central Si atom,
the two stereoisomers are isoenergetic. However, the two planar
forms are different and hence have different stabilities (analogous
to cis and trans forms of an alkene). We can conveniently use the
(Z) and (E) nomenclature for the planar forms (structures of the
four isomers are given in Figure 5a). The PES of these molecules
with respect to θ and φ are given in the Figure 5b and their lo-
cations on the PES are indicated in Figure 5a. Starting from the
S isomer, clockwise rotation of the three-membered Si-B-N ring
with respect to the other ring would lead to the (R) stereoisomer
via the (Z) isomer. On the other hand, anti-clockwise rotation
from the (S) isomer would give the (R) isomer via the (E) isomer.
The (Z) and (E) planar forms are 8.0 kcal/mol and 7.0 kcal/mol

higher in energy compared to the tetrahedral ((R) and (S)) (See
Figure S11 in the supporting information) forms. The two pla-
nar forms were found to be in shallow minima that would enable
them to convert to the tetrahedral states instantaneously. The
Si–B bond length of the planar forms (Z) and (E) are found to
be elongated by about 0.5 and 0.3 Å respectively, compared to
the tetrahedral forms. Hence the positions of the minima of the
planar states and the corresponding transitions in the trajecto-
ries are shifted towards slightly larger θ values (See below). The
ring-opened intermediate along the Si–N bond lies 22.6 kcal/mol
higher in energy relative to the tetrahedral form. Whereas, the
other ring-opened stucture along the Si–B bond is not a mini-
mum on its PES. In the Figure S11 of the supporting information,
we have reported one such structure lying 9.9 kcal/mol higher in
energy w.r.t. the tetrahedral form on the PES. We also performed
the ab initio quasi-classical trajectory simulations on this system
at the MP2/6-31+G(d) level. Among 45 calculations initiated at
the reactant region (S isomer), 5 were reactive, out of which, 4
exhibited racemization reactions without bond breaking (See Fig-
ure S12 and S13 in the supporting information). Two represen-
tative trajectories are given in Figure 5c and 5d, which show that
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the molecule goes from the (S) to (R) isomer via the (E) and (Z)
isomers, respectively. In summary, the energetic and dynamical
considerations of this novel chiral system clearly point to stereoin-
version upon rotation about the asymmetric atom and hence pro-
vides a fundamental model that exhibit such phenomenon. Ex-
perimental determination of molecules containing planar tetraco-
ordinate Si68 and P+ 26,69 have been reported before and hence
we hope that it is possible to realize these and/or related molec-
ular systems.

4 Conclusions
We have identified new spiro-(C)4X (X = Si, Al− and P+) ana-
logues that exhibit two hitherto unknown phenomena: (a) racem-
ization reaction via a planar transition state and (b) racemiza-
tion reaction via a planar intermediate state, both via rotation
about the central atom. State of the art theoretical calculations
(electronic structure calculations, ab initio quasi-classical trajec-
tory calculations and BOMD simulations) were done to rigorously
characterize the thermodynamic, kinetic and dynamic properties.
A true chiral neutral molecule is shown to undergo transitions be-
tween (S) and (R) isomers via proposed (E) or (Z) forms. Based
on long unbiased BOMD simulations, we estimate this racemiza-
tion process to happen at sub-picosecond timescale. We are con-
fident that this study will inspire further activity in this area in
terms of expanding the chemical search space to unravel novel
molecules where transitions between stable planar and tetrahe-
dral forms are feasible. Firstly, this will enhance our understand-
ing of the boundaries of established chemical concepts beyond
which they breakdown. Secondly, experimental realization of
such novel chemical entities may result in innovative applications
in broader fields of science and technology.
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1. Methods

EDA-NOCV analysis The nature of interactions between the C2H4X fragment and in

p-X and t-X (X = Si, Al− and P+) were analyzed by energy decomposition analysis combined

with natural orbitals for chemical valence (EDA-NOCV) analysis. [1] EDA-NOCV analysis is

performed at the BP86 level of theory with a triple-ζ basis set having two sets of polarization

functions with a frozen-core approximation for the core electrons (BP86/TZ2P) [2] using ADF

2016.107 program. [3–5]

Ab initio classical trajectory simulations Additional set of 30 trajectories for each

system were calculated, which initiated in the reactant region with higher total energies of

52.28, 48.65, and 46.60 kcal/mol for Si, Al−, and P+ systems, respectively. The number

of reactive trajectories following the racemization and the ring opening paths are given in

Table S1.

Table S1: Details of trajectories showing stereomutation initiated with higher total energies.

Systems Energy No. of trajectories showing No. of trajectories showing
(kcal/mol) stereomutation ring opening path

[Si(C4)H4] 48.65 10 1
[Al(C4)H4]

− 52.28 20 0
[P(C4)H4]

+ 46.60 2 15
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2. Results of electronic structure calculations

2.1 Energies

Table S2: Relative energies of transition states/intermediates (in kcal mol−1) obtained at
the MP2 and CCSD(T) levels of theory using the cc-pVTZ basis set. Transition state, c‡-P
corresponds to the closed-planar to closed-tetrahedral transition and r‡-X corresponds to the
ring opening transition state.

Species MP2 CCSD(T)a

[Si(C4)H4]
p-Si 4.76 4.51
t-Si 0.00 0.00

r‡-Si 11.34 8.53
r-Si 11.26 8.56

[Al(C4)H4]
−

p-Al 3.66 3.52
t-Al 0.00 0.00

r‡-Al 8.99 7.83
r-Al 8.37 7.44

[P(C4)H4]
+

p-P 5.19 4.49
c‡-P 5.63 4.30
t-P 0.00 0.00

r‡-P 5.62 3.80
r-P 5.44 1.20

a Values given from single point energy calculations at CCSD(T) level using the MP2
optimized geometries.
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It can be seen from Tables S3 and S4 that, for p-Si , the MP2/cc-pVTZ level of theory

gives lower energy than the CASSCF(8,8) and CASSCF(14,14) methods. Including static

correlation using (8,8) active space increases the r‡-Si energy. While for r‡-Si , the MP2

energy is higher than that obtained using CASSCF methods. It should be pointed that for

both p-Si and r‡-Si the largest deviation of MP2 energies from the CASSCF and CASPT2

values is only about 3 kcal/mol. In the case of X = P system, a similar trend was observed

with MP2 energies lower than the CASSCF energies and with even smaller deviations in

energies. Thus, for the ab initio dynamical simulations, the MP2/cc-pVTZ level of theory

was considered.

Table S3: Relative single point energies (in kcal mol−1) on MP2/cc-pVTZ optimized geome-
tries at CASSCF(8,8)/cc-pVTZ and CASPT2(8,8)/cc-pVTZ level of theories. Transition
state, r‡-X corresponds to the ring opening transition state.

Species MP2 CASSCF CASPT2
[Si(C4)H4]

p-Si 4.8 5.6 6.8
t-Si 0.0 0.0 0.0

r‡-Si 11.3 8.0 10.7

Table S4: Relative single point energies (in kcal mol−1) on MP2/cc-pVTZ optimized ge-
ometries at CASSCF(14,14)/cc-pVTZ level of theory. Transition state, c‡-P corresponds to
the closed-planar to closed-tetrahedral transition and r‡-X corresponds to the ring opening
transition state.

Species MP2 CASSCF
[Si(C4)H4]

p-Si 4.8 6.1
t-Si 0.0 0.0

r‡-Si 11.3 7.9
[P(C4)H4]

+

p-P 5.2 7.0
c‡-P 5.6 6.1
t-P 0.0 0.0

r‡-P 5.6 5.3

S4



2.2 Structures

Intermediates of [Si(C4)H4]
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Transition states
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Figure S1: Optimized structures and selected geometrical parameters of planar (p-X), tetra-
hedral (t-X), ring-opened (r-X) minima, and transition state (r‡-X) of X(C)4H4 systems at
MP2/cc-pVTZ level of theory; in case of X=P+, the transition state (c‡-P) responsible for
planar to tetrahedral transition. Bond distances (in Å), angle between two three-membered
rings (φ, degree), ∠X-C1-C2 (θ, degree), and Nimag representing number of imaginary fre-
quency with values given in parentheses.

Bonding analysis using EDA-NOCV method In order to get a quantitative inter-

pretation of chemical bonds to assess the stability of the planar versus tetrahedral X(C)4H4

systems we have performed the EDA-NOCV analysis. To this end, the instantaneous in-

teraction energy ∆Eint was computed between two fragments C≡C and XC2H4 units (See

Figure S2(a) for the scheme). The total interaction energy ∆Eint is decomposed as,

∆Eint = ∆EPauli + ∆Eelstat + ∆Eorb . (1)

Where 1st, 2nd and 3rd terms refer to Pauli repulsion, electrostatic and orbital interaction

energies, respectively; further the bond dissociation energy (by definition with opposite sign)

−De = (∆Eint+∆Eprep).
[1] Here ∆Eprep refers to preparation energy. The best bonding situ-

ation for p-X and t-X systems inferred from these analyses are depicted in Figure S2(b), and

results are given in Table S5. The EDA-NOCV results indicate that the nature of interaction

of the C≡C fragment with the remaining one varies from planar to tetrahedral compounds.
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Figure S2: (a) Fragmentation scheme used for EDA-NOCV analyses. (b) Best bonding
representation for p-X and t-X from EDA-NOCV analyses.

Table S5: Energy decomposition analyses (values in kcal/mol) of p-X and t-X systems at
BP86/TZ2P. X=C was considered as well for comparison.

∆Eint
a∆EPauli

a∆Eelstat ∆Eorb ∆Eprep De

p-C -173.7 434.9 -213.2 -395.4 41.4 -132.3
(35.0%) (65.0%)

t-C -314.0 642.2 -332.8 -623.4 221.5 -92.5
(34.8%) (65.2%)

p-Si -174.8 264.5 -129.9 -309.4 64.7 -110.1
(29.6%) (70.4%)

t-Si -247.3 267.6 -132.7 -382.2 135.1 -112.3
(25.8%) (74.2%)

p-Al -206.6 208.2 -116.4 -298.4 56.8 -149.8
(28.1%) (71.9%)

t-Al -232.4 214.6 -117.7 -329.3 80.4 -152.0
(26.3%) (73.7%)

p-P -134.5 326.5 -118.7 -342.4 53.4 -81.1
(25.7%) (74.3%)

t-P -139.9 329.5 -93.7 -375.8 58.0 -81.9
(20.0%) (80.0%)

aValues in parenthesis give the percentage contribution to the total attractive interactions,
(∆Eelstat + ∆Eorb).

In all three cases ∆Eorb > ∆Eelstat, hence the nature of C≡C· · ·XC2H4 can be identified as

covalent contribution to the chemical bond. Calculated EDA terms reveal that the chemical

bonding in Si and Al− systems is of electron sharing type whereas donor acceptor type in
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P+ system between two fragments. The bond dissociation energy would give an estimate

of the relative strength of the C≡C· · ·XC2H4 interaction. Here, we see De in tetrahedral

structures are larger than those in planar ones in all three isoelectronic systems (Si, Al− &

P+).
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3. Dynamics using classical trajectory calculations

3.1 Analysis of ab initio classical trajectories

The pathways of the stereomutation processes were analyzed by following the internal coor-

dinates θ and φ along the ab initio classical trajectories.

[Si(C4)H4]

Figure S3: Reactive 5 trajectories for the Si system. Time evolution (2 ps) of internal co-
ordinates: angle between two three-membered rings (φ, degree), and ∠X-C1-C2 (θ, degree).
Color coded as (0→2 ps corresponding red→blue).
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[Al(C4)H4]
−
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Figure S4: Reactive 28 trajectories for the Al− system. Time evolution (2 ps) of internal co-
ordinates: angle between two three-membered rings (φ, degree), and ∠X-C1-C2 (θ, degree).
Color coded as (0→2 ps corresponding red→blue).
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[P(C4)H4]
+

S13



S14



Figure S5: Reactive 35 trajectories for the P+ system. Time evolution (2 ps) of internal co-
ordinates: angle between two three-membered rings (φ, degree), and ∠X-C1-C2 (θ, degree).
Color coded as (0→2 ps corresponding red→blue).
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Figure S6: Comparison of harmonic vibrational frequencies along IRC paths for the
[P(C4)H4]

+ molecule. P–C symmetric stretch and asymmetric stretch; torsional and bending
vibrations.

The variation of the frequency of the asymmetric P–C stretch along the dissociative

reaction path is much larger compared to that of the variation seen for the torsional frequency.

In addition, the P–C stretching frequency falls with the range of the torsional frequency in

certain region of IRC. Thus the possibility of efficient intramolecular vibrational energy

redistribution (IVR) between the asymmetric P–C stretch and the low frequency torsional

and bending vibrations along the dissociative reaction path can be seen leading to more

trajectories following the dissociative reaction pathway. In the case of the nondissociative

isomerization, the coupling between the low frequency and the P–C stretching modes are

absent thus facilitating localization of the energies in torsional modes.

Lifetime for isomerization from the trajectories The lifetime from each trajectory

undergoing stereomutation were calculated following the angle between the planes (φ) and

∠X-C1-C2 (θ) as a function of time. Only the first event of stereomutation was considered in

calculating the lifetimes. The transition state structures for stereomutation for X = Si and

Al− are planar (φ = 0◦). Thus, the lifetime is defined as the time taken by the trajectory
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when φ changes sign (planar geometry) and θ takes a value between θ1 and θ2. The critical

values of θ1 and θ2 corresponding to the dissociative transition states are given in Table S6.

All the 28 and 5 trajectories undergoing stereomutation for X = Al− and Si, respectively

did not show any ring opening process prior to the first event of stereomutation. Finally,

the lifetimes determined from each trajectory was averaged to obtain the average lifetime

of the isomerization process. However, for X = P+, the transition state structures are non-

planar with φ = 31.5◦ and –31.5◦. The two degenerate transition states are connected via a

planar intermediate leading to a double well potential. In this scenario, the stereomutation

occurs when the the molecule crosses the second barrier (TS1′), i.e., when φ <–31.5◦. Hence

the lifetime was calculated when the trajectory crosses the clockwise (φ = –31.5◦) or anti-

clockwise transition states (φ = –148.5◦). It was found that of the 8 trajectories showing

steremutation, 4 were recrossing the TS2 (ring opening transition state) before undergoing

stereomutation. Such recrossing trajectories were not taken into account while calculating

the average lifetimes. Similar procedure was used for the calculation of lifetimes in the case

of [Si(C2NB)H2(CH3)2].

Table S6: θ and φ parameters used for the calculation of lifetimes for various systems.

Systems θ for ring opening TS (◦) φ for stereomutation (◦)
θ1 θ2 Clockwise Anticlockwise

[Si(C4)H4] 14.6 154.3 0.0 180.0
[Al(C4)H4]

− 25.2 137.8 0.0 180.0
[P(C4)H4]

+ 49.5 92.8 -31.5 -148.5
[Si(C2NB)H2(CH3)2] 17.2 148.3 -23.0 -164.1
(Si–B bond breaking)

Rice-Ramsperger-Kassel-Marcus (RRKM) Lifetimes The RRKM [6–9] rate con-

stants were computed for all the four model systems using the expression,

k(E) =
G(E − E‡)
h ρ(E)

(2)
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where G(E − E‡) is the sum of states at the transition state region, ρ(E) is the density of

states at the minima, E‡ is the barrier for the reaction, and E is the total energy above

the classical minima. The rate constants were computed with the total energy used in the

trajectory simulation. The density and sum of states were computed by classical counting at

a rotational temperature of 0 K. Since for X = Si, Al−, and P+, the systems are symmetric,

so the stereomutation via clockwise and anticlockwise rotation are degenerate and hence a

factor of two was used for the reaction path degeneracy.

However, the stereomutation for X= P+ and [Si(C2NB)H2(CH3)2] spiro systems is a two-

step process with rate constants k1 and k2: (1) R → Int1 (k1) and (2) Int1→ R′ (k2); the

overall rate constant for these systems is given by the expression K = k1/2.

The lifetimes were then computed from the RRKM rate constant values obtained (τ

=1/K). The lifetimes of all the four systems were found to be in picosecond timescales.

We have also performed a TST rate constant calculation that includes tunnelling coeffi-

cient C(T) that uses a one-dimensional Eckart barrier. We found that C(T) was only 1.01,

i.e., about 1% at 300 K.
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4. Dynamics using BOMD simulations

A continuous part of the BOMD trajectory exhibiting the transitions between t-Si and t∗-Si

via either p-Si or p∗-Si transition states is used to make a movie. The traversing of the

molecule as observed in the BOMD simulation is captured on the E(θ, φ) surface (The two

identical carbond atoms C1 and C2 are colored differently for clarity). See attached file

(r to s transition.mp4).

4.1 Kinetic analysis by MSM

We have used following geometric criteria for clustering conformations (t, t∗, r and r∗ four

representative states depicted in Figure 2(a), main text) from BOMD simulations of the

Si(C)4H4 molecule:

t : rSi−C1 ≤ 2.5, rSi−C2 ≤ 2.5, 0◦ ≤ φ ≤ 180◦

t∗: rSi−C1 ≤ 2.5, rSi−C2 ≤ 2.5, –180◦ ≤ φ ≤ 0◦

r : rSi−C1 ≤ 2.5, rSi−C2 ≥ 2.5, –180◦ ≤ φ ≤ 180◦

r∗: rSi−C1 ≥ 2.5, rSi−C2 ≤ 2.5, –180◦ ≤ φ ≤ 180◦

Bond distances are in Å, and φ refers to the angle between two three-membered rings of

the spiro-Si(C)4 motif. We have used 661160 number of conformations from a 400 ps long

trajectory with the step-size of 0.0242*25 fs = 0.605 fs (0.000605 ps).
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Figure S7: Conformational clustering of four states.
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Figure S8: Implied time scale vs. Lag time, step.
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Figure S9: Transition probabilities predicted by the MSM parameterized at lag time L=100
steps (0.06 ps)
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4.2 Lifetime of closed and open states

Dwell time distributions P (t; t∗d) of closed and open states were obtained from a 400 ps

long BOMD trajectory of the Si(C)4H4 molecule at t∗d = 0.005 ps. Survival probability

distributions S(t; t∗d) were then calculated using dwell time distributions followed by the best

fit to a triexponential function, by which the average lifetimes (Figure 4(c) in main text) of

closed and open states were calculated.

(a) (b)

(c) (d)

Figure S10: Lifetime calculations of closed (t and t∗) and open (r and r∗) states at t∗d = 0.005
ps. Dwell time distributions P (t; t∗d) for closed (a) and open (b) states. Survival probability
distributions S(t; t∗d) shown in black dots, and the best fit triexponential function for S(t; t∗d)
indicated by red line for closed (b) and open (c) states.
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5. Structures, energies and dynamics of chiral-Si sys-

tem

In case of the chiral-Si system, structures and energetics were obtained at the MP2/cc-pVTZ

level of theory. Ab inito classical trajectories were computed at the MP2/6-31+G(d) level.
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Figure S11: Optimized structures and selected geometrical parameters of two planar (p1 &
p2), tetrahedral (t) minima, and two transition states (ts1 & ts2) of the chiral-Si system at
MP2/cc-pVTZ level of theory. Bond distances (in Å), angle between two three-membered
rings (φ, degree), ∠Si-N-B (θ, degree), andNimag representing number of imaginary frequency
with values given in parentheses. Relative energies of transition states/intermediates (in kcal
mol−1) at the MP2/cc-pVTZ level of theory for the chiral-Si system. a ∠Si-B-N
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Figure S12: Reactive 5 trajectories for the chiral-Si system. Time evolution (2 ps) of internal
coordinates: angle between two three-membered rings (φ, degree), and ∠Si-N-B (θ, degree).
Color coded as (0→2 ps corresponding red→blue).
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Figure S13: PESs of the (Z) and (E) (φ = 0 and 180 degree respectively) states of the chiral
system (in kcal mol−1) with respect to ∠Si-N-B (θ, degree) obtained at the MP2/cc-pVTZ
level of theory. Five reactive trajectories (see Fig. S12), except the last one consist of seven
racemization events. The values of θ of the planar states in the trajectory during the process
of racemization are marked by inverted triangles. Based on the fact that these points lie in
the shallow potential energy minimum as that of the planar state, they were considered to
be closed state.
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