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Ferrocene-1,1’-dithiol reacts with PCl3 and P(NMe2)3 to give
[3]ferrocenophanes with SPS-ansa-bridges comprising poten-
tially reactive P� Cl and P� N bonds at the central bridge atom.
The products were characterized by NMR data and single-crystal
XRD studies. The P-chloro-derivative exists both in the solid
state and in solution as a mixture of two energetically nearly
degenerate conformers with different stereochemical disposi-

tion of the ansa-bridge. Activation parameters for the dynamic
equilibration between both isomers in solution were deter-
mined by dynamic NMR spectroscopy. Computational studies
suggest that the isomerization proceeds via a torsional motion
of the bridging SPS-unit rather than via configuration inversion
at the phosphorus atom.

Introduction

Linking the cyclopentadienyl (Cp) units in a ferrocene derivative
by one or more covalent bridges is a well-established approach
to engineer not only the molecular structures of the original
species but also their physical and chemical properties.[1] The
impact of the bridge on the properties of the resulting
ferrocenophane or ansa-ferrocene molecules can in principle
arise from structural effects, the introduction of new chemical
functionality, or a combination of both. Structure induced
changes may be a simple consequence of the inhibition of the
free rotation of the Cp units, which enables e.g. constructing
chiral ferrocene scaffolds,[2] or can arise from enforcing geo-
metrical distortions like a tilt between the Cp rings in strained
ferrocenophanes, which allows tuning the optical properties of
the ferrocene chromophore.[3] An easy approach to introducing
new chemical functionality is doping the bridging unit with
heteroatoms that enable complex formation with external

substrates. Appropriate ferrocene-decorated P- or N-donor
ligands are often based on [3]ferrocenophane scaffolds (I,
Scheme 1)[4] whose bridge imposes little strain to grant chemi-
cally stable molecular structures, and have received attention as
switchable ligands whose donor and acceptor properties are
easily tunable by redox reactions at the iron center.[5]

We and others have recently reported on the synthesis of
phosphorus-containing [3]ferrocenophanes II with ansa-bridges
comprising a central tervalent phosphorus atom and two
adjacent heteroatoms X acting as pier units to the ferrocene
moiety.[6,7] These species can act as P-donor ligands in the
formation of transition metal complexes[5,6e,8] or, if the
phosphorus atom carries a displaceable halogen substituent, as
precursors to carbene-analogue phosphenium ions III.[9] The
[3]ferrocenophane framework in these compounds plays on
one hand an important role in providing a rigid molecular
backbone enabling, e.g., the synthesis of configurationally
stable chiral ligands.[6e] On the other hand, the possible
existence of several diastereomers with different bridge config-
urations and maybe varying complexation behavior for species
like II (X=PR’)[7e,f] may also interfere with the application of these
ferrocenophanes in coordination chemistry. However, the
configuration isomerization documented for some phosphines
II (X=PtBu)[7f] as well as a for a radical IV[7g] emphasizes that full
understanding of the properties of XPX-[3]ferrocenophanes
requires knowledge on not only their static but also their
dynamic stereochemistry.
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Scheme 1. Some known [3]ferrocenophane frameworks with ansa-bridges
comprising a central group-15 element.
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We report in this work on the synthesis and characterization
of 1,3,2-dithiaphospha-[3]ferrocenophanes (1, 2 Scheme 2) that
we consider special in two respects. Firstly, the synthesis of
type-II [3]ferrocenophanes with P� Cl or P� N-bonds that allow
in principle for further post-derivatization of the ansa-bridge
has been reported for species with X=O,[6d] NR’,[7d,h] and PR’,[7f]

but not for the thia-derivatives with X=S. Secondly, P-chloro-
substituted 1 offers an unprecedented opportunity to monitor
the bridge-dynamics in a ferrocenophane-based phosphine,
which was not directly spectroscopically observable in II
(X=PtBu)[7f] and IV.[7g] Interpretation of the resulting kinetic data
in combination with computational studies provides insight
into the conformational mobility and isomerization mechanism
of the ansa-bridge.

Results and Discussion

Although the inadvertent generation of 1 as a side product and
its isolation in low yield (ca. 5%) has been mentioned in a
conference report,[6b] characterization data are unavailable. We
found that 1 is readily accessible through spontaneous
condensation of ferrocene-1,1’-dithiol with phosphorus trichlor-
ide (Scheme 2) and can be obtained as a crude product in 97%
yield by stripping of volatiles from the reaction mixture. The use
of an auxiliary base as hydrogen chloride scavenger causes, in
accord with a previous report,[6b] side reactions and impedes
work-up, and is thus considered detrimental. In a similar
manner, we were able to prepare 2-amino-substituted
[3]ferrocenophane 2 from ferrocene-1,1’-dithiol and tris(dimeth-
ylamino)phosphine. Recrystallization of the crude products

gave decent yields (1: 55%, 2: 59%) of crystalline materials that
were characterized by single-crystal X-ray diffraction studies.

Both crystals studied contain isolated complexes lacking
any significant intermolecular interactions. The asymmetric unit
of 1 comprises two crystallographically independent molecules
which exhibit both an ecliptic alignment of the Cp-decks in the
ferrocene unit but are distinguished by different conformations
of the ansa-bridge (Figure 1). For an analysis of the deviations
between both conformers, it is convenient to consider the
atoms of the SPS-unit, the adjacent carbon atoms (C5/C5’ and
C9/C9’), and the iron center as constituents of a six-membered
heterocycle. Seeing that the phosphorus atom is displaced from
a common plane defined by the remaining ring constituents,
we assign the ring a sort of envelope conformation and identify
the SPS-unit as the flap of this envelope.[10] Adopting this view,
one conformer is characterized by a flattened disposition of the
envelope (with a flap angle between the SPS-bridge and the
planar fragment of the heterocycle of 134°) and a flagpole
orientation of the P� Cl bond (as this bond is aligned close to
the ferrocene unit, we denote this conformer as endo-1), while
the other one (exo-1) features a strongly folded envelope shape
(flap angle 100°) and an equatorial orientation of the P� Cl
bond. The opening of the envelope associated with the increase
in flap angles comes with an expectable widening of the C� S� P
angles from 95° in exo-1, which is a typical bond angle in sulfur
compounds, to 110° in endo-1 (see Table 1 for details). The
concurrent change from equatorial (exo-1) to flagpole orienta-
tion (endo-1) of the P� Cl bond is associated with a flattening of
the pyramidal coordination geometry around the phosphorus
atom. Similar deviations between exo- and endo-conformers are
also known for other XPX-[3]ferrocenes (X=N, O, P)[5c,d,6d,7] and
reflect presumably the impact of repulsive interactions between
the P-substituents in the endo-conformers and the adjacent
ferrocene unit. The P� S and P� Cl distances in both isomers
come close to those expected for normal single bonds (P� S
2.12 Å, P� Cl 2.09 Å[11]), but careful comparison reveals that the
more open envelope shape in endo-1 features slightly con-
tracted P� Cl and elongated P� S distances, respectively (Ta-
ble 1). The structural features of the ferrocene units are normal.

Scheme 2. Synthesis of 1,3,2-dithiaphospha-[3]ferrocenophanes 1, 2.

Figure 1. Representation of the molecular structures of a) endo-1 (left) and
b) exo-1 (right) in the crystal. Hydrogen atoms were omitted for clarity and
thermal ellipsoids were drawn at the 50% probability level. See Table 1 for
selected distances and angles.

Table 1. Selected geometric parameters (distances in Å and angles in °) for
1 and 2.

Parameter[a] exo-1 endo-1 2[b]

P7� X[c] 2.0739(11) 2.0902(11) 1.663(7) 1.658(7)
P7� S6 2.1308(11) 2.0942(11) 2.153(3) 2.156(3)
P7� S8 2.1234(10) 2.0915(12) 2.160(3) 2.159(3)
C5� S6� P7 95.13(10) 110.35(10) 98.8(3) 100.8(3)
C9� S8� P7 95.23(10) 110.82(10) 99.3(3) 100.0(3)
Σ< (P)[d] 296.54(12) 315.96(15) 299.5(7) 299.5(7)
Σ< (N)[d] 356.5(19) 359.8(19)
Cp···Cp[e] 3.3104(8) 3.2798(8) 3.3043(24) 3.2914(24)
α[f] 0.88(11) 1.54(13) 2.0(3) 2.1(3)

[a] Atom labels in endo-1 and the second molecule of 2 are S6’, P7’ etc.
[b] values for two crystallographically independent molecules with exo-
oriented P� N bond. [c] X=Cl7 (1), N70 (2). [d] Sum of bond angles.
[e] Distance between the centroids of the Cp-rings. [f] Tilt angle between
the Cp-decks (see ref. [1e]).
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Crystals of 2 hold likewise two crystallographically inde-
pendent molecules (Figure 2), both of which can be assigned as
exo-conformers with flap angles of 107° and 110°, respectively.
The preference for this conformation is well in accord with the
greater steric demand of the Me2N-substituent compared to the
Cl-atom in 1. As in 1, the structural features of the ecliptic
ferrocene unit are normal and require no comment. The bond
angles at the phosphorus and sulfur atoms adopt values
between those in both conformers of 1, but are definitely closer
to those of exo-1 displaying the same conformation of the
ansa-bridge. The P� S distances are slightly larger than in exo-1,
but still in accord with the presence of single bonds. In
combination with the essentially planar geometry around the
nitrogen atom (which implies a high degree of p-character for
the N-centered lone-pair) and a rather short P� N distance
(1.66 Å compared to 1.78 Å for a standard single bond[11]), this
trend may be attributed to n(N)� σ*(PS) hyperconjugation.
Indeed, a second order perturbation theory analysis of the
calculated (at the ωB97X-D/6-311+G** level of theory) electron
density on the NBO basis reveals 96.2 kJmol� 1 stabilizing
interactions between the lone pair of the nitrogen and the
σ*(PS) orbitals, which are also reflected in the shapes of the
HOMO and LUMO (Figure S8). Analogous interactions are well
established for other types of amino-substituted heterocyclic
phosphines.[12]

The different conformational preferences of 1 and 2
unveiled in the crystallographic studies also show up in the
solution NMR data. In the case of 2, the 31P{1H} and 1H NMR
spectra display a singlet and a set of resonances attributable to

the AHMX spin system of the H-atoms in the equivalent Cp-
decks, respectively. These patterns are well in accord with the
presence of a single conformer in solution, which has presum-
ably the same exo-orientation of the amino-substituent as
observed in the crystalline state. In contrast, the 31P{1H} NMR
spectrum of 1 displays at ambient temperature an extremely
broad signal (δ31P=180 ppm, Δν1/2 approx. 4 kHz), which
decoalesces eventually into two singlets with distinctly differing
chemical shifts (δ31P=218.8 and 139.5 ppm at 199 K) when the
temperature is lowered (Figure 3).

Parallel variations are also evident in the 1H NMR spectrum,
where the signals of a single set of Cp-resonances detectable at
room temperature likewise split into two AHMX-type patterns
at lower temperatures (Figure S5). The observed changes clearly
indicate that the solution contains a mixture of dynamically
equilibrating species, which we allot to the conformers exo-1
and endo-1 identified in the solid state. A similar variation in 31P
chemical shifts as noted here (Δδ31P=79.3 ppm) was reported
for diastereomeric triphospha-[3]ferrocenophanes[7f] and some
bicyclic phosphines[13] (Δδ31P=50–90 ppm). Our tentative as-
signment is confirmed by the close agreement of the observed
chemical shifts with calculated values (at the zora-BP86/TZ2P//
ωB97X-D/6-311+G** level of theory),[14] which allow also to
attribute the signal at higher chemical shift to the endo-isomer
(endo-1: δ31Pcalc=219.1 vs. δ31Pobs=218.8 at 199 K, exo-1:
δ31Pcalc=143.1 vs. δ31Pobs=139.5 at 199 K).

Computational studies on bicyclic phosphines[13] revealed
that the large deviations between the 31P chemical shifts of
different stereoisomers stem from changes of the paramagnetic
magnetic shielding contribution induced by structure-depend-
ent fine-tuning of hyperconjugative interactions of the
phosphorus lone-pair and the bond to the exocyclic substituent
with unoccupied fragment orbitals in the bicyclic framework.
Indeed, the difference in δ31P between endo/exo-1 is also clearly
dominated by changes in the paramagnetic shielding term,
with only a small contribution from the spin-orbit term
(Table S7), and inspection of canonical Kohn-Sham orbitals (see
Figure S8) and the results of NBO calculations reveals that the
hyperconjugative interactions at phosphorus and its neighbors
differ in both isomers as expected. Moreover, the NBO
calculations show that the phosphorus lone pair of exo-1

Figure 2. Representation of the molecular structures of the crystallographi-
cally independent molecules of 2 in the crystal. Hydrogen atoms were
omitted for clarity and thermal ellipsoids were drawn at the 50% probability
level. See Table 1 for selected distances and angles.

Figure 3. Measured (black traces) and simulated (red traces) 31P{1H} NMR spectra of 1 at different temperatures (from top to bottom: 199, 211, 223, 234, 246,
257, 269, 281, 292, 304 K).
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displays increased s-character and makes a smaller contribution
to the paramagnetic shielding term, implying that part of the
difference in δ31P between exo/endo-1 is caused by rehybridiza-
tion effects. However, even if these findings imply that the
stereochemically induced variation of δ31P for endo/exo-1 has a
similar origin as in the previously studied phosphines,[13]

attempts to relate the observed trend with individual orbital
contributions gave no clear picture, and a more detailed
discussion is currently out of reach.

Insight into the energetics and kinetics of the conforma-
tional isomerization endo-1.exo-1 was available from a more
detailed analysis of the variable temperature NMR experiments
on 1. Integration of the signals in 31P NMR spectra recorded in
the slow exchange regime furnished values of the equilibrium
constant Kendo/exo(T), and evaluation of the temperature depend-
ence of this quantity from a van-t’Hoff plot (see Figure S6)
allowed then to determine the change in enthalpy (ΔH=

� 0.53(3) kJ/mol) and entropy (ΔS= � 0.63(12) J/(molK) associ-
ated with the reaction. The figures obtained imply that exo-1
must be regarded energetically marginally more stable, but this
preference is very small and in part compensated by the
entropy term.

Rate constants for the dynamic isomerization were ex-
tracted from line shape analyses of the 31P and 1H NMR signals
and employed to calculate the enthalpy and entropy of
activation by means of the Eyring equation (see Figure S7). The
enthalpic barrier to the endo-1.exo-1 isomerization (ΔH¼6 =

41.9(9) kJ/mol) matches those for the degenerate bridge
reversal in 1,3-dithia-[3]ferrocenophanes 3 (Scheme 3, ΔH¼6 =

40–45 kJ/mol),[15] but is only roughly half as high as the
isomerization barrier of trithia-[3]ferrocenophane 4 a (ΔH¼6 =

77.0(9) kJ/mol)[16] featuring an ansa-bridge with a similar
metrical chain length as 1 (minor differences are due to the
shortening of the S� S distances of 2.048(4) and 2.050(4) Å[17]

compared to the P� S bonds in 1). Although the lower transition
state energy for 1 is to some extent offset by a more negative
activation entropy (ΔS¼6 = � 19.8 (3.7) J/(mol·K) vs. � 11.7(2.3) J/
(mol·K) for 4 a[16]), which implies a higher degree of order in the
transition state of the isomerization, the values of ΔG298,¼6

(47.8(5) kJ/mol for 1 vs. 80.4(2) kJ/mol for 4[16]) suggest that the
conformational flexibility of the ansa-bridge increases upon
formal replacement of the central sulfur atom in 4 a by a PCl
unit.

Even if one considers that the ring flip in tri-chalcogen-
bridged [3]ferrocenophanes becomes energetically more facile
when the central sulfur in 4 a is formally replaced by
increasingly larger selenium or tellurium centers,[16] the gain in
mobility of 1 is too high to be attributable to geometrical
effects alone. Moreover, the case of 1 is more complex (cf.

Figure 4). The interchange between the endo- and exo-isomer
can occur here as in 4 a via a torsional motion of the ring
involving a transition state TSflip-1 in which the ferrocene unit
shows a staggered orientation of the Cp-decks and a twisted
conformation of the ansa-bridge while the phosphorus atom
retains a fixed pyramidal coordination. Alternatively, the same
isomerization can be accomplished through configuration
inversion at the phosphorus center (TSinv-1).

Seeking to assess the viability of both routes, we have
studied the conversion endo-1.exo-1 computationally. The
ωB97X-D/6-311+G** model, which had already been identified
in a previous case as suitable for the depiction of ferroceno-
phane systems,[9] was found to give also a realistic account of
the molecular structures of endo/exo-1 and 2, and was used for
energy optimization of geometries. The energies of molecular
ground states and transition states thus located were then
recomputed at the local-CCSD(T)/def2-TZVP//ωB97X-D/6-311+

G** level and Gibbs free energies (at 298 °K) calculated using
these energies with corrections derived from frequency calcu-
lations at the ωB97X-D/6-311+G** level of theory. The Gibbs
energy difference between both conformers of 1 at this
theoretical level (which will be used throughout the following
discussion) was computed as 6.4 kJ/mol (Figure 4), with endo-1
being identified as the more stable isomer (the same energetic
order was reproduced at other theoretical levels, even if the
absolute energy difference varied between 2.1 and 11.3 kJ/mol;
see Table S4 for details). Although a higher stability of endo-1 is
at odds with our experimental results, the deviations between
calculated and measured Gibbs free energy differences are well
within the 8–12 kJ/mol error limit that must be conceded for

Scheme 3. Molecular structures of some 1,3-dithia-[3]ferrocenophanes 3, 4.

Figure 4. Representation of studied pathways for the dynamic isomerization
endo-1.exo-1. The numbers shown represent the calculated and exper-
imental (in parentheses) relative Gibbs free energies in kJ/mol.
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DFT calculations. Therefore, we attribute our failure in predict-
ing a correct energetic order to the methodical limits rather
than inappropriateness of our model.

Analyzing next the reaction dynamics, we have located two
transition states that can be associated with the suggested
routes involving either direct inversion at the phosphorus atom
or a torsional ring flip, respectively (Figure 4). The transition
state TSinv-1 localized for the inversion process has a similar
trigonal planar geometry (’umbrella’ or ’vertex’-type) as is
encountered in case of triorgano- or trithiophosphines.[18] The
energetic barrier for P-inversion in 1 derived from the DFT
calculations (ΔG298¼6 =192.8 kJ/mol relative to endo-1) is inter-
mediate between the inversion barriers for trithiolato-phos-
phines P(SR)3 (R=H, Me)[18] and PCl3,

[18,19] respectively. The P-
inversion is clearly disfavored with respect to the torsional ring
flip (via TSflip-1) with a predicted energetic barrier (ΔG298¼6 =

56.4 kJ/mol) that fits reasonably well with the experimental
value (ΔG298¼6 =47.8 kJ/mol). We further found a somewhat
higher energy path, which permits epimerization of exo-1 via
joint inversion of both the envelope conformation of the
ferrocenophane ring and the pyramidal coordination at
phosphorus via a transition state (Figure S9, ΔG298¼6 =193.8 kJ/
mol) with planar FeC2S2P-ring and similar T-shaped geometry at
phosphorus as in the ’edge-type TS’ passed during inversion of
PCl3.

[18,19] However, the absence of any evidence for dynamic
symmetrization of the Cp-rings in the 1H NMR spectra indicate
that this process is unrelated with the observed dynamics.

To validate our computational model, we calculated also
the inversion barrier for the ring flip of 4 a and note that the
still closer agreement between the computed (ΔG298¼6 =84.6 kJ/
mol) and measured (ΔG298¼6 =80.4 kJ/mol[16]) data indicates the
predicted energy barriers can be considered reasonable. Based
on this data, we presume that, as in the case of 4 a,
interconversion between different conformers of 1 is achieved
by torsional motion around the P� S bonds in the ansa-bridge.

An analogous survey of 2 (Table S5) revealed that a hypo-
thetical endo-isomer is less stable by 19.0 kJ/mol than the
observed exo-conformer. The reduced stability of endo-2 is in
accordance with the lack of nN� σ*PS hyperconjugation that is
evidenced by the non-planar nitrogen and the significantly
lengthened (1.74 Å) P� N bond. Moreover, both the torsional
ring flip (ΔG298¼6 =43.3 kJ/mol) and the inversion process
(ΔG298¼6 =164.2 kJ/mol) become more facile than in case of 1.
These figures indicate that the failure to detect a second
conformer of 2 is not owed to kinetic effects, but reflects rather
the very low equilibrium concentration of this isomer.

Conclusion

1,3,2-Dithiaphospha-[3]ferrocenophanes with potentially reac-
tive P� X bonds (X=Cl, NMe2) offering an opportunity for further
post-functionalization can be prepared by analogy to their O2P-
bridged congeners via condensation of ferrocene-1,1’-dithiol
with PX3 in the absence of base. The P-chloro derivative is
characterized by an accidental energetic near-degeneracy of
two conformers that are set apart by an exo- or endo-

orientation of the P� Cl bond in the ansa-bridge relative to the
ferrocene core. Monitoring the dynamic interchange between
both species by VT-NMR spectroscopy enabled for the first time
evaluating activation parameters for the bridge reversal in a
phosphorus-containing [3]ferrocenophane, which imply that
the SPS-chain is more flexible than the SES-units (E=S, Se, Te) in
trichalcogeno-[3]ferrocenophanes. Computational studies sug-
gest that the conformational isomerization proceeds via a
torsional motion of the SPS-bridge, which is energetically less
costly than configuration inversion at the phosphorus atom.

Experimental Section
Unless otherwise stated, all manipulations were carried out under
an inert atmosphere of purified argon, using either flame-dried
glassware and standard Schlenk techniques, or in gloveboxes. THF
was distilled from NaK alloy and stored in Schlenk-flasks under inert
conditions. NMR spectra were acquired on Bruker Avance 250 (1H:
250.0 MHz, 31P: 101.2 MHz) or Bruker Avance 400 (1H: 400.1 MHz, 31P:
161.9 MHz) NMR spectrometers at 303 K if not stated otherwise. 1H
Chemical shifts were referenced to TMS using the signals of the
residual protons of the deuterated solvent (δ1H=7.26 (CDCl3) as
secondary reference. 31P chemical shifts were referenced using the
Ξ-scale[20] with 85% H3PO4 (Ξ=40.480747 MHz) as secondary
reference. Elemental analyses were performed with an Elementar
Micro Cube elemental analyser.

2-Chloro-1,3,2-dithiaphospha-[3]ferrocenophane (1). A solution of
ferrocene-1,1’-dithiol (721 mg, 2.88 mmol) in THF (10 mL) was
added dropwise over a period of 30 min to a cooled (� 78 °C)
solution of PCl3 (396 mg, 252 μL, 2.88 mmol) in THF (10 mL). The
cooling was removed and the reaction mixture stirred for 14 h.
Evaporation of all volatiles in vacuum furnished 877 mg
(2.79 mmol, 97%) of crude product which was purified by
recrystallization from THF and drying under vacuum. Yield 500 mg
(1.59 mmol, 55%) of a fine crystalline, orange solid of m.p. 120 °C. –
1H NMR (CDCl3): δ=4.38 (m, 2 H, Cp), 4.33 (m, 2 H, Cp), 4.19 (m, 2 H,
Cp), 4.07 (m, 2 H, Cp). – 31P{1H} NMR (CDCl3): δ=180 (very broad). –
C10H8ClFePS2 (314.57 g/mol): calcd. C 38.18 H 2.56, found C 38.69
H 2.68.

2-Dimethylamino-1,3,2-dithiaphospha-[3]ferrocenophane (2). A
solution of ferrocene-1,1’-dithiol (487 mg, 1.95 mmol) in THF
(15 mL) was added dropwise over a period of 30 min to a cooled
(� 78 °C) solution of P(NMe2)3 (320 mg, 360 μL, 1.96 mmol) in THF
(5 mL). The cooling was removed and the reaction mixture stirred
for 16 h. The resulting mixture was filtered through a bed of silica
and precipitated solids washed with three portions of THF (20 mL).
The combined filtrates were evaporated to dryness and the
remaining dark brown solid recrystallized from THF. Yield 372 mg
(1.15 mmol, 59%) of a crystalline, brown solid of m.p. 142 °C. –
1H NMR (CDCl3): δ=4.25 (m, 2 H, Cp), 4.23 (m, 2 H, Cp), 4.07 (m, 2 H,
Cp), 3.87 (m, 2 H, Cp), 2.92 (d, 3JPH=9.7 Hz, 6 H, NCH3). – 31P
{1H} NMR (CDCl3): 181 (s). – C12H14FeNPS2 (323.19 g/mol): calcd.
C 44.59 H 4.37 N 4.33, found C 44.18 H 4.54 N 4.57.

Crystallographic studies. X-ray diffraction data for 1 and 2 were
collected at 100(2) K on a Bruker diffractometer equipped with a
Kappa Apex II Duo CCD-detector and a KRYO-FLEX cooling device
using Mo-Ka radiation (l=0.71073 Å). The structures were solved
with direct methods (SHELXS-2014[21]) and refined with a full-matrix
least squares scheme on F2 (SHELXL-2014[21]). Semi-empirical
absorption corrections from equivalents were applied. Non-hydro-
gen atoms were refined anisotropically and hydrogen atoms using
a riding model. The crystal structure of 2 was refined as a 2-
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component twin, BASF=0.1528(30). The option TwinRotMat of the
PLATON package[22] was used to create a HKLF 5 file, which was
then used for the further refinement, which is therefore based
exclusively on unique reflections (Rint=0.00). Due to the weakly
scattering crystal, a cutoff at θ=25° was employed, and refinement
was carried out with a general RIGU restraint. Further crystallo-
graphic data and refinement details are given in the supporting
information or in the cif-files.

Computational details. The Gaussian 09 program package[23] was
used for all computations but the calculation of Local-CCSD(T)
energies and and relativistic magnetic shieldings. Energy optimiza-
tion of the geometry of endo/exo-1 were initially performed at
different levels of theory (see Table S4). Based on a comparison of
the results with the experimental data, the ωB97X-D/6-311+G**
model, which had already been used in a previous case,[9] was
chosen for all geometry optimizations and ensuing harmonic
vibrational frequency calculations employed to check the nature of
the stationary points obtained. Non-relativistic magnetic shieldings
were computed at the BP86/cc-pVTZ//ωB97X-D/6-311+G** level of
theory. Calculations of magnetic shieldings employing the two-
component zero-order regular approximation (ZORA) for inclusion
of spin-orbit coupling[24] were carried out with the Amsterdam
Density Functional package (ADF 2019.3)[25] using an all-electron,
triple-ζ, double-polarization (TZ2P) Slater basis with the local
density approximation (LDA) in the Vosko-Wilk-Nusair
parameterization[26] and nonlocal corrections for exchange
(Becke88[27]) and correlation (Perdew86[28]). Calculated magnetic
shieldings were converted into 31P NMR chemical shifts using the
equation δ31P(analyte)= (σ(PCl3) – σ(analyte)+219.0). Local-CCSD(T)
calculations were carried out with the MRCC program package.[29]

Molden 4.0[30] and IQmol 2.15.0[31] were used for the visualization of
the computed structures and orbitals.

Deposition Numbers 2078920 (for 1) and 2078927 (for 2) contain
the supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service www.ccdc.cam.ac.uk/structures.
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