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ABSTRACT: Hydride ligands of transition metal polyhydride complexes
with a high coordination number are prone to fluxionality leading to
interesting structural dynamics. However, the underlying polytopal rearrange-
ment pathways have been rarely studied. Based on quantum chemical
calculations carried out in this work with density functional theory and
coupled-cluster theory, two new fluxional mechanisms have been identified
for the rhenium polyhydride complex ReH5(PPh3)2(pyridine) to jointly
account for two consecutive coalescence events in the variable-temperature
NMR spectra upon heating: lateral and basal three-arm turnstile rotation. The
frequently cited pseudorotation in ReH5(PPh3)2(pyridine) (Lee et al. Inorg.
Chem. 1996, 35, 695) turns out to be a three-step process including two
lateral three-arm turnstile steps and one basal turnstile step in between. The new fluxional mechanisms discovered in this work may
also exist in other transition metal polyhydrides.

■ INTRODUCTION

The stereochemical nonrigidity of coordination compounds as
an important structural property is realized via the dynamic
processes termed polytopal rearrangement,1,2 and it has
recently been utilized in designing novel functional materials.3

Representatives of this fluxionality include the well-known
Berry pseudorotation in tetra-/pentavalent compounds,4−6 the
lever mechanism in SF4,

7 the Muetterties’ mechanisms in
pentavalent compounds,2,8 the chimeric pseudorotation in
IF5,

9 Bailar and Ray-Dutt twisting in hexacoordinate tris-
chelate compounds,10,11 and the Bartell mechanism in IF7.

7,12

Dynamic NMR spectroscopy13,14 (especially variable-temper-
ature NMR) is a common technique to characterize the
stereochemical nonrigidity in coordination compounds if the
rate of the polytopal rearrangement is comparable to the NMR
timescale.15 In this case, the energy barriers of fluxional
processes can be derived from the line shape analysis of NMR
spectra,16 but the NMR experiments are unable to disclose the
exact mechanisms of fluxionality (i.e. how the atomic nuclei
move during the polytopal rearrangement). Therefore, one has
to employ quantum chemical calculations to explore all
possible pathways of the fluxional process being investigated
and then check whether the corresponding calculated energy
barriers are reasonable.17 Many theoretical studies have been
reported to unravel the mechanistic details of the aforemen-
tioned polytopal rearrangement processes over the past two
decades.9,18−22

As a part of our enduring interest in describing the polytopal
rearrangement mechanisms with theoretical chemistry,23 we

chose the octacoordinate rhenium polyhydride complexes
ReH5(PPh3)2L (L = pyridine and 2-(acetylamino)pyridine) as
the subject to be investigated in this work. We chose rhenium
polyhydrides as the first target in this series of investigations
over other octacoordinate compounds24−26 because fluxion-
ality in rhenium polyhydrides is a current topic of interest in
the experimental organometallic community.27−29

Rhenium polyhydrides are transition-metal hydrides with
more than three hydrides bonded to the central rhenium
atom.30 These complexes are useful in organometallic
chemistry for C−H bond activation,31−35 and they can
undergo substitution reactions where the coordinated H2 is
replaced by a two-electron donor.30 Furthermore, rhenium
polyhydrides have functioned as critical model systems in the
conceptualization of dihydrogen bonds.36−38

The ReH5(PPh3)2(pyridine) complex was first synthesized
by Chatt and Coffey in 1969.39 It features an octacoordinate
dodecahedral structure as shown in Figure 1. Unlike most
transition-metal polyhydride complexes with high coordination
numbers being nonrigid even at the lowest attainable
temperature, ReH5(PPh3)2(pyridine) and its derivatives along
with other rhenium polyhydrides27,29,40−42 have shown high

Received: November 19, 2020
Published: February 3, 2021

Articlepubs.acs.org/IC

© 2021 American Chemical Society
2492

https://dx.doi.org/10.1021/acs.inorgchem.0c03418
Inorg. Chem. 2021, 60, 2492−2502

D
ow

nl
oa

de
d 

vi
a 

SO
U

T
H

E
R

N
 M

E
T

H
O

D
IS

T
 U

N
IV

 o
n 

M
ar

ch
 1

0,
 2

02
1 

at
 1

7:
35

:0
8 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunwen+Tao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenli+Zou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Geng-Geng+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elfi+Kraka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c03418&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03418?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03418?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03418?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03418?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03418?fig=abs1&ref=pdf
https://pubs.acs.org/toc/inocaj/60/4?ref=pdf
https://pubs.acs.org/toc/inocaj/60/4?ref=pdf
https://pubs.acs.org/toc/inocaj/60/4?ref=pdf
https://pubs.acs.org/toc/inocaj/60/4?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03418?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf


conformational rigidity at low temperatures permitting the 1H
NMR characterization of their fluxionality. In 1996, Crabtree,
Rüegger, and co-workers observed two consecutive coales-
cence events in the variable-temperature NMR spectra of
ReH5(PPh3)2(pyridine) and proposed two fluxional mecha-
nisms (see Figure 2) to account for this interesting coalescence
behavior in the hydride region of the spectra.43 In 1997,
Crabtree, Eisenstein, and co-workers employed density func-
tional theory (DFT) to verify one of the two abovementioned
mechanisms (i.e. turnstile rotation) and discussed the influence
on this mechanism from the Re−H···H−N dihydrogen bond
caused by the ortho −NHAc group on the pyridine ligand.44,45

However, to the best of our knowledge, there has been no
theoretical investigation which is able to verify both the above
two proposed fluxional mechanisms or to propose other

alternative fluxional mechanisms concerning the five hydrides
in ReH5(PPh3)2(pyridine) and its derivatives since then.
In this work, we revisit the intricacies of fluxionality in

ReH5(PPh3)2(pyridine) and report two plausible fluxional
mechanisms (i.e. lateral and basal three-arm turnstile
rotations) that can jointly lead to the complete scrambling of
all five hydrides based on the theoretical calculations with DFT
and coupled-cluster theory. Although some recent NMR
studies by Moehring and co-workers emphasized on (1) the
rotational flexibility of the Re−N bond27 and (2) the
intermolecular exchange between one hydride ligand and a
proton of the surrounding water molecule,28 we believe that to
fully understand the fluxionality concerning the five hydrides in
ReH5(PPh3)2(pyridine) (i.e. polytopal rearrangement) is an
ideal starting point to solve the puzzles of fluxionality in
rhenium polyhydrides.
This paper is structured in the following way. We first

describe the details of the theoretical calculations conducted in
this work in the Computational Details section. In the Results
and Discussion section, we reassess the hydride assignment
from the NMR spectroscopic results, present the mechanistic
details of two three-arm turnstile rotations, and then examine
the influence of the intramolecular Re−H···H−N dihydrogen
bond on the above two turnstile processes. The conclusions
are given in the last section.

Figure 1. Ball-and-stick representation of the ReH5(PPh3)2(pyridine)
structure (top panel) and its simplified structure Re-
H5(PH3)2(pyridine) omitting the phenyl groups (bottom panel) in
order to reduce the computational cost of theoretical calculations.
The five hydrides bonded to the central rhenium atom are highlighted
with yellow color, and they are colored in white, green, red, gray, and
pink. The red and green dashed lines as two orthogonal trapezoids in
the complete ReH5(PPh3)2(pyridine) structure are shown to illustrate
the dodecahedral geometry. A and B sites are labeled with a black text
while symmetry-equivalent sites are denoted with prime symbols. The
simplified structure ReH5(PH3)2(pyridine) is shown with two
different perspectives.

Figure 2. Two fluxional mechanisms of ReH5(PPh3)2(py) proposed
by Crabtree and co-workers.43 Mechanism I is a 120° turnstile
rotation motion of three hydrides colored in red, green, and white.
Mechanism II consists of two pairwise rotations including (a) the
up-/down-ward movement of pink/gray hydride and (b) the green/
white hydride moving into/out of the plane of the paper. Mechanism
II also inverts the relative steric relationship between the pyridine
ligand and two triphenylphosphine ligands, leading to the
pseudorotation of the whole molecule, reproduced from Inorg.
Chem. 1996, 35(3), 695−699. Copyright 1996 American Chemical
Society.
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■ COMPUTATIONAL DETAILS

Geometry optimization for local-minimum and transition-state
structures of rhenium polyhydrides in this work was carried out
with Truhlar’s Minnesota pure functional M06-L46 in
combination with Ahlrichs’ def2-SVP basis set.47,48 Grimme’s
D3 empirical dispersion correction was added to the M06-L
functional during geometry optimization.49 Harmonic vibra-
tional frequencies and corresponding thermodynamic correc-
tions to the electronic energies were calculated at the same
level of theory based on analytical second derivatives of the
energy with regard to the Cartesian coordinates. Besides, the
intrinsic reaction coordinate (IRC) calculations50 were carried
out starting from the optimized transition-state structures to
trace out the reaction pathways of polytopal rearrangement
processes. The NMR shielding tensors of five hydrides were
calculated using the gauge-independent atomic orbital method
at the M06-L/def2-TZVP level with or without the polarizable
continuum model (PCM)51 for implicit solvation by dichloro-
methane.
The single-point energies of the optimized structures were

calculated at two different levels including (a) M06-L(D3)/
def2-TZVP and (b) DLPNO-CCSD(T)/def2-TZVP. The
domain-based local pair natural orbital coupled cluster
(DLPNO-CCSD(T)) theory52 with the resolution-of-identity
(RI) technique was employed with “TightPNO” settings and
the def2-TZVP/C auxiliary basis53 using the ORCA 4.1.1
program.54 All DFT calculations including single-point
energies, geometry optimization, vibrational analysis, and
IRC and NMR analysis were conducted with the Gaussian
16 package.55

The aforementioned high-level single-point electronic
energies were added with the thermal corrections calculated
at the M06-L(D3)/def2-SVP level (lower-level) in order to
calculate the free energies at different temperatures.

■ RESULTS AND DISCUSSION

Re-evaluating Hydride Assignment from NMR Spec-
tra. An important prerequisite for unraveling the mechanistic
details of fluxionality in the rhenium polyhydride Re-
H5(PPh3)2(pyridine) is that its variable-temperature NMR
spectra are fully understood and correctly assigned because this
is the basis for deducing the fluxional mechanisms.
When interpreting the NMR results at gradually increased

temperatures, the low-temperature spectra with clearcut peaks
before any coalescence or line broadening serve as the starting
point. The rhenium polyhydride complex studied in this work
has four well-separated peaks associated with the five hydrides
at the low-temperature limit, and one peak has double intensity
compared with the other three.43 Given the dodecahedral
geometry as the structural kernel, one can easily locate two
plane-symmetric hydrides (green and white hydrides in Figure
3) contributing to the double intensity. For the remaining
three hydrides, Crabtree and co-workers assigned their NMR
peaks according to empirical rules.43 Their assignment of 1H
NMR peaks to five hydrides was endorsed by the two-
dimensional rotating-frame Overhauser effect spectroscopy
(ROESY) which offers the information of proton pairs within 5
Å.56 According to the measured 1H ROESY spectrum, the
pairwise distances among the remaining three hydrides (red,
gray, and pink) are all below 5 Å. Furthermore, they observed
that both the pink and green/white hydrides are within the 5 Å
range with regard to the nearest protons at the ortho-positions

of the pyridine ligand. However, one needs to be aware of the
fact that two protons having no signal shown in the ROESY
spectrum are not necessarily distant from each other.57 In this
regard, the hydride assignment based on these measured NMR
spectra is not utterly conclusive.
Therefore, we calculated the isotropic shielding constants of

the five hydrides in the simplified structure Re-
H5(PH3)2(pyridine) as well as the complete structure and
then compared the calculated values against the experimentally
measured 1H chemical shifts of the five hydrides with respect
to the dichloromethane peak. As shown in Figure 3, there
exists a strong linear correlation between the calculated
shielding constant values and the measured chemical shifts
for the five hydrides. The shielding constants of hydrides can
be converted into chemical shifts by subtracting from the 1H
shielding constants of dichloromethane; therefore, the fitting
lines with their slopes close to −1 show that our calculations
have unambiguously confirmed the previously reported
hydride assignment43 (see Figure 3) in a straightforward way.
A few technical aspects in modeling the NMR properties of

the rhenium polyhydride complex need to be noted.
• The M06-L density functional46 performs better than

B3LYP58 as the latter leads to slightly larger RMSE (see
Table 1);

• Including the implicit solvation model and the phenyl
groups attached to the phosphorus atoms does not help
improve the linear correlation in Figure 3. In other
words, the simplified structure ReH5(PH3)2(pyridine) in
the gas phase is already a satisfactory computational
model for the purpose of hydride assignment.

Renewed Mechanistic Details of Fluxionality. Crabtree
and co-workers proposed two possible fluxional mechanisms

Figure 3. Comparison between calculated isotropic shielding
constants at the DFT level with four different model chemistries
and the experimentally measured 1H chemical shifts for five hydrides
in ReH5(PPh3)2(pyridine). Four different model chemistries for NMR
calculations are the following. B3LYP: Simplified structure in the gas
phase at the B3LYP/def2-TZVP level; M06L: Simplified structure in
the gas phase at the M06-L/def2-TZVP level; M06L w/PCM:
Simplified structure with PCM of the dichloromethane solvent at the
M06-L/def2-TZVP level; M06L [real]: Complete structure in the gas
phase at the M06-L/def2-TZVP level. An ideal agreement between
these two quantities is expected to have a linear fitting line with the
slope being exactly −1, the coefficient of determination (R2) being 1
and the root-mean-square error (RMSE) being 0. Detailed parameters
of the four fitting lines are collected in Table 1. The pale−green plane
is the mirror plane of the structure.
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(i.e. turnstile rotation and pseudorotation)43 for the rhenium
polyhydride ReH5(PPh3)2(pyridine) as illustrated in Figure 2.
In a subsequent study,44 they carried out DFT calculations of
the simplified structure ReH5(PH3)2(pyridine) at the B3LYP/
6-31G(d,p)/LANL2DZ level and located the transition state
structure for the three-arm turnstile process which is associated
with the first coalescence event in the variable-temperature 1H
NMR measurement upon heating. According to their
calculations, the transition state structure is a result of 60°
turnstile rotation of the triad of hydrides leading to a
dodecahedral tautomer of the starting low-temperature
structure. However, the transition state structure of the
aforementioned pseudorotation mechanism was neither
calculated nor explored in their investigation.

In this work, we reviewed the previous computational
investigation,44 conducted calculations on the simplified model
ReH5(PH3)2(pyridine) as well as its complete structure
ReH5(PPh3)2(pyridine) at the M06-L(D3)/def2-SVP level,
and managed to identify two distinct three-arm turnstile
rotation mechanisms (see Figure 4) that can satisfactorily
interpret the coalescence events in the experimental variable-
temperature NMR spectra and match the measured energy
barriers from line shape analysis.
According to our calculations, the fluxionality of the studied

rhenium polyhydride consists of two mutually dependent and
similar mechanisms including (1) a lateral three-arm turnstile
rotation and (2) a basal three-arm turnstile rotation. The
stipulation of the lateral or basal position is based on the
orientation of the rhenium polyhydride complex where the
Re−N bond points upward while two Re−P bonds point to
the front and back, respectively (see Figures 1 and 4).
The lateral three-arm turnstile rotation mechanism pre-

sented in this work closely resembles the first fluxional
mechanism (i.e. turnstile rotation) proposed in the earlier
work43,44 but they are not exactly the same. As shown in Figure
4, the lateral turnstile rotation starts with the dodecahedral
rhenium polyhydride structure at low temperatures (denoted

Table 1. Parameters of the Four Fitting Lines in Figure 3
Including the Slope, Coefficient of Determination (R2), and
RMSE

model chemistry slope R2 RMSE

B3LYP −1.015 0.992 0.40
M06L −0.907 0.999 0.15
M06L w/PCM −1.059 0.998 0.21
M06L [real] −1.053 0.999 0.15

Figure 4. Representative polytopal rearrangement pathway (LT → IM → IM′ → LT′) for the ReH5(PPh3)2(pyridine) structure leading to the
complete scramble of five hydrides (top) and the energy profile of two elementary fluxional processes (bottom) including (a) lateral three-arm
turnstile rotation LT → IM and (b) basal three-arm turnstile rotation IM → IM′. The color scheme for five hydrides is consistent with that in
Figure 1. The hydrides within the two transition-state structures participating in the fluxional processes are highlighted with yellow color. The
calculated activation barrier data (ΔE⧧) is collected in Table 2.
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as LT) and the triad of hydrides on the right-hand side has the
green and white hydrides above the red hydride. Due to the Cs
symmetry in the complex, this triad of hydrides can rotate like
a three-arm turnstile in two directions. For demonstration
purpose, the clockwise direction was chosen where the green
hydride goes up and the white hydride goes down. While the
turnstile rotation proceeds by around 40° with the green
hydride hanging above the white and red hydrides, the
rhenium polyhydride structure reaches the first-order saddle
point on the potential energy surface (with only one imaginary
vibrational frequency) and this transition state denoted as TS1
is about 10 kcal/mol higher in energy than LT. Noteworthy is
that the TS1 structure has a reduced symmetry (C1). When
this turnstile process continues by around 20°, it ends with an
intermediate structure (IM) re-adopting the Cs symmetry with
the mirror plane containing the pyridine ring. The IM
structure as a dodecahedral tautomer of LT actually
corresponds to the “transition state” structure obtained from
the calculations by Crabtree and co-workers,44 and the reason
for this discrepancy may be that “the full Hessian was not
computed” due to the limited computational capability back in
1997. The IM → TS1 energy barrier is as low as 1 or 2 kcal/
mol, and the geometric similarity between IM and TS1 well
exemplifies the Hammond−Leffler postulate.59,60 With such a
small energy barrier, IM can easily rotate the above-mentioned
triad of hydrides anticlockwise back to LT or clockwise to an
equivalent structure of LT, and this makes these three hydrides
indistinguishable which could explain the first coalescence in
NMR spectra.
The basal three-arm turnstile rotation mechanism requires

that there are three hydrides trans to the pyridine ligand and in
the bottom of the rhenium polyhydride complex. Therefore, it
starts with the IM structure rather than LT. As shown in Figure
4, the three basal hydrides are colored in red, white, and gray,
and this triad can also rotate like a turnstile in either direction.
When this turnstile rotation proceeds clockwise by 30°, it
arrives at the transition state structure TS2 which is around 4
kcal/mol above IM. Noteworthy is that the TS2 structure has
also the Cs symmetry; however, its mirror plane is now
perpendicular to the pyridine ring and contains two
phosphorus atoms. With another 30° rotation, this basal
turnstile process concludes with the intermediate structure IM′
which is superposable on IM. Therefore, this basal three-arm
turnstile rotation IM → IM′ can be considered as a
pseudorotation process of IM1.1 (1Note: This IM⇆IM′
pseudorotation needs to be distinguished from the pseudor-
otation of LT.) With this basal turnstile mechanism, the three
hydrides at the bottom also become indistinguishable given the
rapid interconversion. While the energy of TS2 is higher than
TS1, both the lateral and basal turnstile mechanisms can
coexist at higher temperatures, which makes all five hydrides
indistinguishable accounting for the single broad NMR peak
after the second coalescence event.
As illustrated in Figure 4, the IM′ structure can have a lateral

three-arm turnstile rotation for the triad of hydrides on the left-
hand side as a reverse process of LT → IM, thus leading to the
low-temperature structure LT′ which is superposable on LT.
We need to note that the LT → IM → IM′ → LT′ pathway
actually leads to the pseudorotation of LT, which is closely
related to the second mechanism (i.e. pseudorotation)
proposed by Crabtree and co-workers (see Figure 2).
However, our three-step pseudorotation consists of two lateral
turnstile rotations and one basal turnstile rotation, and it is

dissected in detail. By contrast, the pseudorotation mechanism
proposed by Crabtree and co-workers43 seems more
complicated and cannot be verified with theoretical calcu-
lations.
We also checked whether the hybrid density functional

B3LYP can lead to the same fluxional mechanisms which we
have obtained in this work with Truhlar’s M06-L functional
because previous calculations44 on this rhenium polyhydride
system were carried out with the former density functional.
According to our calculations, the B3LYP(D3)/def2-SVP level
can reproduce the two transition state structures (TS1 and
TS2) obtained at the M06-L(D3)/def2-SVP level (see section
S4 of Supporting Information). This means that the
calculations based on the B3LYP functional will give the
same lateral and basal three-arm turnstile mechanisms as
discussed above.
To further justify the two fluxional mechanisms introduced

in this work, we calculated single-point electronic and free
energies of the structures involved in the two three-arm
turnstile processes at the M06-L(D3)/def2-TZVP and
DLPNO-CCSD(T)/def2-TZVP levels (see Table 2) to see if
our calculated energy barriers match the free energy barriers
derived from the measured NMR spectra.

We employed both the complete rhenium polyhydride
structure ReH5(PPh3)2(pyridine) and its simplified structure
ReH5(PH3)2(pyridine) in our calculations. We denote ΔE1

⧧,
ΔE2

⧧, and ΔE3
⧧ for the three electronic energy barriers of LT→

TS1, IM→ TS1, and IM→ TS2, respectively. The free energy
counterparts of ΔE⧧ are denoted as ΔG⧧.
As the measured energy barriers of the fluxional processes

take the LT structure as the starting point,43 the calculated

Table 2. Calculated Electronic and Free Energy Barriers (in
kcal/mol) of the Fluxional Processes in Figure 4,a

electronic ΔE1
⧧ ΔE2⧧ ΔE3

⧧ ΔEh
⧧

S M06-L 9.9 0.8 4.6 13.7
CCSD(T) 10.0 1.2 4.7 13.4

C M06-L 10.9 2.1 5.0 13.7
CCSD(T) 10.2 3.0 5.4 12.6

T = −80 °C ΔG1
⧧ ΔG2

⧧ ΔG3
⧧ ΔGh

⧧

S M06-L 9.5 0.4 2.9 12.0
CCSD(T) 9.6 0.7 2.9 11.8

C M06-L 11.2 1.7 4.0 13.5
CCSD(T) 10.5 2.6 4.4 12.4

T = −50 °C ΔG1
⧧ ΔG2

⧧ ΔG3
⧧ ΔGh

⧧

S M06-L 9.6 0.4 2.8 12.0
CCSD(T) 9.7 0.8 2.8 11.8

C M06-L 11.4 1.7 4.0 13.7
CCSD(T) 10.7 2.6 4.4 12.5

T = 25 °C ΔG1
⧧ ΔG2

⧧ ΔG3
⧧ ΔGh

⧧

S M06-L 9.9 0.5 2.6 12.0
CCSD(T) 9.9 0.9 2.7 11.7

C M06-L 11.9 1.9 4.1 14.1
CCSD(T) 11.3 2.8 4.5 13.0

aThe letters “S” and “C” denote simplified and complete structures of
ReH5(PPh3)2(pyridine) used for theoretical calculations, respectively.
bThe equivalent barrier of the high-temperature fluxional process is
calculated by ΔEh⧧ = ΔE1

⧧ − ΔE2⧧ + ΔE3⧧ and ΔGh
⧧ = ΔG1

⧧ − ΔG2
⧧ +

ΔG3
⧧. cThe level of theory for calculations can be found in the

Computational Details section.
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energy barrier for the low-temperature fluxional process is ΔE1
⧧

(ΔG1
⧧), while the energy barrier for the high-temperature

fluxional process actually corresponds to the energy difference
between TS2 and LT denoted as ΔEh

⧧ (ΔGh
⧧).

Table 2 shows that the M06-L density functional and the
DLPNO-CCSD(T) method give very similar energy barrier
results with their differences all below 1 kcal/mol. Among four
electronic energy barriers, the first three calculated with the
complete rhenium polyhydride structure are all slightly larger
than their counterparts calculated with the simplified structure.
But in terms of free energy barriers, all four barriers calculated
with the complete structure are higher. We calculated the free
energy barriers at three different temperatures (−80, −50, and
25 °C) and found that ΔG1

⧧ values increase with the
temperature. The ΔGh

⧧ values calculated with the complete
structure follows the same trend but the ΔGh

⧧ calculated with
the simplified structure stays almost the same given the
temperature change.
In earlier work, the free energy barrier was measured at −80

°C to be 9.63 ± 0.25 kcal/mol and ΔGh
⧧ was measured at −50

°C to be 10.40 ± 0.25 kcal/mol.44 We choose the free energy
barriers calculated at the CCSD(T) level with both the
simplified and complete structure at corresponding temper-
atures to be compared against the experimental values. With
the simplified structural model, the two calculated barriers (i.e.
ΔG1

⧧ and ΔGh
⧧) are 9.6 and 11.8 kcal/mol. The first value

matches very well with the experiment while the second barrier
is overestimated by more than 1 kcal/mol. With the complete
structural model, two calculated barriers are consistently
increased to 10.5 and 12.5 kcal/mol. The first calculated
barrier is larger than the experimental barrier by 0.9 kcal/mol,
which is still within the chemical accuracy. Although the error
in the second calculated barrier is 2.1 kcal/mol, we need to
note that the difference between the two measured barriers
(i.e. ΔGh

⧧ − ΔG1
⧧) is 0.77 ± 0.50 kcal/mol, while the calculated

barrier difference is 2.0 kcal/mol. In summary, our calculated
free energy barriers agree with the experimental values to a
satisfactory extent even though we did not include multiple
conformations of the bulky substituents (e.g. phenyl and
pyridine rings) and the solvent environment into our
calculations. On this basis, our calculations have demonstrated
that the two types of three-arm turnstile rotation processes are
the highly credible mechanisms which are responsible for the
fluxionality in the rhenium polyhydride complex Re-
H5(PPh3)2(pyridine).
The original report of the variable-temperature NMR spectra

of ReH5(PPh3)2(pyridine) by Crabtree and co-workers also
describes the decoalescence of two meta protons on the
pyridine ligand upon cooling, and the measured free energy
barrier associated with this process was found to be the same
as the barrier associated with the second coalescence event in
the hydride region.43 According to their analysis, the
decoalescence of the pyridine resonance peaks can be
attributed to two mechanisms: (1) the rotation of the Re−N
bond by 180° and (2) the fluxionality in five hydrides leading
to a pseudorotation of the whole molecule. While the second
mechanism was preferred to explain the decoalescence for
pyridine, it is still open to question and needs further
justification. In order to gain some insight into this problem,
we did further calculations on another simplified structure
model ReH5(PPhH2)2(pyridine) as well as on the complete
structure (see section S5 in Supporting Information).
According to our calculations at the M06-L(D3)/def2-TZVP

level, the electronic energy barrier to rotate the pyridine ligand
in ReH5(PPh3)2(pyridine) is up to 13.0 kcal/mol which is very
close to the barrier ΔEh

⧧ (13.7 kcal/mol) associated with the
second coalescence event. Therefore, it is likely that the
rotation of the Re−N bond takes place together with the
pseudorotation process caused by hydride exchange in this
rhenium polyhydride complex.

Influence from the Re−H···H−N/C Dihydrogen Bond.
Many rhenium polyhydrides have been found to form
dihydrogen bond interactions within themselves or in cocrystal
structures.37,38 In the work of Crabtree and co-workers, two
additional rhenium polyhydride complexes ReH5(PPh3)2L
were synthesized where the ligand L is either 2-(acetylamino)-
pyridine or 4-(acetylamino)pyridine, which has the −NHAc
group attached to the ortho or para position of pyridine,
respectively.44 They found that the −NHAc group in the ortho
position of pyridine could lower the barrier for the low-
temperature fluxional process (i.e. turnstile rotation in Figure
2) by more than 1 kcal/mol while the −NHAc group in the
para position can only lower the same barrier by 0.3 kcal/mol.
Besides, the barrier for the high-temperature fluxional process
(i.e. pseudorotation in Figure 2) is marginally affected by the
addition of the −NHAc group to either position. They
ascribed the lowered barrier of the low-temperature fluxional
process in ReH5(PPh3)2L (L = 2-(acetylamino)pyridine) to
the presence of the intramolecular Re−H···H−N dihydrogen
bond between the hydride and the −NHAc group based on the
DFT calculations.
The dihydrogen bond between the transition-metal hydride

(M−H) and a protic hydrogen moiety (H−X where X = N, O,
C) is an important type of weak interaction which was first
brought to the spotlight by Crabtree, Milstein, Morris,
Shubina, and others in the 1990s.36−38,61 As in this work, we
have obtained a renewed perspective into the fluxional
processes of ReH5(PPh3)2(pyridine); it is therefore necessary
to investigate in detail how the dihydrogen bond will influence
the new mechanisms (i.e. lateral and basal three-arm turnstile
rotations) and whether such influence is consistent with the
experimental observations.
We first optimized the low-temperature structures of

ReH5(PH3)2L (L = 2-(acetylamino)pyridine) at the M06-
L(D3)/def2-SVP level in two conformations whose major
difference lies in the 180° rotation of the Re−N bond (see
Figure 5). Here, ReH5(PH3)2L is the simplified structure of
ReH5(PPh3)2L by omitting the phenyl groups. Then, single-
point energies of these two conformers were calculated at the
M06-L(D3)/def2-TZVP and DLPNO-CCSD(T)/def2-TZVP
levels. Both high-level quantum chemical methods give very
similar energy results for these two conformers with the
difference less than 0.2 kcal/mol. This means that the
ReH5(PPh3)2L complex and its simplified structure
ReH5(PH3)2L can adopt two conformations with equal
population in the gas/liquid phase given its straightforward
synthesis route.39 Therefore, both conformations need to be
considered when discussing the fluxional mechanisms of the
ReH5(PPh3)2L complex. Noteworthy is that only conformer A
was considered in the previous study by Crabtree and co-
workers.44

As illustrated in Figure 5, the hydrogen atom on the amide
nitrogen can have a close contact (i.e. dihydrogen bond) with
the hydrides immediately underneath the −NHAc group in
both conformers and these affected hydrides (especially in
conformer A) participate in the lateral three-arm turnstile
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rotation process. However, the basal three-arm turnstile
rotation occurring in the bottom is not directly affected by
such close contact, although the pure electronic effect arising

from the −NHAc group on pyridine could play a role in
lowering the corresponding barrier height.44 Therefore, we can
just focus on the lateral turnstile mechanism in the following to
disclose the role of the intramolecular dihydrogen bond on
fluxionality.
We obtained the transition-state structures TS1 for the

lateral three-arm turnstile rotation mechanism in the two
conformers of ReH5(PH3)2L (L = 2-(acetylamino)pyridine) in
comparison to the TS1 structure of ReH5(PH3)2(pyridine) as
shown in Figure 6. It is clearly illustrated in Figure 6d via the
alignment of all three TS1 structures that the added −NHAc
group to pyridine does not change the transition-state
geometry of the five hydrides.
Then, we calculated the energy barriers ΔE1

⧧ (ΔG1
⧧) for the

lateral three-arm turnstile rotation mechanism of the two
conformers of ReH5(PH3)2L (L = 2-(acetylamino)pyridine) at
the M06-L(D3)/def2-TZVP and DLPNO-CCSD(T)/def2-
TZVP levels (see Table 3). We found that two different levels

of theory render quite similar barrier results with differences all
below 1 kcal/mol. Furthermore, both the electronic and free
energy barriers in the conformer B are larger than those in the
conformer A by more than 3 kcal/mol. By comparing these
calculated barriers of ReH5(PH3)2L with the calculated barriers
for the same lateral turnstile mechanism of Re-
H5(PH3)2(pyridine) as collected in Table 2, conformer B of
ReH5(PH3)2L has slightly higher electronic energy barriers
(10.7/10.2 vs 9.9/10.0 kcal/mol) while its free energy barriers

Figure 5. Low-temperature structures (LT) of ReH5(PH3)2L (L = 2-
(acetylamino)pyridine) in conformations A (top) and B (bottom)
optimized at the M06-L(D3)/def2-SVP level. The color scheme for
five hydrides is consistent with that in Figures 1 and 4.

Figure 6. (a) TS1 structure of ReH5(PH3)2(pyridine). (b,c) TS1 structures of ReH5(PH3)2L (L = 2-(acetylamino)pyridine) in conformations A
and B, respectively. (d) Alignment of all preceding three TS1 structures with seven hydrogen atoms colored in red, green, and yellow, respectively.
All three TS1 structures were optimized at the M06-L(D3)/def2-SVP level. The color scheme for five hydrides in (a) through (c) is consistent with
that in Figures 1 and 4. The Re−H···H−N/C dihydrogen bond is shown as the dashed line labeled with the distance in Angstrom. The dihydrogen
interactions colored in green and gray represent the presence and absence of the bond critical point (BCP), respectively.

Table 3. Calculated Electronic and Free Energy Barriers (in
kcal/mol) for the Lateral Three-Arm Turnstile Rotation of
ReH5(PH3)2L (L = 2-(Acetylamino)pyridine)a

electronic ΔE1⧧

Conformation A B average
M06-L 7.3 10.7 9.0
CCSD(T) 6.4 10.2 8.3
T = −80 °C ΔG1

⧧

conformation A B average
M06-L 6.6 9.6 8.1
CCSD(T) 5.7 9.2 7.4

aThe level of theory for calculations can be found in the
Computational Details section.
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are equivalent to or marginally smaller than the Re-
H5(PH3)2(pyridine) case (9.6/9.2 vs 9.5/9.6 kcal/mol).
Besides, the electronic and free energy barriers of conformer
A of ReH5(PH3)2L are significantly smaller than the
corresponding barriers of ReH5(PH3)2(pyridine). This means
that conformer B of ReH5(PPh3)2L in the liquid NMR sample
(with CD2Cl2 solvent) would exhibit very similar behavior as
ReH5(PPh3)2(pyridine) during the first coalescence event
upon heating in terms of the temperature range. Conformer A
of ReH5(PPh3)2L in the same liquid NMR sample is expected
to show the earlier first coalescence event at a lower
temperature than conformer B because its corresponding
energy barrier is around 3 kcal/mol lower. Therefore, the
presence of two conformations in ReH5(PPh3)2L in the liquid
NMR sample complicates the variable-temperature NMR
spectra and leads to a larger error (than 0.25 kcal/mol) in
the measured energy barrier for the low-temperature fluxional
process. Assuming that the two conformers of ReH5(PPh3)2L
coexist in the CD2Cl2 solvent with about the same population
due to very close electronic energies for the two conformers of
the simplified structure ReH5(PH3)2L, we took the average
value of the two corresponding energy barriers as the
measurable barrier (see Table 3). If we focus on the simplified
structures including ReH5(PH3)2(pyridine) and ReH5(PH3)2L,
the corresponding calculated free energy barriers ΔG1

⧧ at −80
°C are 9.5/9.6 and 8.1/7.4 kcal/mol, respectively. The
expe r imenta l l y measu red ΔG 1

⧧ va lue s fo r Re -
H5(PPh3)2(pyridine) and ReH5(PPh3)2L are 9.63 ± 0.25 and
8.58 ± 0.25 kcal/mol, respectively.44 Therefore, the addition of
the −NHAc group to the ortho position of pyridine lowers
ΔG1

⧧ by 1.1 ± 0.5 kcal/mol in experiments while our
calculation based on the simplified structural model indicates
the lowered barrier by ca. 1.8 kcal/mol which is quantitatively
consistent with the experimental observation.
However, the important question that remains to be

answered is why the energy barrier for the lateral turnstile
rotation of the conformer A of ReH5(PH3)2L (L = 2-
(acetylamino)pyridine) is significantly lowered compared to
ReH5(PH3)2(pyridine) while the same barrier of the con-
former B is almost unchanged. Figure 6 shows the TS1
structures for ReH5(PH3)2(pyridine) and the two conformers
of ReH5(PH3)2L, where the triad of hydrides participating in
the lateral turnstile rotation is colored in green, red, and white.
There exist two Re−H···H−C dihydrogen bonds in the TS1
structure of ReH5(PH3)2(pyridine), and one of them involves
the green hydride with the bond length of 2.1 Å. In the case of
conformer B of ReH5(PH3)2L (see Figure 6c), there exists one
Re−H···H−N dihydrogen bond with the pink hydride and one
Re−H···H−C dihydrogen bond with the green hydride in the
length of 2.3 Å. The conformer A of ReH5(PH3)2L (see Figure
6b) also has two dihydrogen bonds but one of them is a Re−
H···H−N interaction with the green hydride in the length of
1.7 Å. As it is easy to understand that a Re−H···H−N
dihydrogen bond is generally stronger than the Re−H···H−C
counterpart,38 the green hydride in the conformer A of
ReH5(PH3)2L is connected with the strongest dihydrogen
bond among all three TS1 structures. Therefore, the transition
state structure in conformer A is best stabilized by the
dihydrogen bond, and the corresponding energy barrier is
significantly reduced.

■ CONCLUSIONS
In this work, we have employed the state-of-the-art quantum
chemical calculations and identified two plausible fluxional
mechanisms for the rhenium polyhydride complex Re-
H5(PPh3)2(pyridine) including the lateral and basal three-
arm turnstile rotations to explain the two successive
coalescence events in the hydride region of the variable-
temperature NMR spectra. In comparison with earlier
suggested mechanisms (see Figure 2) for the same polyhydride
complex,43 the lateral three-arm turnstile mechanism proposed
in this work can be considered as a revised version of
Crabtree’s turnstile mechanism44 while the basal three-arm
turnstile mechanism proposed in this work is new and does not
lead to Crabtree’s pseudorotation for the low-temperature
structure by itself. According to the new fluxional mechanisms,
the pseudorotation for the low-temperature structure requires
two lateral three-arm turnstile processes and one basal three-
arm turnstile process in between, which is significantly different
from Crabtree’s one-step pseudorotation mechanism. Fur-
thermore, we have also studied the influence from the
intramolecular dihydrogen bond arising from the −NHAc
group on the ortho position of the pyridine ligand to further
verify the new fluxional mechanisms. Therefore, our work
provides renewed insights into the mechanistic details of the
fluxionality in the rhenium polyhydride complex Re-
H5(PPh3)2(pyridine).
On this basis, we will further examine the rotational

flexibility of the pyridine ligand27 and the hydrogen exchange
with a water molecule in other rhenium polyhydride structures
similar to ReH5(PPh3)2(pyridine).

28 In addition, the observa-
tion of three separate coalescences in the hydride NMR
peaks62 and the occurrence of coalescence in the phosphorus
resonances29 are part of the unsolved fluxionality puzzles in
octacoordinate rhenium polyhydrides. Computational studies
of these problems will help us to depict a more complete
picture of fluxionality in rhenium polyhydrides.
We believe that the lateral and basal three-arm turnstile

mechanisms proposed in this work may exist not only in the
rhenium polyhydride complexes29,40−42,62−65 which are
structurally similar to ReH5(PPh3)2(pyridine) but also in the
other metal polyhydride complexes of the high coordination
number.30,45,66 This work fills a gap in the fluxionality of
octacoordinate compounds24,67,68 which are less explored
compared with the fluxionality in the compounds with a
lower coordination number, and more work is planned in this
direction.
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Rhenium Polyhydride Complexes Bearing the Chelating Ligand 1,2-
Bis(dicyclohexylphosphanyloxy)ethane. Eur. J. Inorg. Chem. 2004,
4812−4819.
(42) Bolaño, S.; Gonsalvi, L.; Barbaro, P.; Albinati, A.; Rizzato, S.;
Gutsul, E.; Belkova, N.; Epstein, L.; Shubina, E.; Peruzzini, M.
Synthesis, Characterization, Protonation Studies and X-Ray Crystal
Structure of ReH5(PPh3)2(PTA) (PTA=1,3,5-triaza-7-phosphaada-
mantane). J. Organomet. Chem. 2006, 691, 629−637.
(43) Lee, J. C.; Yao, W.; Crabtree, R. H.; Rüegger, H. Fluxionality in
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