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ABSTRACT
Turnstile rotation is a well-known polytopal rearrangement mechanism in coordination compounds, yet its computational de-
scription is often hindered by the challenges of conventional internal coordinates to represent such collective, large-amplitude 
motions. In this work, we present a mathematical formulation for generalized N-arm turnstile rotation, a dedicated PyMOL 
plugin (gTA) for intuitive structure visualization and a command-line utility (gTA-cli) for structure manipulation. On this basis, 
we develop a practical computational workflow that combines turnstile rotation-driven relaxed scans with two downstream 
routes to locate the transition states. The generality of the approach is demonstrated through five chemically diverse case studies, 
ranging from classical rearrangements in SF4, IF7, and [Co(en)3]3+ to previously unexplored fluxional processes in bismuth and 
nickel complexes. In all cases, the method enables the identification of transition states associated with pronounced polytopal 
rearrangements that are difficult to access using standard coordinate schemes. These results establish generalized turnstile rota-
tion as a fundamental molecular motion and highlight its potential as a broadly applicable strategy for studying fluxionality and 
dynamic stereochemistry in coordination chemistry. The PyMOL plugin gTA and the Python utility gTA-cli with the associated 
relaxed scan workflows are open-source and freely available on Github at https://​github.​com/​smutao/​gTA-​plugin and https://​
github.​com/​smutao/​gTA-​workflow, respectively.

1   |   Introduction

The accurate computational description of large-amplitude, 
collective rearrangements remains a central challenge in the 
study of fluxional coordination compounds. Many stereo-
chemical interconversions in main-group and transition-metal 
complexes involve concerted ligand motions that cannot be nat-
urally expressed in terms of simple bond-length, bond-angle, or 
dihedral-angle distortions. As a consequence, identifying appro-
priate reaction coordinates with relaxed scans and transition 
state (TS) searches often becomes nontrivial, limiting the practi-
cal exploration of complex polytopal rearrangements using stan-
dard quantum-chemical tools.

One representative class of such collective motions is the turn-
stile rotation, a type of polytopal rearrangement [1, 2] encoun-
tered in coordination compounds.

The concept was first introduced in 1971 by Ugi, Ramirez, 
and coworkers to describe an isomerization mechanism in 
which five ligating atoms partition into a two-membered pair 
(one apical, one equatorial) and a three-membered trio (the 
remaining ligands) [3, 4]. These two subsets undergo a coor-
dinated internal rotation of approximately 60° relative to each 
other, functioning analogously to a mechanical turnstile and 
enabling positional exchange. This model provided an expla-
nation for rapid stereoisomerization in constrained polycyclic 
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phosphoranes, where alternative mechanisms such as Berry 
pseudorotation (BPR) would require energetically unfavorable 
intermediates.

Subsequent theoretical developments refined this mechanistic 
picture. In 2010, Couzijn and coworkers revisited the stereomu-
tation landscape using density functional theory (DFT) com-
bined with internal coordinate analysis [5]. They demonstrated 
that Ugi's original turnstile rotation is topologically equivalent to 
BPR when overall molecular reorientation is neglected. Instead, 
they identified two higher-order concerted mechanisms, de-
noted M2 and M3, which proceed via multiple Berry-type defor-
mations. The M2 mechanism corresponds to a threefold cyclic 
permutation involving an effective 120° rotation and closely 
resembles a mechanical three-arm turnstile, whereas the M3 
mechanism corresponds to a 180° two-arm turnstile rotation 
composed of three consecutive Berry motions. On this basis, the 
term “turnstile rotation” was reassigned specifically to the M2 
pathway.

Beyond these prototypical systems, turnstile-like motions have 
been identified in a broad range of fluxional processes. Our 
recent theoretical studies of rhenium polyhydride complexes 
ReH5(PPh3)2(py) and ReH2−

9
 revealed turnstile rotation mecha-

nisms operative in both solution and crystalline environments 
[6, 7]. Similar fluxional behavior was later observed in related 
Re–NHC polyhydride systems by Grieco and co-workers [8]. 
Moreover, several other well-known polytopal rearrangements, 
including Bailar and Ray–Dutt twists in hexacoordinate tris-
chelates, the Bartell mechanism in iodine heptafluoride (IF7), 
and the lever mechanism in sulfur tetrafluoride (SF4), exhibit 
reaction pathways that are closely related to turnstile-type col-
lective motions (see Table  1) [5, 9]. Taken together, these ob-
servations suggest that turnstile rotation represents a broadly 
relevant class of molecular motion rather than a narrowly de-
fined mechanistic special case.

Despite its apparent prevalence, the molecular modeling of 
turnstile rotation remains challenging within standard com-
putational chemistry workflows. A central difficulty lies in the 

absence of reaction coordinates specifically designed to describe 
this type of concerted polytopal rearrangement. Conventional 
internal coordinates including bond lengths, bond angles, di-
hedral angles, and out-of-plane torsions, do not provide a intui-
tive or generally applicable representation of turnstile rotation. 
As a result, relaxed scans often rely on ad hoc combinations of 
multiple coordinates, and the systematic identification of TSs 
associated with such motions becomes inefficient or unreliable. 
Although the adoption of dummy atoms may serve as a work-
around in certain cases (e.g., the lever mechanism in SF4), such 
approaches require expert knowledge of the Z-matrix formal-
ism and are difficult to be generalized and automated. A dedi-
cated structure parameter tailored explicitly to turnstile rotation 
would therefore be of substantial practical value for exploring 
complex rearrangement mechanisms.

In our previous work, we developed a curvilinear coordinate 
system for describing polytopal rearrangements based on dis-
placements along vibrational normal modes [2]. This frame-
work is applicable to coordination compounds ranging from 
tetra- to hepta-coordinate geometries and spans the complete 
configuration space of the first coordination sphere ABn. Its im-
plementation in an in-house version of the Gaussian package 
[10] enables relaxed scans using these curvilinear coordinates 
for the central ABn motif, combined with a Z-matrix descrip-
tion of the outer-layer atoms. Related approaches have been 
proposed by Canfield, Crossley, and coworkers, who employed 
angle-changing vibrational normal modes under the assump-
tion of rigid bonds to generate an orthonormal basis spanning 
the stereoisomeric configuration space [11, 12]. Nevertheless, 
when applied specifically to turnstile rotation, these normal-
mode-based approaches require the prudent selection and 
combination of multiple vibrational modes, and the resulting 
reaction coordinates are neither unique nor intuitive. This 
practical ambiguity limits their routine use in relaxed scans 
and complicates the systematic location of TSs associated with 
turnstile-type rearrangements. More generally, the lack of a 
single, well-defined coordinate that directly encodes turnstile 
rotation has hindered the development of transferable and ef-
ficient workflows for studying such collective motions.

TABLE 1    |    Comparison of polytopal rearrangement mechanisms relevent to turnstile rotation.

Polytopal rearrangement Example compound
Coordination 

number
Turnstile 

arm atoms

Modeled 
via internal 

coordinates?a

Lever mechanism SF4 4 3 Possibleb

Bartell mechanism IF7 7 2 Not clear

Bailar twist Λ-GaIII(mda)3 6 3 Not clear

Ray-Dutt twist Λ-GaIII(mda)3 6 2c Not clear

Muetterties M2 Spirocyclic 
pentaorganylsilicate

5 3 Yes

Muetterties M3 Caged phosphorane 5 2 Yes

Circle dance mechanism K2ReH9 solid 9 5 Possibled

aVia conventional internal coordinates.
bPossibly achievable using augmented internal coordinates with auxiliary dummy atoms; we have not identified a published SF4 example.
cWith two turnstiles.
dWith interpolation of Cartesian coordinates.
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Motivated by these limitations, we introduce generalized turn-
stile rotation as an elementary collective motion that can be 
expressed as a standalone, mathematically explicit coordi-
nate. This formulation enables turnstile rotation to be driven 
directly in relaxed scans, providing a controlled and chemi-
cally transparent pathway for exploring complex polytopal 
rearrangements.

The paper is organized as follows. We first present the math-
ematical formulation of generalized turnstile rotation and 
then describe its implementation in two complementary 
tools: a PyMOL plugin for intuitive motion visualization and 
molecular structure editing, and a Python utility program 
for scriptable structure manipulation and workflow integra-
tion. We  next introduce a turnstile rotation-driven relaxed 
scan workflow and demonstrate its performance across five 
representative case studies encompassing both classical and 
previously unexplored fluxional processes. These examples 
illustrate how the proposed methodology facilitates the sys-
tematic identification of TSs associated with large-amplitude 
polytopal rearrangements. Computational details are pro-
vided thereafter, and the main conclusions are summarized 
in the final section.

2   |   Formulation

For an N-arm turnstile commonly seen in real life where N is 
usually 3 (see Figure 1), all arms have identical length and they 
rotate around an invisible CN axis with the interval of 360/N de-
grees. The endpoints of these N arms lie on a circle, and these N 
points divide the circle into N equal arcs.

However, the turnstile-like geometry in a coordination com-
pound is not guaranteed to fulfill the above requirements. 
Therefore, we provide the formulation for the generalized N-
arm turnstile rotation in this section.

Given the central atom and N  ligating atoms participating in 
the turnstile rotation in a coordination compound, the essence 
of defining such a turnstile rotation lies in specifying the rota-
tion axis passing the central atom. To determine this axis, we 
provide an explicit mathematical formulation as follows and 
the schematic illustration is provided in Figure 2.

If there are N  atoms bonded to the central atom O collectively 
forming a N-arm turnstile rotation. These N  atoms are la-
beled  with A1,A2, … ,AN (i.e., 

{
Ai

}N
i=1

 where N ≥ 3) consec-
utively in a clockwise or anticlockwise manner. We need to 
note that in real molecular structures, the distances ‖O −Ai ‖ 
and angles ∠AiOAi+1 are not necessarily identical for differ-
ent i.

Starting from point O, the point Ri is constructed by extending 
the ray toward Ai and selecting the point at a fixed distance D 
from point O (i.e., ∥ Ri −O ∥ = D). This distance D is chosen 
arbitrarily but kept the same for each i through 1 to N .

Given the point O and an unknown point Q, the line through 
Q and O uniquely defines a plane passing through Q and or-
thogonal to this line. Within this plane, a circle centered at Q 
with radius r is constructed. On this circle, N  points 

{
Fi
}N
i=1

 
are placed at equal angular intervals according to an im-
plicit phase angle � ∈ (0, 2�]. The point Q, the radius r and the 
phase angle � are then determined by minimizing the sum of 
squared distances between the points Fi and the correspond-
ing points Ri, that is,

(1)(Q∗, r∗,�∗
) = arg min

Q,r,�

N∑

i= 1

‖‖Fi−Ri
‖‖
2

FIGURE 1    |    Photo of a three-arm turnstile. This image was generat-
ed by Gemini Nano Banana model.

FIGURE 2    |    Schematic illustration for the definition of general-
ized N-arm turnstile rotation in N = 3 case. The atom O is defined 
as the origin and 3 atoms Ai (i = 1,2,3) are bonded to the central atom 
O. Each point Ri lies on the extension of the line segment from O to 
Ai, at a fixed distance from O, which is identical for all i . This semi-
sphere with point O as the center uses the above-mentioned fixed dis-
tance as the radius. Point Q is determined by minimizing the sum of 
squared distances between a set of equally spaced points Fi (which are 
not necessarily on the semisphere) on a circle centered at Q and the 
given points Ri, where the circle lies in the plane orthogonal to the line 
through Q and O. This line (colored in magenta) is then used as the 
axis for turnstile rotation.
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Then this line �⃖���⃗OQ is defined as the axis for the turnstile rota-
tion of the given set of atoms 

{
Ai

}N
i=1

. Noteworthy is that this 

axis of rotation is unchanged no matter how much the turn-
stile rotates.

For the case of N = 2, point 
{
Fi
}2
i=1

 is defined as point 
{
Ri
}2
i=1

 so 

that point Q lies on the angle bisector of ∠R1OR2.

One may ask why the auxiliary points 
{
Fi
}N
i=1

 are introduced 

rather than determining Q directly from the given points 
{
Ri
}N
i=1

, 

for example by minimizing the sum of distances or squared dis-
tances between Q and the Ri points. Such a direct minimization 
would merely define a best-fit center for the set 

{
Ri
}N
i=1

 and 

would not explicitly encode the defining symmetry of an ideal 
N-arm turnstile. In contrast, the present formulation deter-

mines Q by fitting 
{
Ri
}N
i=1

 to a set of equally spaced points on a 

circle lying in the plane perpendicular to �⃖���⃗OQ. In this way, the 
cyclic symmetry of the turnstile is built directly into the optimi-
zation problem rather than inferred indirectly from a point cloud.

This choice is also physically reasonable. Although real molecu-
lar structures are generally distorted, the ligating atoms partici-
pating in a turnstile rotation are still expected to distribute 
around the rotation axis in an approximately uniform angular 
fashion because of short-range interligand repulsion. Therefore, 
the circle with equally spaced 

{
Fi
}N
i=1

 serves as a natural refer-

ence geometry rather than an artificial constraint. Conceptually 
related constructions have been used in the formulation of ring 
deformation coordinates for Jahn–Teller-type distortions, where 
molecular deformations are defined with respect to a regular N-
gon reference geometry [13]. In the present context, the intro-
duction of 

{
Fi
}N
i=1

 provides a similarly symmetric and 

mathematically transparent reference for defining generalized 
turnstile rotation.

3   |   PyMOL Plugin for Visualizing Turnstile 
Rotation

In this work, we have developed a user-friendly PyMOL [14, 15] 
plugin gTA (abbreviated for generalized Turnstile Assistant) to 
help visualize generalized N-arm turnstile rotation formulated 
in the last section.

After loading the molecular structure of a coordination com-
plex into PyMOL program, we can visualize the turnstile rota-
tion and conduct the structure editing in the following steps:

•	 Launch the gTA plugin in PyMOL software

•	 Click the Start button in the gTA GUI window (see 
Figure 3)

•	 Use mouse to click on the central atom (also called anchor 
in this plugin) in the PyMOL viewer area

•	 Use mouse to click on a turnstile arm atom (i.e., the atom 
chemically bonded to the central atom), then click Arm Atom 
Selection Done button in the PyMOL wizard menu

•	 Repeat last step until all N arm atoms have been selected in 
clockwise/anticlockwise order

•	 Click the Picking Finished button within the gTA GUI 
window

•	 Use the slider to adjust the turnstile rotation angle (which is 
defined by taking the initial structure as the reference)

It is worth noting that all of the ligand atoms participating in 
the turnstile rotation are automatically inferred based on con-
nectivity information although only the ligating arm atoms are 
selected via mouse clicks.

The source code for this plugin is available at https://​github.​
com/​smutao/​gTA-​plugin.

4   |   Python Utility Program for Modeling Turnstile 
Rotation

In addition to the PyMOL plugin, we have also developed a 
Python utility program gTA-cli (abbreviated for command-
line interface for generalized Turnstile Assistant).

While the PyMOL plugin is convenient for interactive visual-
ization and manual structure editing, it is not ideally suited for 
tasks that require reproducibility, batch processing, or direct in-
tegration into automated computational workflows. In particu-
lar, repeated generation of turnstile-rotated structures at many 
consecutive angles is cumbersome in a graphical environment 
and difficult to incorporate into script-based quantum-chemical 
studies. To address these limitations, gTA-cli provides a non-
interactive implementation of the same generalized turnstile ro-
tation formalism in a command-line environment.

The utility accepts a molecular structure file together with user-
defined turnstile specifications, including the central atom, the 
ordered set of arm atoms, and the desired rotation angle. In this 
way, it reproduces the core functionalities of the PyMOL plugin 
without manual intervention. In addition, gTA-cli offers 
several features that are particularly useful in computational 
practice. First, it can generate a series of output structures cor-
responding to multiple rotation angles in a single run, which is 
advantageous for constructing scan trajectories or preparing 
structure ensembles. Second, it supports the simultaneous ap-
plication of multiple turnstile rotations within one molecule, 
provided that no overlap exists among the arm atoms assigned 
to different turnstiles. Third, the rotation can be applied either 
to the arm atoms alone, corresponding to a first-coordination-
sphere treatment, or to the arm atoms together with all atoms 
connected to them, thereby enabling rigid-fragment-like manip-
ulation of entire ligand substructures.

These capabilities make gTA-cli a practical bridge between 
the conceptual definition of generalized turnstile rotation and 
its routine use in molecular modeling. In the present work, this 
utility serves as the structure-generation engine for the turn-
stile rotation-driven relaxed scan workflow described in the 
following section. More generally, its scriptable design makes it 
suitable for high-throughput exploration of fluxional pathways, 
automated generation of constrained optimization inputs, and 
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systematic studies of polytopal rearrangements in chemically 
diverse coordination compounds.

The source code for this utility is available at https://​github.​com/​
smutao/​gTA-​workflow.

5   |   Workflow for Turnstile Rotation-Driven Relaxed 
Scan and Downstream Routes for Finding TS

As demonstrated in our previous studies, [6, 7] turnstile rota-
tion is a fluxional process that can be investigated theoretically 
using quantum-chemical calculations to assess the plausibility 
of proposed mechanisms and to interpret experimental obser-
vations, such as NMR data. A central challenge in modeling 
turnstile rotation, as well as other fluxional rearrangements, 
is the identification of the TS structure connecting the reactant 
and product minima. In practical computational studies, reac-
tion pathways are often explored using the coordinate-driving 
approach, [16–21] in which a relaxed scan is performed along se-
lected internal coordinates. Such scans provide an approximate 

reaction pathway and allow the identification of an approximate 
transition state (aTS) as the saddle point on the scanned energy 
profile. The resulting aTS geometry can then be used as an ini-
tial guess for locating the real transition state (rTS), defined as 
a first-order saddle point on the potential energy surface (PES).

In this work, we introduce a dedicated workflow for turnstile 
rotation–driven relaxed scans aimed specifically at the efficient 
generation of aTS structures (Figure 4). In conventional relaxed 
scan protocols implemented in mainstream quantum chemistry 
packages, one or two internal coordinates (e.g., bond lengths, 
bond angles, or dihedral angles) are selected as scan variables 
while all remaining degrees of freedom are optimized. However, 
for turnstile rotation, such a treatment is not directly applicable. 
Our formulation of generalized turnstile rotation defines a rela-
tive rotation angle rather than an absolute internal coordinate, 
necessitating the use of constrained geometry optimization (also 
referred to as frozen-atom optimization) to emulate a relaxed scan.

Within the proposed workflow (see Figure 4), each step of the re-
laxed scan consists of two sequential operations. First, an N-arm 

FIGURE 3    |    The gTA PyMOL plugin including a graphical user interface (GUI) window and wizard interface.
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turnstile rotation is applied by incrementing the rotation angle 
by a small amount Δ� (typically 5°), where N denotes the num-
ber of ligating atoms involved (N ≥ 2). This operation is per-
formed using the utility Python program gTA-cli leading to a 
perturbed geometry. Second, a constrained geometry optimiza-
tion is carried out in which the Cartesian coordinates of selected 
atoms within the first coordination sphere are held fixed. It is 
important to note that freezing only the rotated N-arm ligating 
atoms during the constrained optimization is insufficient, as 
this can lead to an overall rigid-body rotation of the molecule. In 
order to speed up the calculation (especially for large coordina-
tion complexes), we may employ some technical tricks like using 
loose convergence criteria and fixed cycle numbers for geometry 
optimization to avoid expensive force evaluations in this con-
strained optimization step. The above-mentioned two sub-steps 
are repeated a predefined number of times and the optimized 
geometry from prior step is used as the updated starting geome-
try for the next step.

The output of this workflow includes the relaxed scan trajecto-
ries and the corresponding energy profile from which the aTS 
point can be easily identified as the local maxima point. If the 
number of scan steps is large enough, a trough point after aTS is 
considered as the approximate product geometry.

Such relaxed scan treats the turnstile structure as a rigid body 
and ignores the potential geometrical strain (induced by turn-
stile rotation) within the first coordination sphere. We believe 
that this additional strain energy can be subsequently relieved 
during geometry relaxation in downstream routes.

A key advantage of the proposed relaxed scan workflow is its 
ease of implementation. Unlike our previous approach, [2] it 
does not require modification of the source code of quantum 
chemistry packages (e.g., the calculation of Wilson B-matrix 
for the new geometry parameter) and can therefore be read-
ily interfaced with existing electronic-structure methods. This 
flexibility also opens the door to integrating machine learning 
potentials (MLPs) into the exploration of turnstile rotation 
mechanisms. All scripts required to perform the workflow 
are provided and interfaced with the xTB [22] and ORCA [23] 
programs. They are available on GitHub at https://​github.​com/​
smutao/​gTA-​workflow.

Following the relaxed scan, two downstream routes can be 
employed to locate the rTS, as illustrated in the right panel of 
Figure  4. The first route is direct transition-state refinement 
starting from the aTS geometry identified on the scan profile. 
In standard quantum-chemical packages, transition-state 

FIGURE 4    |    Flowchart of the workflow for turnstile rotation driven relaxed scan (left panel), along with the downstream TS refinement and NEB 
routes (right panel).
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optimization is typically carried out using an eigenvector-
following strategy; for example, in ORCA this is implemented 
through a partitioned rational function optimization (P-RFO) 
step using an initial TS guess [24]. If successful, this proce-
dure yields the rTS as a first-order saddle point on the PES. To 
improve the robustness of the optimization, it is often neces-
sary to recompute the Hessian matrix during the optimization, 
which can become computationally demanding for medium-
sized and large systems. Moreover, this direct refinement route 
is not guaranteed to succeed in every case, because the aTS 
structure generated by the present relaxed scan still reflects 
the influence of additional positional constraints beyond the 
turnstile rotation itself.

As a more robust alternative, we employ a second route based 
on the nudged elastic band (NEB) method [25]. Compared with 
direct TS refinement, this route requires two additional struc-
tures: the initial geometry used to start the relaxed scan and a 
product geometry obtained by further optimization of the ap-
proximate product structure identified from the scan trajectory. 
Together with the aTS structure as the TS guess, these geome-
tries define the endpoints and an internal reference for the NEB 
calculation. In principle, one might argue that the aTS structure 
is unnecessary for the NEB route and that the two endpoint 
structures alone should suffice. However, according to our tests, 
the image-dependent pair potential (IDPP) procedure used to 
generate the initial NEB path can fail for two-arm turnstile rota-
tion processes in which the initial and final structures differ by 
an approximately 180° rotation of a ligand. In such cases, IDPP 
is unable to provide suitable interpolated images unless the aTS 
geometry is supplied as an internal TS guess. In its climbing-
image implementation, the NEB method can locate a candidate 
rTS with a higher success rate, while avoiding repeated Hessian 
calculations because only forces on the image structures are re-
quired during the optimization. Nevertheless, the resulting TS 
candidate should still be confirmed by subsequent harmonic 
vibrational analysis to verify that it corresponds to a true first-
order saddle point.

An additional benefit of the NEB route is that the optimized 
chain of images provides an approximate minimum-energy re-
action path for the polytopal rearrangement. This information is 
useful not only for locating the rTS structure, but also for analyz-
ing the overall progression of the fluxional motion in structural 
terms. For these reasons, the NEB route becomes the preferred 
option when direct TS refinement from the aTS structure fails 
or when the system size renders repeated Hessian evaluations 
prohibitively expensive.

6   |   Application in Modeling Turnstile Rotation 
Mechanisms

In the following, the application of the workflow proposed in 
the last section is showcased in detail. We investigated five 
chemically diverse molecular systems, ranging from previously 
reported fluxional mechanisms to previously unexplored rear-
rangements, with the help of generalized turnstile rotation to 
identify approximate TS structures along the relaxed scan en-
ergy profile.

6.1   |   Lever Mechanism of Sulfur Tetrafluoride 
(SF4 )

The lever mechanism in SF4 molecule is an important fluxional 
mechanism in additional to the well-known BPR [26]. However, 
to find the TS structure of lever mechanism is technically chal-
lenging due to the complicated PES where three TS points for 
lever mechanisms surrounds a second-order saddle point ac-
cording to our previous study with the help of a dedicated curvi-
linear coordinate system [2, 27]. After careful inspection of the 
reaction path for lever mechanism, we realize that this fluxional 
mechanism can be simplified as a three-arm turnstile rotation 
and the relaxed scan workflow introduced in this work can 
be applied to find the TS structure starting from the reactant 
structure.

As shown in Figure 5, we select three F atoms along with the 
central S atom as the three-arm turnstile motif, and use all four 
F atoms in the geometry constraint. We use 5° as the step size for 
the relaxed scan. The energy profile of relaxed scan shows a sad-
dle point (aTS) at step 15 and the structure at step 26 is very sim-
ilar to the starting structure regardless of the atom permutation.

By using the aTS structure as the initial guess, we successfully 
obtained the rTS structure with DFT calculations. Further 
structure alignment for aTS and rTS (see Figure 6) demonstrates 
high similarity.

6.2   |   Bartell Mechanism of Iodine Heptafluoride 
(IF7)

The Bartell mechanism in iodine heptafluoride is a classical ex-
ample of heptacoordinate fluxionality [28]. In structural terms, 
this rearrangement is dominated by the twisting of two neigh-
boring fluorine atoms in the equatorial plane of IF7, which can 
be straightforwardly modeled as a two-arm turnstile rotation. 
Such a description naturally captures the positional interchange 
of the two equatorial fluorine atoms and therefore provides a 
suitable test case for the workflow proposed in this work.

As shown in Figure 7, we selected the two rotating fluorine 
atoms labeled with 1 and 2 as the turnstile atoms. During 
the constrained optimization following each turnstile rota-
tion step, these two atoms together with the other two fluo-
rine atoms in the equatorial plane labeled with 3 and 4 were 
fixed. The relaxed scan was performed with a step size of 5° 
per step. The resulting energy profile is smooth and leads to 
a well-defined aTS point. By refining this aTS structure, we 
successfully identified the rTS structure, and the resulting en-
ergy barrier is only 3.3 kcal/mol, which is consistent with the 
highly fluxional nature of IF7.

As shown in Figure  8, the aTS and rTS structures are highly 
similar, with an RMSD of only 0.42 Å after alignment over all 
eight atoms. Both structures adopt C2v symmetry, further sup-
porting that the aTS geometry obtained from the turnstile 
rotation-driven relaxed scan provides a reliable initial guess 
for transition-state optimization. A subtle difference can never-
theless be noted in the detailed symmetry pattern: in the aTS 

 1096987x, 2026, 16, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcc.70432 by E

lfi K
raka - SO

U
T

H
E

R
N

 M
E

T
H

O
D

IST
 U

N
IV

E
R

SIT
Y

 T
H

E
O

L
O

G
Y

 , W
iley O

nline L
ibrary on [13/06/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 15 Journal of Computational Chemistry, 2026

structure, the first mirror plane contains six atoms, whereas the 
corresponding mirror plane in the rTS structure contains only 
four atoms.

6.3   |   Bailar Twist of Tris(Ethylenediamine)
cobalt(III)

Tris(ethylenediamine)cobalt(III) is one tris-chelate metal com-
plex first described in 1910s [29]. Its molecular structure takes 
D3 symmetry in either Δ or Λ enantiomeric form. Unlike other 
tris-chelate metal complexes (e.g., Sciii, Tiiv) whose racemiza-
tion mechanisms including Bailar twist and Ray-Dutt twist are 
well studied experimentally and theoretically, the nondissocia-
tive racemization mechanisms for Coiii tris chelates were not 
found due to the very high energy barrier of the potential race-
mization process according to the DFT calculations by Rzepa 
and co-workers [30]. We pick [Co(en)3]3+ as the system of interest 
because this compound was reported to be extremely stable as 
it undergoes no racemization in solution at room temperature 
after 3 months [31, 32]. Therefore, it is still interesting to obtain 
the energy barrier for the racemization mechanism in this com-
pound although such data have been unaccessible via experi-
ments or theoretical calculations in prior studies.

In this work, we employed the turnstile rotation driven relaxed 
scan workflow to study the Bailar twist motion in [Co(en)3]3+. As 
shown in Figure 9, we used the energetically optimized structure 
of its Λ form as the starting point. The cobalt atom is defined as 
the center atom and three symmetry-equivalent N donor atoms 
are considered as three-arm turnstile atoms. During the scan-
ning process towards its Δ form, all six N donor atoms in the first 
coordination sphere are constrained during relaxation after the 
turnstile rotation move in each scan step.

We conducted the relaxed scan for 24 additional steps and each 
step rotates the turnstile motif by 5°. The energy profile climbs 
up to 95 kcal/mol till step 12 and gradually reaches 0 kcal/mol at 

FIGURE 5    |    Energy profile along the turnstile rotation driven relaxed scan path for SF4. The first scan step corresponds to the starting struc-
ture. aTS and rTS are abbreviations for approximate and rTSs, respectively. The blue arrows in the starting structure denote the turnstile rotation 
direction.

FIGURE 6    |    Alignment of rTS and aTS geometries for the lever 
mechanism of SF4. The rTS structure uses colored spheres (yellow and 
cyan) while the aTS structure uses gray color. The rTS structure takes 
C2v symmetry where the mirror plane contains atoms 1, 2, and 3. The 
alignment was conducted for all 5 atoms with RMSD = 0.33 Å.
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step 22. The aTS structure at step 12 takes a near-C3h symmetry 
and the 22nd step structure returns to D3 symmetry.

Then we used the aTS geometry as the initial guess to find the 
first-order saddle point (i.e., TS) on the PES and successfully 

found the rTS structure which is further confirmed by harmonic 
vibrational analysis. As shown in Figure 9, the energy barrier 
obtained from DFT calculations for Bailar twist is up to 57 kcal/
mol which is consistent with the observation of no racemization 
in experiments.

We notice a large energy discrepency between the aTS and rTS 
points, however, this apparent anormaly falls within expecta-
tions because of the constraint used in the relaxed scan work-
flow. The key point here is that the aTS structure identified by 
this workflow is very similar to the rTS structure which is oth-
erwise difficult to obtain.

As shown in Figure 10, we have conducted structure alignment 
between aTS and rTS with regard to the 7 atoms within the first 
coordination sphere which are constrained during scanning, the 
deviation is very small with RMSD = 0.27 Å.

For the Ray-Dutt twist mechanism, we also applied the turnstile 
rotation-driven relaxed scan workflow in an attempt to identify 
the aTS structure. In this case, the N donor atoms belonging 
to two ethylenediamine ligands were treated as two indepen-
dent two-arm turnstiles and rotated simultaneously during the 
scan. In addition, these four N donor atoms were constrained 
during the subsequent geometry relaxation. Although an aTS 
structure could be identified along the scan profile, it did not 
converge to an rTS structure, that is, a first-order saddle point, 
upon transition-state optimization. We therefore turned to the 
NEB route, using the starting geometry, the approximate prod-
uct geometry, and the aTS geometry as the reactant, product, 
and TS guess structures, respectively. The resulting reaction 
path reveals a dissociative mechanism involving Co-N bond 

FIGURE 7    |    Energy profile along the turnstile rotation driven relaxed scan path for IF7. The first scan step corresponds to the starting structure. 
aTS and rTS are abbreviations for approximate and rTSs, respectively. The blue arrows in the starting structure denote the turnstile rotation direction.

FIGURE 8    |    Alignment of rTS and aTS geometries for the Bartell 
mechanism of IF7. The rTS structure uses colored spheres (purple and 
cyan) while the aTS structure uses gray color. Both rTS and aTS struc-
tures take C2v symmetry. The alignment was conducted for all 8 atoms 
with RMSD = 0.42 Å.
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cleavage followed by bond re-formation, with an energy barrier 
of 52.5 kcal/mol. The corresponding NEB trajectory is provided 
in the Supporting Information. Taken together, the high energy 
barriers obtained for both the Bailar twist and Ray-Dutt twist 
mechanisms provide a consistent explanation for the absence of 
racemization under ambient conditions.

6.4   |   Carboxylate Arm Flipping in Bismuth 
Compound [BiIII(LNCN)(OAc)2]

�2-carboxylate is a common bidentate ligand in coordination 
chemistry, however, its seemingly simple arm flipping motion 
by 180° has received little attention.

In this example, we choose the a bismuth(III)bis(acetate) pincer 
complex [BiIII(LNCN)(OAc)2] which is a DFT-predicted intermedi-
ate in the catalytic mechanism of electrochemical hydrogen evo-
lution mediated by the bismuth pincer complex [BiIII(LNCN)(Cl)2] 
first reported in our previous work [33]. As shown in Figure 11, 
this compound consists of a high-valent Bi(III) center coordi-
nated to the rigid N,C,N-pincer ligand and two acetate ligands.

To study the arm-flipping motion as a turnstile rotation in the 
carboxylate ligand, we select the two chelating oxygen atoms 
from one carboxylate ligand as the two-arm turnstile atoms and 
drive the relaxed scan by 5° in each step starting from the en-
ergetically minimized structure. For the relaxed scan, we con-
strained the positions of four oxygen atoms during relaxation. 
The energy profile reaches the maximum (aTS) at step 19 and 
falls back to zero at step 37, which correspond to 90° and 180° 
rotation, respectively.

By using the aTS structure as the initial guess, we successfully 
found the rTS structure which is basically identical to the aTS 
structure as shown in Figure 12.

According to our calculation, the arm flipping of �2-carboxylate 
has relatively low energy barrier of 4 kcal/mol. This means it oc-
curs almost without any barrier under ambient conditions.

FIGURE 9    |    Energy profile along the turnstile rotation driven relaxed scan path for [Co(en)3]3+. The first scan step corresponds to the starting 
structure. aTS and rTS are abbreviations for approximate and rTSs, respectively. The blue arrows in the starting structure denote the turnstile rota-
tion direction.

FIGURE 10    |    Alignment of rTS and aTS geometries for the Bailar 
twist mechanism of [Co(en)3]3+. The central cobalt atom and first coor-
dination sphere atoms are shown with sphere representation while the 
remaining atoms are shown with lines. The rTS structure uses colored 
spheres (salmon and dark blue) for the first coordination sphere and 
green color for carbon atoms in the remaining parts. The aTS structure 
uses gray color for the first coordination sphere and cyan color for car-
bon atoms in the remaining parts. The alignment was conducted for all 
7 atoms within the first coordination sphere with RMSD = 0.27 Å.
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6.5   |   U-Turn-Like Rearrangement 
of 1,2-Benzenediselenolate Ligand in Nickel(II) 
Complex [Ni(bds)(dppf)]

Four-coordinate metal complexes with two bidentate ligands 
usually adopt tetrahedral or square-planar geometries. If one 
bidentate ligand is regarded as a two-arm turnstile, its twisting 
motion may induce a tetrahedral-to-square-planar conversion or 
vice versa.

In this example, we focus on the nickel(II) complex 
[Ni(bds)(dppf)], first reported in our previous work on dihydro-
gen evolution [34]. As shown in Figure 13, this compound adopts 
a square-planar geometry defined by two selenium atoms of the 
1,2-benzenediselenolate ligand (abbreviated as bds) and two 
phosphorus atoms of the 1,1′-bis(diphenylphosphino)ferrocene 
ligand (abbreviated as dppf).

To investigate the twisting motion of the bds ligand, we started 
from the crystal structure of this compound (CSD entry FIMSUS) 
and carried out gas-phase geometry optimization. The two sele-
nium atoms of the bds ligand were then defined as the two-arm 
turnstile atoms with the nickel atom as the center. The relaxed 
scan workflow was applied using a rotation increment of 5° per 
step in the direction indicated in Figure 13, while all five atoms 
in the first coordination sphere were constrained during the 
subsequent relaxation. The resulting energy profile reaches a 
maximum (aTS) at step 14 and a minimum at step 26. We also per-
formed the relaxed scan in the opposite direction (see Supporting 
Information), but the corresponding profile suggests that rota-
tion in that direction is thermodynamically less favorable.

FIGURE 11    |    Energy profile along the turnstile rotation driven relaxed scan path for [BiIII(LNCN)(OAc)2]. The first scan step corresponds to the 
starting structure. aTS and rTS are abbreviations for approximate and rTSs, respectively. The blue arrows in the starting structure denote the turn-
stile rotation direction.

FIGURE 12    |    Alignment of rTS and aTS geometries for carboxylate 
arm flipping mechanism in [BiIII(LNCN)(OAc)2]. The central bismuth 
atom and first coordination sphere atoms are shown with sphere rep-
resentation while the remaining atoms are shown with lines. The rTS 
structure uses colored spheres (purple, red, green and dark blue) for the 
first coordination sphere and green color for carbon atoms in the re-
maining parts. The aTS structure uses gray color for the first coordina-
tion sphere and cyan color for carbon atoms in the remaining parts. The 
alignment was conducted for all 7 atoms within the first coordination 
sphere with RMSD = 0.07 Å.
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To locate the rTS point on the PES, we first attempted the di-
rect TS-refinement route by using the aTS structure as the ini-
tial guess for first-order saddle-point optimization. However, 
the optimized structure exhibited two imaginary frequen-
cies rather than one. We therefore turned to the NEB route, 
using three structures as input: (1) the starting structure (step 
1) as the reactant, (2) the step 26 structure after further ge-
ometry optimization as the product, and (3) the aTS structure 
as the TS guess. The resulting climbing-image (CI) structure 
from the NEB calculation was then used as the initial guess 
for transition-state optimization, leading to an rTS structure 
with a single imaginary frequency. This rTS structure adopts 
a pseudo-tetrahedral geometry and lies about 9 kcal/mol above 
the starting structure.

Because previous studies have suggested that nickel(II) com-
plexes tend to prefer the high-spin state (triplet) in tetrahedral 
geometries and the low-spin state (singlet) in square-planar ge-
ometries, [35] we also examined the triplet-state energy of the 
rTS structure. We found that the singlet state is about 5.9 kcal/
mol lower in energy than the triplet state, indicating that the 
pseudo-tetrahedral rTS structure still favors the low-spin elec-
tronic configuration.

Comparison of the aTS and rTS structures (see Figure 14) shows 
that in the rTS geometry the bds ligand tilts markedly toward one 
phosphorus atom, and this deviation from the aTS structure gives 
rise to the pseudo-tetrahedral arrangement. We also calculated the 
triplet-state energy of the aTS structure and found it to be about 
3.2 kcal/mol lower than the singlet state. This observation sug-
gests that departure from an ideal tetrahedral arrangement is an 

FIGURE 13    |    Energy profile along the turnstile rotation-driven relaxed scan path for [Ni(bds)(dppf)]. The first scan step corresponds to the start-
ing structure. aTS and rTS are abbreviations for approximate and rTSs, respectively. The blue arrows in the starting structure denote the turnstile 
rotation direction. The selenium atoms colored in orange-yellow are labeled with 1 and 2. The rTS point shown here was obtained through the NEB 
route followed by transition-state optimization, rather than by direct optimization starting from the aTS geometry. The energy profile for turnstile 
rotation in the opposite direction is provided in the Supporting Information.

FIGURE 14    |    Alignment of rTS and aTS geometries for the ligand 
rearrangement in [Ni(bds)(dppf)]. The central nickel atom and first co-
ordination sphere atoms are shown with sphere representation while 
the remaining atoms are shown with lines. The rTS structure uses col-
ored spheres (slate, orange, and orange-yellow) for the first coordina-
tion sphere and green for carbon atoms in the remaining parts. The aTS 
structure uses gray for the first coordination sphere and cyan for carbon 
atoms in the remaining parts. The alignment was performed using Ni 
and the two P atoms as references, and the resulting RMSD for all five 
atoms in the first coordination sphere is 0.61 Å.
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important factor in stabilizing the low-spin rTS structure. A simi-
lar trend was reported by Hill and co-workers [36].

Inspection of the interpolated trajectory connecting the starting 
structure, the rTS, and the optimized product structure derived 
from step 26 reveals that the motion of the bds ligand is not a 
simple in-place two-arm turnstile rotation. Instead, the ligand 
undergoes a pronounced displacement of its center of mass near 
the midpoint of the nominal 180° rotation. As illustrated in 
Figure 15, this motion resembles a U-turn-like rearrangement 
rather than a conventional turnstile rotation in place.

6.6   |   On the Relationship Between aTS and rTS in 
the TS Refinement Route

In the four showcase examples for which the direct TS re-
finement route was successful, the aTS and rTS structures 
can differ substantially in energy (see Table 2). In the IF7 and 
SF4 cases, for example, the aTS energies exceed the final rTS 
barrier heights by several fold. At first glance, this result may 
seem counterintuitive. However, such behavior is fully con-
sistent with the design of the present workflow. During the 
turnstile rotation-driven relaxed scan, selected atoms in the 

first coordination sphere are held fixed in order to enforce the 
target collective motion. As a consequence, the resulting aTS 
structures necessarily contain additional strain associated 
with constrained metal–ligand interactions and ligand–ligand 
repulsions within the frozen region.

For this reason, energetic proximity between aTS and rTS is not 
the primary criterion for judging the quality of an aTS structure 
in the TS refinement route. The more relevant criterion is struc-
tural proximity. As demonstrated by the alignments discussed 
above, the aTS geometries generated by the present workflow 
remain sufficiently close to the corresponding rTS structures to 
serve as high-quality initial guesses for transition-state optimi-
zation. In principle, allowing additional relaxation of selected 
bond lengths during the scan might reduce part of the excess 
strain energy. Nevertheless, the present results show that such 
refinement is not essential: the strain introduced during the con-
strained scan is readily released during the subsequent TS opti-
mization, while the mechanistically relevant structural features 
of the aTS geometry are preserved.

7   |   Computational Details

In this work, all quantum chemistry calculations including 
geometry optimization with/without constraint, harmonic vi-
brational frequencies, TS search [24] and NEB [25] path were 
performed with the ORCA 6.1.0 package [23, 37].

For the hybrid functional B3LYP calculations, the Resolution 
of Identity (RI) approximation for the Coulomb part combined 
with the Chain-of-Spheres (COSX) approximation for the ex-
change part (RIJCOSX) [38] were employed to accelerate the 
self-consistent field (SCF) procedure, with the def2/J auxil-
iary basis set [39] used for Coulomb fitting. For the pure meta-
GGA functional M06-L calculations, only the RI approximation 
for the Coulomb term (RI-J) was applied, as no exact exchange 
contribution is present [38].

SCF calculations were converged using tight convergence cri-
teria (energy change < 10−8 Eh). Geometry optimizations and 
TS searches were conducted with loose convergence criteria 
(LooseOpt) to reduce computational cost.

The SF4 and IF7 molecules were calculated at the B3LYP/
def2-SVP level, [40–44] while the cobalt, bismuth, and nickel 
complexes were calculated using the Minnesota meta-GGA 
functional M06-L [45] with Ahlrichs' def2-SVP basis set [44].

8   |   Conclusions

In this work, we proposed the generalized turnstile rotation as 
an elementary collective motion in coordination complexes and 
established its explicit mathematical formulation. This defini-
tion overcomes key limitations of conventional internal coor-
dinates, such as bond angles and dihedral angles, which often 
fail to provide an intuitive or systematic description of collective 
polytopal rearrangements. To facilitate the visualization and 
manipulation of such motions, we developed gTA (generalized 
Turnstile Assistant), a user-friendly PyMOL plugin based on 

FIGURE 15    |    Schematic comparison between conventional two-
arm turnstile rotation and a U-turn-like rearrangement. The left pan-
el uses a top-view car analogy to indicate molecular orientation by an 
arrow originating from the center of mass. This arrow symbolizes the 
orientation of the chelating atoms in a two-arm turnstile motif, such as 
the atoms labeled with 1 and 2 in Figures 11 and 13. The middle panel 
illustrates an in-place 180° two-arm turnstile rotation without an ap-
preciable shift of the center of mass, as exemplified by Figure 11. The 
right panel illustrates a related motion accompanied by a pronounced 
displacement of the center of mass during the rotation, as observed for 
[Ni(bds)(dppf)] in Figure 13. This latter motion is referred to here as a 
U-turn-like rearrangement.

TABLE 2    |    Summary of aTS-rTS energy gaps for the four examples 
successfully treated by the direct TS refinement route (kcal/mol).

Example aTS rTS rTSa Ratiob

[Co(en)3]3+ 36 58 62%

SF4 79 21 376%

[BiIII(LNCN)(OAc)2] 3 4 75%

IF7 20 3 593%
aEnergy of rTS relative to the starting structure in kcal/mol.
b(aTS − rTS) ∕ rTS.
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this mathematical framework, together with a versatile Python 
utility program, gTA-cli, for modeling turnstile rotation in mo-
lecular structures.

Building on this formulation, we introduced a practical re-
laxed scan workflow that combines turnstile rotation–driven 
coordinate driving with constrained geometry optimization. 
We demonstrated that this strategy efficiently generates aTS 
structures that serve as reliable starting points for two down-
stream routes toward the rTS, namely direct transition-state 
refinement and the NEB approach. An important advantage of 
this workflow is its accessibility: it can be implemented without 
modifying the source code of mainstream quantum chemistry 
packages, making it readily adaptable to diverse computational 
environments and amenable to future integration with machine 
learning potentials.

The applicability of the approach was demonstrated through five 
chemically diverse case studies spanning both established and 
previously unexplored fluxional mechanisms. We reproduced 
the high-barrier Bailar twist in a tris-chelate complex, reformu-
lated the lever mechanism in SF4 in terms of a three-arm turn-
stile model, and captured the low-barrier Bartell rearrangement 
in IF7, illustrating the consistency of the workflow with clas-
sical mechanistic interpretations. In the bismuth pincer com-
plex [BiIII(LNCN)(OAc)2], the method revealed the low-barrier 
nature of the carboxylate arm-flipping process. Most notably, 
in the nickel(II) complex [Ni(bds)(dppf)], we identified a pre-
viously unrecognized U-turn-like rearrangement, representing 
a distinct turnstile-type motion accompanied by a pronounced 
displacement of the ligand center of mass. This analysis further 
uncovered a correlation between the geometric distortion as-
sociated with this rearrangement and the preference for a low-
spin electronic state. Taken together, these results indicate that 
turnstile rotation constitutes a broadly relevant class of collec-
tive motion in coordination chemistry. By providing an explicit 
definition, a dedicated coordinate, and an accessible computa-
tional workflow, the present work offers a general strategy for 
exploring complex fluxional processes and advancing the un-
derstanding of dynamic stereochemistry in coordination and 
related molecular systems.

In practical terms, this framework enables the systematic gen-
eration of chemically meaningful TS guesses for concerted re-
arrangements that are difficult to access using conventional 
coordinate schemes. More broadly, it provides a foundation 
for integrating turnstile-driven coordinate exploration into 
routine mechanistic studies and automated computational 
workflows.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Data S1: The starting, aTS and rTS 
structures for all five showcase examples are provided in XYZ format. 
The ORCA .hess file of the rTS structure and the NEB trajectory for 
the U-turn-like rearrangement are also provided. The plugin code and 
workflow scripts can be found on GitHub at https://​github.​com/​smutao/​
gTA-​plugin and https://​github.​com/​smutao/​gTA-​workflow, respec-
tively. Figure S1: Energy profile along the turnstile rotation driven re-
laxed scan path for [Ni(bds)(dppf)] in the other direction. Figure S2: 
Normal mode displacement of imaginary frequency in the rTS structure 
for the U-turn mechanism in [Ni(bds)(dppf)]. This image was generated 
by PyVibMS plugin. 
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