


increasing size of the substituent groups, the 0° eclipsed
conformation may turn into an energy maximum due to the
enhanced steric repulsion. In addition, as the barriers of the
internal ring rotation can be readily surmounted, their solid-
state structures may adopt different arrangements due to
crystal packing effects. For instance, in the gas phase, 1,1’-di-
tert-butylferrocene is characterized with eclipsed configurations
(C2 molecular symmetry), where the ring torsional angles (f) are
approximately 72° and 144°. However, in the solid state, it
exhibits a staggered C2h symmetry with a torsional angle f of
180°, even though this conformation represents a transition
state in the gas phase.[20]

In this respect, microwave spectroscopy offers a valuable
tool for exploring the conformational behaviors of ferrocene
compounds with great sensitivity to isomers and conformers. Its
capability to characterize gas-phase molecules in isolation
allows for detailed investigation free from the influence of
crystal packing effects. Although ferrocene itself is non-polar
and thus transparent to microwave radiation, various ferrocene
systems, including monosubstituted ferrocene derivatives and
ferrocene-water complexes, have been successfully character-
ized using microwave spectroscopy.[23–29] 1,1’-Dimethylferrocene
remains the only example of a 1,1’-disubstituted ferrocene
derivative studied by this method so far.[21] With the substitu-
tion of two methyl groups, two conformers (f=0° and 72°)
were unambiguously identified in the rotational spectrum,
while solely the 0° conformation was observed in the solid state
by X-ray crystallography.[30]

Herein, we report the high-resolution microwave spectro-
scopic measurements of 1,1’-bis(tert-butylphosphino)ferrocene
in the gas phase. Based on the experimental findings, we
explored, in more detail, the conformational landscape arising

from the inter-ring rotation and the diastereomerism due to the
two P-stereogenic centers, which entail two diastereomers. The
spectral analysis and understanding of the conformational
dynamics are supported by theoretical calculations.

Experimental Details

The title compound, 1,1’-bis(tert-butylphosphino)ferrocene (BPF),
was prepared according to a published procedure (see Supplemen-
tary Information), which was a statistical mixture of two
diastereomers.[7] Identity and purity have been established with 1H,
13C and 31P NMR spectroscopy in solution using Jeol HNM-ECZL500,
Varian V NMRS-500 MHz or Mr-400 MHz spectrometers at 25 °C.
Chemical shifts were referenced to residual protic impurities in the
solvent (1H) or the deuterio solvent (13C) and reported relative to
external H3PO4 (85%) (

31P). The yielded compound exhibits good
air stability, which is a consequence of the protective properties of
ferrocene as highlighted only very recently.[31]

In this work, the microwave spectroscopy was carried out in the
frequency range of 2–8 GHz, using the chirped pulse Fourier
transform microwave (CP-FTMW) spectrometer COMPACT. The
operation principles have been described in detail elsewhere.[32]

The crystalline sample was held in a homemade, heatable reservoir
close to the solenoid valve (General valve Series 9). The sample was
maintained at 170 °C to generate sufficient vapor pressure, which
was diluted into neon carrier gas at a stagnation pressure of
approximately 1 bar. This backing pressure of neon was found to
be optimal, which is consistent with previous microwave studies of
other ferrocene derivatives.[21,23–28]

The gas mixture was supersonically expanded into the vacuum
chamber via the solenoid valve operated at 8 Hz. Molecules in the
supersonic jet were polarized by a chirped microwave pulse eight
times, resulting in an overall repetition rate of 64 Hz. After each
interaction, the decay of the macroscopic polarization of the

Figure 1. Epimerization of 1,1’-bis(tert-butylphosphino)ferrocene via proton abstraction and re-addition. The homo-chiral configurations (RR and SS) are
optically active, with the hetero-chiral or meso configuration (RS) being optically inactive. The tert-butyl groups provide steric protection, stabilizing the
compound during reactions.
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molecular ensemble in the jet was recorded as a function of time,
known as free induction decay (FID). A total of 6 � 106 FID
acquisitions were collected and averaged on a fast oscilloscope,
and fast Fourier transformed (FFT) to obtain the frequency-domain
spectrum. The full-width-at-half-maximum (FWHM) line width in the
spectrum is about 60 kHz and the frequency accuracy is about
10 kHz.

Theoretical Calculations

The conformational searches of homo- and hetero-chiral BPF were
explored individually with the CREST program using the GFN2-xTB
method.[33,34] The generated conformational structures were further
optimized at the B3LYP/def2-QZVP level of theory coupled with
D3(BJ) dispersion corrections using the ORCA program package,
version 5.0.4.[35–37] Harmonic frequency calculations were performed
to confirm real energy minima and to provide vibrational zero-point
energy (ZPE) corrections. Following the B3LYP�D3(BJ) calculations,
single-point calculations were conducted on the obtained mini-
mum-energy structures using the linear-scaling local natural orbital
coupled-cluster (LNO-CCSD(T)) method with the def2-QZVPP basis
set, as implemented in MRCC.[38,39]

To achieve a comprehensive understanding of the conformational
landscape, the torsional potential energy of the ring rotation was
scanned as a function of the relative dihedral angle (f) of the two
tert-butylphosphino groups in steps of 6°, while two dummy atoms
were positioned at the centers of the Cp rings to establish the
rotation axis (see Figure S2 in the Supplementary Information). The
transition states connecting the energy minima were fully opti-
mized and characterized with one imaginary frequency. Moreover,
the pyramidal inversion motion of the tert-butylphosphino group
was calculated using the nudged elastic band (NEB) method.[40]

Both calculations were performed at the B3LYP�D3(BJ)/def2-QZVP
level of theory using the ORCA program.

Results and Discussion

In 1,1’-bis(tert-butylphosphino)ferrocene (BPF), the pyramidal
nature of the phosphorus atoms leads to P-stereogenic tert-
butylphosphino groups. Their substitutions on the Cp rings
give rise to the homo-chiral (RR and SS) and hetero-chiral (RS

and SR) configurations of BPF. Both diastereomers were
characterized in solution by NMR spectroscopy, with a ratio
of approximately 1 : 1.[7] According to theoretical calculations,
in the energetically low-lying isomers, the two tert-butyl
groups are favorably opposing each other, directed away
from the transition-metal center to reduce steric repulsion.
The conformational landscapes regarding the internal ring
rotation of the homo- and hetero-chiral BPF diastereomers
are demonstrated by the potential energy curves (PECs), as
shown in Figure 2. The corresponding interconversion path-
ways, including zero-point energy corrections, are provided
in Supplementary Figure S3.

Theoretically, there are four conformers predicted for the
homo-chiral diastereomers. In all of them, the Cp rings adopt
the eclipsed arrangements, where the two tert-butyl-
phosphino groups exhibit dihedral angles (f) of approx-
imately 72° (HO-1, eclipsed synclinal), 150° (HO-2, eclipsed
anticlinal), 222° (HO-3, eclipsed anticlinal), and 288° (HO-4,
eclipsed synclinal), respectively. Due to the steric repulsion,
the eclipsed synperiplanar configuration (f ¼ 0�), which is
preferred in some other 1,1’-disubstituted ferrocenes,[20,21] is
not a local energy minimum in this case. In terms of hetero-
chiral BPF, four local energy minima were revealed on the
torsional potential energy profile as well. However, they
correspond to two pairs of equivalent configurations. The
eclipsed synclinal conformers (f ¼ 66� and 294°) and the
eclipsed anticlinal conformers (f ¼ 144� and 216°) are two
pairs of enantiomers, denoted as HET-1/HET-1’ and HET-2/
HET-2’.

The total of six diastereomers of homo- and hetero-chiral
BPF were further optimized at the B3LYP�D3(BJ) level of
theory without structural constraints, and the obtained
theoretical spectroscopic parameters are provided in Table 1,
including relative energies, rotational constants (Ae, Be, and
Ce) of the equilibrium geometries and the associated dipole-
moment components (jmaj, jmbj, and jmcj) along the a-, b-, and
c-axes in the principal axis system. In both cases, the eclipsed
synclinal arrangements (HO-1 and HET-1) are the preferred

Table 1. Theoretical molecular properties for the diastereomers of 1,1’-bis(tert-butylphosphino)ferrocene, calculated at the B3LYP�D3(BJ)/def2-QZVP level of
theory.

Isomers f a/� DEB3
b

DELNO
c Ae/MHz Be/MHz Ce/MHz jmaj/D jmbj/D jmcj/D

Homo-chiral stereoisomers

HO-1 68.9 0.0 0.0 366.2 176.8 139.6 0.0 0.8 0.0

HO-2 146.9 2.4 1.2 662.5 120.0 119.3 0.0 0.0 0.4

HO-3 218.9 2.6 1.1 719.4 118.5 116.3 0.0 0.0 1.4

HO-4 284.7 3.2 2.5 425.0 154.5 133.0 0.0 1.7 0.0

Hetero-chiral stereoisomers

HET-1/HET-1‘ 66.3/293.7 0.7 0.9 376.9 172.4 138.5 0.6 1.2 0.8

HET-2/HET-2‘ 148.8/211.2 2.5 0.9 666.2 120.0 119.3 0.3 0.1 0.6

a Dihedral angles between the two phosphorus atoms with respect to the centers of the two cyclopentadienyl rings.
b Relative energies (in kJ/mol) calculated at the B3LYP�D3(BJ)/def2-QZVP level of theory, with vibrational zero-point energy corrections.
c Relative energies (in kJ/mol) obtained with single-point energy calculations at the LNO-CCSD(T)/def2-QZVPP level of theory, using optimized structures
from B3LYP�D3(BJ) calculations.
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configurations, with HO-1 being the global minimum isomer,
which is 0.7 kJ/mol more stable than HET-1 after vibrational
zero-point energy (ZPE) corrections. The relative energies of
these diastereomers were also estimated using the single-
point energy calculations at the LNO-CCSD(T)/def2-QZVPP,
wB97X�D/def2-QZVPP, and M06-2X/def2-QZVPP levels of
theory. The results are generally consistent with the
B3LYP�D3(BJ) calculations, with deviations well within the
chemical accuracy of these methods (see Table 1 and
supplementary Table S1). A comparison between the
B3LYP�D3(BJ) and LNO-CCSD(T) energies suggests that the
D3(BJ) corrections may slightly overestimate the dispersion
forces.

In the experiment, two diastereomers were identified in
the microwave spectrum, as shown in Figure 3. The two
distinguished rotational fingerprints are individually fitted
with the SPFIT program, using Watson’s A-reduced Hamilto-
nian in the Ir representation,[41–43] and the resulting spectro-
scopic parameters are summarized in Table 2. By comparing
the experimentally determined ground-state rotational con-

stants (A0, B0, and C0) with theoretical values (Ae, Be, and Ce), it
is evident that these two rotational spectra correspond to
HO-1 and HET-1, while there is clearly no agreement with the
other conformations. The deviations between experimental
and theoretical rotational constants are better than 2.2%.
The centrifugal distortion constants (DJ, DJK , DK , dJ, and dK )
are also calculated based on the harmonic frequency
calculations using a home-written python script.[41] The
results show satisfactory consistency with the corresponding
fits.

Moreover, the spectral assignments are supported by the
calculated dipole-moment components. For HO-1, it pos-
sesses a C2 molecular symmetry, where the C2 rotation axis is
aligned with its principal inertia b-axis. This cancels out the
dipole-moment component along the a- and c-axes (ma and
mc), leaving a nonzero mb component of about 0.8 D. In the
corresponding rotational spectrum (red trace in Figure 3),
solely b-type transitions were detected, matching with its
dipole-moment orientation. A total of 208 b-type transition
frequencies were included in the least-squares fit, leading to

Figure 2. Torsional potential energy curves for the internal ring rotations of 1,1’-bis(tert-butylphosphino)ferrocene in its homo-chiral (a) and hetero-chiral (b)
configurations, calculated at the B3LYP�D3(BJ)/def2-QZVP level of theory. The torsional angle (f) is defined by the relative dihedral angle between the two
tert-butylphosphino groups with respect to the two ring centers. HET-1/1’ and HET-2/2’ represent two pairs of enantiomers that produce identical microwave
spectra. Note that the energies of HO-1 and HET-1 are both set to 0 kJ/mol for convenience, of which HO-1 is 0.7 kJ/mol more stable. The relative energies of
the minimum geometries are provided in Table 1.
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an overall root-mean-square (RMS) deviation of about
4.7 kHz. On the other hand, the geometry of HET-1 belongs
to the C1 point group. The dipole-moment components are
predicted to be jmaj=0.6 D, jmbj=1.2 D, and jmcj=0.8 D. As
shown in Table 2, all three types (a-, b-, and c-type) of
rotational transitions were observed in its rotational spec-
trum. The relative intensity ratios of the a-, b- and c-type
rotational transitions are consistent with the calculated
dipole-moment components (blue trace in Figure 3). A total
of 683 transition frequencies were measured, giving an RMS

deviation of about 6.4 kHz in the fit. Both the well-predict-
able centrifugal distortion constants and the small RMS
deviations of the least-squares fits indicate the rigidity of the
molecular structures in a jet-cooled collision-free environ-
ment.

Although HO-1 and HET-1 are nearly isoenergetic, the
overall spectrum of HO-1 is lower in intensity compared to
that of HET-1 due to its smaller dipole moment. By
quantifying the relative intensities of the b-type transitions
from both diastereomers with the associated computed mb

Figure 3. Portion of the microwave spectrum measured with 1,1’-bis(tert-butylphosphino)ferrocene from 3.5 to 4.3 GHz. It consists of an average of 6.0 � 106

FID acquisitions. The experimental spectrum (EXPT) is shown in the upper trace. The simulated spectra of the HO-1 and HET-1 diastereomers at a rotational
temperature of 1 K are displayed in the bottom trace, which are based on the fitted rotational constants provided in Table 2.

Table 2. Experimental spectroscopic parameters of the HO-1 and HET-1 diastereomers obtained from SPFIT least-squares fits, in comparison with the
theoretical results obtained at the B3LYP-D3(BJ)/def2-QZVP level of theory.

Parametersa HO-1 (56Fe) HET-1 (56Fe) HET-1 (54Fe)

theo. expt. theo. expt. expt.

A/MHz 366.2 374.52123(11) 376.9 383.343772(73) 384.51987(10)

B/MHz 176.8 174.78454(10) 172.4 171.744856(39) 171.74427(25)

C/MHz 139.6 140.013339(53) 138.5 139.230186(30) 139.384694(87)

DJ
b/kHz 0.0104 0.01108(20) 0.0147 0.013359(59) [0.013359]c

DJK /kHz �0.0583 �0.06691(84) –0.0929 �0.08923(32) [�0.08923]

DK /kHz 0.1139 0.1375(10) 0.1899 0.18977(43) [0.18977]

dJ/kHz 0.0040 0.00421(10) 0.0058 0.005167(29) [0.005167]

dK /kHz 0.0065 0.0088(23) 0.0133 0.01363(71) [0.01363]

N (ajbjc)d 208 (0j208j0) 683 (150j400j133) 54 (0j54j0)

RMS e/kHz 4.7 6.4 5.9

a Fitted with Watson’s A-reduced Hamiltonian in its Ir representation using Pickett’s SPFIT program.
b Centrifugal distortion constants were calculated from the harmonic frequency calculations using a home-written python script.
c Values in box brackets were fixed.
d Total number (N) of lines in the fit and the number of lines for each type of rotational transitions (a-, b-, and c-type).

e Root-mean-square deviation of the fit, RMS=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

ðnobs�ncalcÞ
2

N

q

.
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components, their relative abundance in the gas jet is
estimated to be about 50% : 50%, matching the solution-
phase NMR results. In Figure 3, the simulated spectra of these
two species were plotted with a 1 : 1 abundance ratio, which
is comparable with the experimental trace. Given the good
signal-to-noise ratio (SNR) of the HET-1 spectrum (56Fe), its
54Fe singly substituted isotopologue was observed in its
natural abundance (5.9%). The rotational constants were
experimentally fitted with 54 identified transition frequen-
cies, giving an overall RMS deviation of 5.9 kHz, while the
centrifugal distortion constants were fixed at the values of
the normal species.

Regarding the non-observed conformations, it is likely
that they underwent relaxation toward HO-1 and HET-1,
respectively, in the supersonic jet. Because the interconver-
sion barriers are within 2 kJ/mol, as can be seen in Figure 2
and Supplementary Figure S3, well below the conformational

relaxation threshold of approximately 4.8 kJ/mol.[44] Addition-
ally, we explored the interconversion pathway between the
HO-1 and HET-1 diastereomers, which are linked by the
pyramidal inversion motion of the tert-butylphosphino
group, also known as the ‘umbrella’ motion. Such motion in
secondary phosphines goes through an sp2 planar transition
state at phosphorus with a typical barrier of �30–35 kcal/
mol.[45] The calculation was carried out with the NEB method
at the B3LYP�D3(BJ)/def2-QZVP level of theory.[40] With given
starting and ending geometries, namely HET-1 and HO-1, the
NEB algorithm automatically samples a series of structural
images in between, and optimizes and minimizes the
interaction forces between the adjacent structures to find the
minimum energy path and the saddle point. As shown in
Figure 4, the barrier of the pyramidal inversion at phosphorus
is about 143.5 kJ/mol (34.3 kcal/mol). Therefore, the P-stereo-
genic centers in tert-butylphosphino groups are quite stable,
allowing for the detection of both homo- and hetero-chiral
BPF by both gas-phase microwave spectroscopy and solu-
tion-phase NMR spectroscopy.

Furthermore, the conformation stability can be rational-
ized by interactions between the two tert-butylphosphino
groups. When the dihedral angles f between these groups
are less than 60�, significant steric repulsion occurs, where
the dispersion stabilization forces are not sufficient to
compensate, as shown in Figure 5. Consequently, geometries
at f ¼ 0� do not represent minimum-energy configurations.
Nevertheless for 1,1’-disubstituted ferrocenes with smaller
ring substituents, such as 1,1’-dimethylferrocene, the 0�

conformation can be stably observed in the gas phase as well
as in the solid phase.[21,30] Additionally, for homo-chiral BPF,
the lone pair-lone pair repulsion is enhanced when the two
lone pairs on phosphorus are in close proximity, lifting the
energy of HO-4 higher than HO-1 by 3.2 kJ/mol and resulting
in an energy maximum around 330� instead of 0�. When the
dihedral angles exceed 60�, the steric repulsion decreases
and London dispersion effects start to dominate. This effect

Figure 4. Energy minimum path of the pyramidal inversion of the tert-
butylphosphino group in BPF, calculated using the nudged elastic band
(NEB) method at the B3LYP�D3(BJ)/def2-QZVP level of theory. The x-axis
describes the structural displacements (in Å) along the inversion motion
path. The arrows indicate the motion of the hydrogen atom in the pyramidal
inversion of the tert-butylphosphino group.

Figure 5. Torsional potential energy curves for homo (a) and hetero (b) chiral BPF, calculated at the B3LYP/def2-QZVP level of theory with and without D3(BJ)
dispersion corrections. The energies at 144° are set to 0 kJ/mol for comparison. The drop lines in green indicate the relative strength of the stabilizing
dispersive interactions, quantified by the D3(BJ) corrections.
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can be roughly quantified by the D3(BJ) correction term in
the DFT calculations (Figure 5), which has been validated in
other studies.[36,46,47] As investigated in this work, without
D3(BJ) corrections, the eclipsed anticlinal HO-2/3 and HET-2
conformers are predicted to be more stable than the eclipsed
synclinal HO-1 and HET-1 conformations by approximately
1.2 kJ/mol. For HO-1 and HET-1, the dispersion stabilization
effects are about 4 kJ/mol greater than that for HO-2/3 and
HET-2, making HO-1 and HET-1 the global minima for homo-
and hetero-chiral arrangements, which agrees with our
observations in the microwave spectrum. This evidently
shows that owing to the facile internal ring rotation in
ferrocene, not only the steric repulsion between the ring
substituents but also the dispersion attraction forces can
substantially influence the conformational arrangements.

In summary, we explored the gas-phase conformations of
1,1’-bis(tert-butylphosphino)ferrocene using broadband mi-
crowave spectroscopy in combination with quantum chem-
ical calculations. In the rotational spectrum, we identified
two diastereomers with homo- and hetero-chiral arrange-
ments at the P-stereogenic centers. The theoretical potential
energy curves suggest that the eclipsed ring conformations,
except for the 0� conformation, are energy minima, while the
staggered ring conformations serve as transition states. The
internal ring torsional barriers are well below 2 kJ/mol,
allowing facile transition to the global minimum geometries
in the supersonic jet. Experimentally, the detected diaster-
eomers indeed correspond to the global-minimum geo-
metries of the homo- and hetero-chiral 1,1’-bis(tert-
butylphosphino)ferrocene, where the two tert-butyl-
phosphino groups are separated by dihedral angles of
approximately 66°. The conformational stability relies on a
delicate balance between the steric repulsion and London
dispersion attraction effects between the two tert-butylphos-
phino groups.
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