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tion and reactivity of a RhIII h1-s-
alkane complex and the role of a structurally
responsive phosphine ligand in solid-state
molecular organometallic chemistry
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Theo S. C. Hatcher, b Graham J. Tizzard,c Samuel J. Page,d Mark R. Warren,e

Jason M. Lynam, *a Stuart A. Macgregor *b and Andrew S. Weller *a

A combined experimental and computational study on the single-crystal to single-crystal addition of H2 to

[Rh(k2-dtbpb)(NBD)][BArF4] [dtbpb = tBu2P(CH2)4P
tBu2, NBD = norbornadiene, ArF = 3,5-C6H3(CF3)2] to

give the Rh(III) h1-s-alkane complex [Rh(dtbpb’)(H)(h1-C7H12)][BAr
F
4] (dtbpb’ = k3-

PCP-tBu2PCH2CHCH2CH2P
tBu2) is reported, in which the supporting phosphine ligand has also

undergone C–H activation of one of the methylene groups in the chelate backbone to form a trans-

spanning k3-pincer-type ligand. Characterisation by variable temperature single-crystal X-ray diffraction,

solid-state NMR spectroscopy, periodic DFT, QTAIM, NBO and IGMH calculations support this

assignment, and also that the norbornane (NBA) alkane ligand can access low energy conformational

isomers in the solid-state. Dissolving in CD2Cl2 displaces the alkane and the corresponding solvent

adduct is formed, [Rh(dtbpb’)(H)(k1-ClCD2Cl)][BAr
F
4]. DFT calculations, supported by experiment, indicate

the C–H activation of the backbone occurs after full hydrogenation of the NBD to NBA, and not at

a norbornene intermediate. Addition of propene to the crystalline s-alkane complex displaces the NBA,

and the phosphine ligand responds by reforming the k2-motif, consistent with C–H activation being

thermodyamically favoured when trans to a weakly coordinating s-alkane. These reversible bond

activations of the chelating ligand in response to changes in the co-ligands demonstrate that significant

structural reorganisation is possible in the crystalline environment.
Introduction

The non-innocent role ligands can play in organometallic
reaction mechanisms has become an important design prin-
ciple that is used for the delivery of efficient, lower energy, and
selective homogeneous catalytic processes. Central to such
active ligand participation are the concepts of metal–ligand
cooperativity (MLC) and structurally responsive ligands (SRL).
MLC1–3 involves the ligand taking a role in bond activation
processes, that oen involve the shuttling of protons/hydrides
in a catalytic manifold between the metal centre and ligand,
e.g. in (de)hydrogenation reactions,4,5 Scheme 1a. SRLs show
dynamic structural behavior;6–9 such as hemilability – in which
a ligand can adapt to changes at the metal centre by offering
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a variety of accessible coordination modes, e.g. Scheme 1b.10

Large bite-angle k2-chelating diphosphines, e.g. R2P(CH2)5PR2,
have been shown to capture aspects of both MLC and SRL
reactivity, undergoing (reversible) backbone C–H activation at
the metal centre to form k3-PCP-type carbometallated pincer
ligands,11–13 that have the potential to facilitate bond activation
processes such as H/D exchange, Scheme 1c.14–16

We have been developing the concept of solid-state molec-
ular organometallic chemistry (SMOM17), where solid/gas reac-
tivity in crystallo18,19 allows for the isolation and detailed
characterisation of s-alkane complexes by single-crystal to
single-crystal (SC–SC) transformations.20,21 While s-alkane
complexes are generally unstable in solution, being charac-
terised in situ at low temperature using photolysis22,23 or
protonation24,25 routes; by optimal design of metal complex,
solvent and reaction conditions, s-alkane complexes can be
recrystallised from solution.26–30 Using this SMOM approach we
have also shown that a wide variety of fundamental organo-
metallic mechanistic steps are supported in crystalline molec-
ular reactivity. Examples include: (reversible) C–H activation of
a bound alkane ligand,31–33 migratory insertion,34,35 ligand
Chem. Sci.
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Scheme 2 (a) Prior SMOM work showing C–H activation of a P,P-
ligand. (b) This work. [BArF4]

− anions are not shown.

Scheme 1 (a) Schematic metal–ligand co-operativity (R = alkyl,
aryl).2–4 (b) Example of a hemilabile ligand.10 (c) Suggested mechanism
for H/D exchange at a 14e intermediate using large bite-angle
phosphines.15
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substitution,36–38 C–N bond formation,39 and isotope
effects.32,33,40 We have also reported that [Rh(Cy2P(CH2)5-
PCy2)(alkene)][BAr

F
4] (alkene = norbornandiene, NBD, or 1,5-

cycloctadiene, COD; ArF = 3,5-(CF3)2C6H3), can undergo back-
bone C–H activation on addition of H2 to give a carbometallated
k3-PCP ligand complex with a s-alkane ligand, Scheme 2a.41

However, the norbornane (NBA) is highly disordered precluding
detailed characterisation, while the cyclooctane (COA) s-alkane
complex is only generated in ∼30% maximum conversion from
the COD precursor in crystallo before onward decomposition
occurs.

In this contribution we show that by using the wide bite-
angle, k2-PP phosphine ligand, tBu2P(CH2)4P

tBu2, the quanti-
tative conversion to a stable rhodium h1-s-alkane complex of
NBA is achieved on hydrogenation of the NBD precursor. A rare
example of a carbometallated k3-PCP–ligand with a C4-back-
bone is concurrently formed through C–H activation of the
phosphine backbone, Scheme 2b. We show that this is a struc-
turally responsive ligand in crystallo, as addition of propene
reforms the k2-PP ligand; and provide evidence for the likely
order of events in the mechanism of C–H activation. These
reversible bond activations of the chelating ligand in response
to changes in the co-ligands (NBD/NBA/propene) demonstrate
that the molecular single-crystal environment can support
signicant structural reorganisation that is a characteristic of
MLC and SRLs, so well-documented in the solution phase.
Results and discussion
Synthesis and characterisation of precursor [Rh(dtbpb)(NBD)]
[BArF4], 1[BAr

F
4]

The precursor complex, [Rh(dtbpb)(NBD)][BArF4] 1[BArF4]
[dtbpb = tBu2P(CH2)4P

tBu2] was prepared by addition of dtbpb
Chem. Sci.
to [Rh(NBD)2][BAr
F
4] in CH2Cl2 solution. Recrystallisation from

CH2Cl2/hexane produced analytically pure deep-red crystals of 1
[BArF4] in 80% yield (SI). The solid-state structure of 1[BArF4], as
determined by single-crystal X-ray diffraction (P21/n, R1 =

3.15%), reveals a pseudo square-planar cation, Fig. 1a. The
cation is located within an approximate octahedral cage of
[BArF4]

− anions (Fig. 1b and c) as we have noted for other
[Rh(L2)(NBD)][BAr

F
4] SMOM systems that undergo solid/gas

reactivity.20,31,32,34,41 Some NBD alkene protons show close non-
covalent42 C–H/F contacts with the CF3 groups of proximate
anions, e.g. H1/F22 2.6148(15) Å; H2/F21 2.7007(15); H3/
F13, 3.0951(17) Å. There is no crystallographically imposed
symmetry in the cation, and this is reected in the 31P{1H}
SSNMR spectrum in which two environments are observed [d
42.8 and 25.0; J(RhP) = 148 Hz], similar to those reported for
[Rh(tBu2P(CH2)3P

tBu2)(NBD)][BAr
F
4].43 In the 13C{1H} SSNMR

spectrum signals between d 77.1 and 48.2 are assigned to the
alkene groups of the NBD ligand. C2v symmetry is observed in
the solution NMR spectra (SI).
Synthesis of [Rh(dtbpb’)(H)(NBA)][BArF4], 2[BAr
F
4]: ligand

non-innocence

Addition of H2 (2 bar, 2 h) to single-crystalline 1[BAr
F
4] results in

a SC–SC transformation and a colour change from deep red to
sandy yellow, Scheme 3, signalling the formation of form a new
s-alkane complex in which the supporting phosphine ligand
has also undergone C–H activation (carbometallation) of one of
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Solid-state structure of 1[BArF4] (a) structure of the cation, 1+. Displacement ellipsoids are shown at the 50% probability level, selected H-
atoms shown, tBu groups shown in stick form. Selected bond lengths (Å) and angles (°): Rh–P1, 2.4412(5); Rh–P2, 2.4252(5); C1–C2, 1.390(3);
C3–C4, 1.393(3); Rh/C18, 3.8103(19); P1–Rh–P2, 102.110(17). (b) Extended asymmetric unit showing the relationship between two proximal
[BArF4]

− anions and the metal centre. F/H contacts less than 3.1 Å shown (range 3.095–2.614 Å). (c) Arrangement of [BArF4]
− anions around the

1+ cation. Cation atoms and anion surfaces shown at van der Waals radii.

Scheme 3 Synthesis of complex 2[BArF4]. Inset shows optical
microscopy of the crystals pre- and post-addition of H2.
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the methylene groups in the chelate backbone to give
[Rh(dtbpb’)(H)(h1-C7H12)][BAr

F
4] 2[BArF4] (dtbpb’ = k3-

PCP-tBu2PCH2CHCH2CH2P
tBu2).

On addition of H2, the NBD ligand in 1[BArF4] is hydroge-
nated to norbornane which remains coordinated to the Rh
centre through a bridgehead methine C–H group, forming an
h1-s-(C–H)-NBA complex,25 Rh1/C5 = 3.009(5) Å. While in the
initial structural renements the NBA ligand was unrestrained,
its associated displacement ellipsoids were large and some C–C
bond lengths were long (∼1.7 Å), indicating unresolved
disorder. These separate disordered components could not be
satisfactorily modelled. For this reason, the C–C distances in
the NBA were lightly restrained to lie within a range of 1.385–
1.656 Å. Nevertheless, the conversion from NBD to NBA on
hydrogenation is unambiguous based on the change in coor-
dination mode from an h2h2-alkene ligand in 1[BArF4] to a h1-s-
alkane ligand in 2[BArF4]. While a h1-methine Rh/H–C inter-
action has been noted in a structurally characterised s-alkane
methylpentane44 complex, the Rh/H–C interaction in that case
is also supported by being part of a chelating alkane ligand. An
unsupported h1-Rh/H–C interaction has been observed in
© 2026 The Author(s). Published by the Royal Society of Chemistry
a cyclooctane complex (Scheme 2a), but here it arises from
a methylene group.41 The unsupported h1-binding methine
mode of the alkane in 2[BArF4] is new for a structurally char-
acterised alkane complex, and thus adds to the rich variety
observed for alkane s-complex interactions in the solid-state42,45

(methyl, methylene, methine;26,27,44 h2h2 (ref. 20 and 40)
through to h1 (ref. 41 and 44)), mirroring those measured in
solution using low temperature in situ NMR methods.22,25,46

Hydrogenation of NBD is accompanied by one methylene
group (C18) of the chelating phosphine undergoing C–H acti-
vation to form an unsymmetrical, trans spanning k3-PCP pincer
ligand: Rh–C18, 2.078(11) Å, P1–Rh–P2= 154.86(4)°. The alkane
ligand sits trans to this new bond [C18–Rh–C5= 164.5(5)°]. This
Rh–C bond in 2[BArF4] is disordered over two positions, with
C18/C18A sitting above or below the RhP2 plane, modelled as
a 60 : 40 split, Fig. 3. The corresponding Rh–hydride and C18–H
were not located. Their presence was conrmed by solution
studies of the corresponding CH2Cl2 adduct, 3[BArF4], that
shows the hydride sitting anti disposed relative to the C–H
bond, vide infra. There are no close interactions (Rh/C < 3.5 Å)
between the tBu groups and the vacant site trans to the hydride.

C–H activation of a C5 phosphine backbone is relatively
common in solution-based organometallics,11–13 but only one
example involving a C4 phosphine is known,47 although related
complexes have been reported.48 Intramolecular ligand activa-
tion in SC–SC in crystallo transformations have been reported,
for example C–H32,33,49,50 and C–C activation.51,52

While the structural change on alkene hydrogenation and
C–H activation of the phosphine is signicant, the overall
arrangement of [BArF4]

− anions remain unchanged from 1
[BArF4], with the similar C–H/F hydrogen bonding observed
from the proximal anions, Fig. 2b. The structural plasticity of
the [BArF4]

− anions, likely facilitated by the –CF3 groups,37,53–55

allows for the arrangement of anions to breathe to accommo-
date the changes at the cation, with cross-cage B/B distances
increasing slightly, alongside a 5% change in unit cell volume,
Fig. 4.
Chem. Sci.
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Fig. 2 Solid-state structure of 2[BArF4] (a) Structure of the cation, 2
+. Only one disordered component (C18/C18A disorder) shown. Seemain text

and SI. Displacement ellipsoids are shown at the 30% probability level, selected H-atoms shown, tBu groups shown in stick form. The Rh–hydride
was not located and is not shown. Selected bond lengths (Å) and angles (°): Rh–P1, 2.2968(9); Rh–P2, 2.3284(11); C1–C2, 1.516(7); C3–C4,
1.502(10)a; Rh1/C5, 3.009(5); Rh1–C18, 2.078(11); P1–Rh–P2, 154.86(4); C18–Rh–C5, 164.5(5) (b) extended asymmetric unit showing the
relationship between two proximal [BArF4]

− anions and the metal centre. F/H contacts less than 3.1 Å shown (range 2.880–2.696 Å). (c)
Comparison of displacement ellipsoids (30% probability) of the structure of 2[BArF4] collected at 110 K and 298 K. Only Rh, P atoms and NBA
group shown. Selected distances and angles (see (a)) Rh–C18: 110 K, 2.076(11); 298 K, 2.111(15) Å; 110 K, P1–Rh–P2, 154.86(4); 298 K, 155.27(9)°. [a

NBA C–C distances lightly restrained to within a range of 1.385–1.656 Å. See SI.].
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The formation of 2[BArF4] is supported by the analysis of
bulk materials (∼50 mg sample size) using 31P{1H} and 13C{1H}
SSNMR spectroscopy at 298 K, Fig. 5 (see SI for the 13C{1H}
SSNMR spectrum). On hydrogenation the chemical shis of the
two 31P environments become more disperse, d 100.6 and
d −8.7, consistent with the formation of 5 and 4 membered
cyclometallated rings.47 The lower eld signal at d 100.6 is
observed as a doublet of doublets [J(PP) = 280 Hz, J(RhP) = 115
Hz], while the higher eld signal is observed as an apparent
triplet [J(PP) ∼300 Hz] that is signicantly broader [fwhm = 800
Hz]. These data are consistent with the generation of a Rh(III)
centre with trans-spanning phosphines.56 The apparent triplet is
interpreted as being formed of two overlapped doublets, in
which the 103Rh–31P coupling is not resolved (i.e. it is small),
assigned to each C18/C18A disordered component in 2[BArF4].
These are suggested to be coincident for the two components in
the lower eld signal. The 13C{1H} SSNMR spectrum shows an
absence of signals in the alkene region (d 110–50). When di-
ssolved in CD2Cl2 solution only one set of signals are observed
(vide infra).

The disorder of the bound NBA alkane ligand observed in 2
[BArF4] was probed using variable temperature single-crystal X-
ray diffraction studies (215 K and 298 K). These higher
temperatures increase the size of the displacement ellipsoids,
Fig. 2c, and the errors on the unrestrained C–C bond lengths
Fig. 3 Disorder model for the C4-backbone of 2[BArF4] at C18/C18A.

Chem. Sci.
and angles in the NBA, while C18/C18A of the phosphine
backbone become undistinguishable. These data suggest there
is a dynamic process occurring at the coordinated alkane, that
results in a superposition of a variety of different conformers for
the alkane ligand, that becomes more apparent on warming.
Fig. 4 Comparison of anion cage metrics between 1[BArF4], and 2
[BArF4]. Front [BAr

F
4]
− anion removed for clarity. Van Der Waals radii.

Distances shown are B/B cross-cage distances.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 31P{1H} SSNMR spectra (162 MHz, 10 kHz spin rate, room
temperature) of (a) 1[BArF4], and (b) 2[BArF4]. * Spinning-side bands. ‡
Unidentified product. Light blue highlighted areas indicate the
isotropic chemical shifts, insets show these in more detail.

Fig. 6 (a) Relative energies of Rh/H–C interactions with the NBA
ligand in 2[BArF4] (b) detail of the QTAIMmolecular graph of the cation
of 2[BArF4]. (c) IGMH plot for the 2+ cation (sign(l2)r-coloured iso-
surfaces with dGinter = 0.001 au) (d) key donor–acceptor interactions
for the Rh-NBA interaction as quantified via 2nd order perturbation
NBO analyses. Back-donation from sRh–Hy and sRh–P2 contribute
2.4 kcal mol−1 and 1.7 kcal mol−1 respectively (see SI for orbital plots).
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To probe this further, periodic-DFT calculations were
employed in conjunction with conformational searching with
CREST57 to model different h1-alkane bindingmodes in 2[BArF4]
(SI). These conrmed the experimental structure bound
through a bridgehead C–H bond (i.e. C5) to be lowest in energy
while also locating alternative h1-isomers (Fig. 6a) bound
through an endo-C–H bond (at +1.8 kcal mol−1), an exo-C–H
bond (at +2.8 kcal mol−1), and a methylene bridge C–H bond (at
+2.1 kcal mol−1). Additional rotamers of the experimental
structure were also located at +0.4 and +6.7 kcal mol−1. Thus,
a series of low energy alternative structures are readily acces-
sible that, assuming low barriers for interconversion, are
consistent with dynamic disorder of the NBA ligand at the Rh
centre, as signalled by the large displacement ellipsoids evident
in the experimentally-determined 298 K structure (Fig. 2c).

The nature of the Rh/NBA interaction was assessed via
QTAIM, NBO and Independent Gradient Model (Hirshfeld
partitioning, IGMH) calculations. These used the experimental
structure of 2[BArF4] with the H and F positions rened through
a periodic-DFT optimisation. With this model Rh/H5 and H5–
C5 distances of 1.99 Å and 1.12 Å are computed and a Rh/H5–
C5 angle of 150°. The QTAIM molecular graph (Fig. 6b) exhibits
a Rh/H5–C5 bond path with a bond critical point (BCP) elec-
tron density, r(r), of 0.042 au, consistent with previous examples
of h1-C–H/Rh binding while somewhat lower than h2-C–H/
Rh interactions.44 The C5–H5 BCP (r(r) = 0.252 au) indicates
a weakening due to the s-interaction with Rh; in comparison
r(r)= 0.277 au at the BCP of the unperturbed C6–H6 bridgehead
bond.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The IGMH plot (Fig. 6c) highlights the H5/Rh interaction as
the strongest atom–atom interaction between the NBA and Rh
fragments, with the localised blue disk characteristic of a h1-C–
H/Rh interaction. Green isosurfaces between the NBA ligand
and tBu substituents indicate additional van der Waals inter-
actions29 aligning with weak C–HNBA/H–CtBu bond paths in the
QTAIM study (r(r) = 0.003–0.009 au; omitted from Fig. 6b for
clarity; see Fig. S29). A 2nd order perturbation analysis within
the NBO framework (Fig. 6d) indicates sC5–H5 / s*Rh–C18
donation is the strongest individual interaction at
12.3 kcal mol−1. sRh–C18 / s*C5–H5 contributes most to back-
donation (6.6 kcal mol−1), and once contributions from the
sRh–hydride and sRh–P2 orbitals are included the total back-
donation is similar in magnitude (S = 10.7 kcal mol−1) to
sC5–H5 / Rh s-donation. This is again consistent with previous
h1-C–H/Rh motifs and contrasts with h2-C–H/Rh interac-
tions where C–H / Rh s-donation usually dominates.41,44
Synthesis of [Rh(dtbpb’)(H)(k1-ClCD2Cl)][BAr
F
4], 3[BAr

F
4]

Vacuum transfer of CD2Cl2 onto single crystals of 2[BArF4],
resulted in the quantitative formation of a complex in which
NBA is no longer coordinated to the metal centre.
Chem. Sci.
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Fig. 7 (a) Synthesis of 3[BArF4] (b) solid-state structure of one of the
crystallographically-independent cations of 3+. Displacement ellip-
soids are shown that the 50% probability level, selected H-atoms
shown, tBu groups shown in stick form. Selected bond distance (Å) and
angles (°): Rh–P1, 2.3032(9); Rh–P2, 2.3366(8); Rh–C18, 2.044(4); Rh–
Cl1, 2.5692(10); P1–Rh–P2, 154.50(4); C18–Rh–Cl1, 178.26(13).

Fig. 8 (a) Synthesis of 4[BArF4] (b) solid-state structure of one of the
crystallographically-independent cations of 4+. Displacement ellip-
soids are shown that the 30% probability level, selected H-atoms
shown, tBu groups shown in stick form. Selected bond distance (Å) and
angles (°): Rh1–P1, 2.3222(12); Rh1–P2, 2.3678(11); Rh1–C1, 2.262(6);
Rh1–C2, 2.225(9); Rh1/C7 2.366(9); P1–Rh1–P2, 102.03(5); P1–Rh1–
C7, 155.29(16); P2–Rh1–mid(C1/C2) 154.02(4).
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Recrystallisation from CD2Cl2/heptane at 243 K afforded single
crystals suitable for single-crystal X-ray diffraction, that allowed
for the identication of the complex as [Rh(dtbpb’)(H)(k1-
ClCD2Cl)][BAr

F
4], 3[BArF4], Fig. 7. The resulting solid-state

structure is described rst, followed by solution NMR spectro-
scopic data.

Complex 3[BArF4] crystallised with two crystallographically
independent, but structurally very similar, cations in the unit
cell. One of these was well dened, Fig. 7b, and the other rened
best using a three-part disorder model for bound CD2Cl2. Only
the bond metrics for the ordered component are discussed.
These show a k1-bound CD2Cl2 [Rh–Cl1, 2.5692(10) Å], that sits
trans to the carbometallated phosphine backbone [Rh–C18,
2.044(4) Å]. The phosphine ligand remains trans spanning [P1–
Rh–P2 = 154.50(4)°]. The Rh–H and C18–H protons were
located in the difference map, and sit anti to one another. The
structure of 3[BArF4] is similar to that reported for the analogue
with the Cy2P(CH2)5PCy2 ligand;41 while CH2Cl2 (ref. 58–60) and
related61 adducts of Rh are known more generally. The rather
long Rh–Cl distance measured is consistent with its orientation
trans to a strongly s-donating alkyl ligand.60 The formation of
solvent adducts, such as 3[BArF4], by displacement of weakly
bound alkane ligands at low temperature is well-established.24,62

While the anti-arrangement of Rh–H and C18–H does not
unambiguously dene that the same orientation is present in 2
[BArF4] it does offer strong support for such an orientation being
present in this alkane complex.

Complex 3[BArF4] decomposes to a mixture of products at
room temperature in CD2Cl2, and so NMR spectroscopic data
Chem. Sci.
were collected at 193 K. In the solution 31P{1H} NMR spectrum
two environments are observed, at d 98.8 [J(PP), 289 Hz; J(RhP)
= 127 Hz] and at d−16.5 [J(PP)= 289 Hz; J(RhP)= 90 Hz]. These
data are similar to the SSNMR data for 2[BArF4], suggesting
a closely related structure for the phosphine ligand. In the
solution 1H NMR spectrum a hydride signal is observed at
d −28.43 as a doublet of doublets of doublets, that collapses to
a doublet in the 1H{31P} NMR spectrum [J(PH) = 7, 12 Hz;
J(RhH) 64 Hz]. The methine proton on C18 is identied at d 1.67
by an unusually large coupling to 31P [J(PH) = 49 Hz, 1 H], that
collapses in the 1H{31P} NMR spectrum. Vacuum transfer of the
volatiles, dissolving in CD2Cl2 and interrogation by 1H NMR
spectroscopy shows the formation of NBA, further supporting
the assignment of 2[BArF4].
Identication of a probable intermediate: [Rh(dtbpb)(NBE)]
[BArF4], 4[BAr

F
4]

Given the signicant structural reorganisation that accom-
panies the in crystallo formation of the NBA complex, 2[BArF4],
the order of events leading to this complex was of interest. In
particular, when does C–H activation of the phosphine back-
bone occur? As the NBD ligand requires to be hydrogenated
twice to form NBA, presumably via a norbornene (NBE) inter-
mediate, the independent synthesis of this complex was
attempted to see if C–H activation had occurred, Fig. 8a.

[Rh(dtbpb)(NBE)][BArF4], 4[BArF4], was isolated as purple
crystalline material, by the solution hydrogenation of excess
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Computed reaction profile (free energies, kcal mol−1 relative
to 4+ + H2) for backbone C–H activation in 2b+. Level of theory: PBE-
D3(def2-tzvp)//PBE-D3(SDD(Rh, P, with d-orbital polarization on P);
6–31 g ** other atoms). (b) Computed structure of TS(2b+−2+)1
(selected distances in Å; tBu groups in wireframe).

Scheme 4 (a) Proposed order of events in the in crystallo formation of
2[BArF4] from H2 addition to 1[BArF4]. (b) Formation of exo-endo- d4-
NBA from addition of D2 to 1[BArF4].
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NBD where H2 is the limiting reagent using 1[BArF4] as a cata-
lyst, followed by low temperature recrystallisation (−30 °C). The
molecular structure of 4[BArF4] (Fig. 8b) shows an NBE ligand
coordinated to a Rh(I) centre by the exo-face of the alkene and
an agostic Rh/H–C interaction, Rh/C7 = 2.366(9) Å. The
phosphine backbone is not C–H activated, retaining the cis-k2-
P,P motif of the starting material. As the isolated yield of 4
[BArF4] was poor (15%), characterisation by SSNMR or onward
SC–SC reactivity was not attempted.63 Complex 4[BArF4] is
unstable at room temperature in CD2Cl2, but low temperature
solution NMR data for 4[BArF4] are fully consistent with both
the solid-state structure, and previously-reported NBE
complexes.31,64 Notably the agostic Rh/H–C group is observed
at d −5.67 as a broad signal in the 1H NMR spectrum; while in
the 31P{1H} NMR spectrum two environments are observed at
d 90.3 [J(RhP) 220 Hz; J(PP) 19 Hz] and d 30.0 [J(RhP) 142 Hz;
J(PP) 19 Hz]. The arrangement of [BArF4]

− anions around the
cation is very similar to that observed for 1[BArF4], 2[BAr

F
4] and

3[BArF4], with the unit cell volume only 1.6% larger than in the
starting complex, 1[BArF4].

To probe the sequence of events that transform 1[BArF4] into
2[BArF4], C–H activation of the phosphine backbone was
modelled via DFT calculations on the isolated cis-k2-P,P cations
[Rh(dtbpb)(L2)]

+, where L2 = NBD (1+), NBE (4+) and NBA (2b+,
a putative h2h2-NBA-bound precursor to C–H activation). The
computed thermodynamics indicate backbone C–H activation
is signicantly endergonic at 1+ (DG = +15.3 kcal mol−1),
becomes more accessible at 4+ (DG = +0.9 kcal mol−1), and is
exergonic at 2b+ (DG = −6.8 kcal mol−1). The competition
between backbone C–H activation and NBE hydrogenation was
therefore computed at 4+ and showed the latter to proceed with
a barrier of 14.8 kcal mol−1 to give 2b+ at −13.1 kcal mol−1. In
comparison backbone activation in 4+ is kinetically less acces-
sible (DG‡ = 18.9 kcal mol−1, see Fig. S49). This implies that 4
[BArF4] is unlikely to have a signicant lifetime in the presence
of available H2 and will instead react to form 2[BArF4] via NBE
hydrogenation, followed by backbone C–H activation. In the
absence of H2, backbone C–H activation in 4+ is a kinetically
accessible, if slightly endergonic (and hence reversible) process.

The computed reaction prole for backbone C–H activation
at 2b+ (Fig. 9a) involves opening the P2–Rh–P3 angle, coupled
with rearrangement of the C4-backbone to form agostic inter-
mediate Int(2b+−2+) at −1.7 kcal mol−1. C–H activation then
proceeds via TS(2b+−2+) at +12.2 kcal mol−1 to form the anti-
isomer of 2+ at −19.9 kcal mol−1. Both Int(2b+−2+) and 2+

feature the NBA ligand bound primarily through an endo C–H
bond. With this isolated cation model the bridgehead C–H-
bound structure observed in the crystal structure is
1.6 kcal mol−1 higher in energy. C–H activation therefore has an
overall barrier of +26.3 kcal mol−1 with the rate-limiting tran-
sition state, TS(2b+−2+)1, corresponding to P–Rh–P angle
opening and backbone rearrangement (Fig. S49).

Scheme 4a shows the overall proposed order of events, which
also support the work of Goldman and Krogh-Jespersen on
oxidative addition of C–H bonds in d8-MXL2-type complexes.65

Their studies showed that stronger s-donating ligands trans to
the site of C–H activation disfavour oxidative addition. In the
© 2026 The Author(s). Published by the Royal Society of Chemistry
system here, C–H activation of the ligand backbone is thermo-
dynamically preferred for s-alkane intermediate 2b[BArF4],
rather than the alkene complex 4[BArF4].
Chem. Sci.
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Supporting evidence for the intermediate role of 4[BArF4]
comes from addition of D2 to crystalline 1[BArF4] to ultimately
form d4-2[BAr

F
4], the heavy atoms of which were conrmed by

SSNMR and single-crystal X-ray diffraction, Scheme 4b. Di-
ssolving the resulting crystals in CD2Cl2, vacuum transfer of the
volatiles, and analysis by 2H NMR spectroscopy and GC–MS
shows the exclusive formation of exo–endo-d4-NBA.66,67 This is
consistent with initial addition of D2 to the endo-face of NBD in
1[BArF4], a rearrangement to form 4[BArF4], and then addition of
the second equivalent of D2 to the exo-face of NBE. We have
previously noted both selective exo–endo21 and endo–endo31 NBD
hydrogenation in crystallo, and suggest these differences come
from variations in the primary and secondary microenviron-
ment that inuence the barrier to rearrangement of NBE.68

Addition of D2 to single crystals of 2[BArF4] resulted in no H/D
exchange at the NBA (by GC/MS and 1H NMR spectroscopy),
in contrast with [Rh(Cy2P(CH2)2PCy2)(h

2h2-NBA)][BArF4] where
selective exchange with the exo positions is observed.31,69

A structurally responsive ligand and reversible C–H activation:
addition of propene to [Rh(dtbpb)(NBA)][BArF4]

The calculated differences in the thermodynamics of C–H
activation of the phosphine backbone in 1+, 2b+ and 4+ sug-
gested that modication of the ligand trans to the position of
C–H activation might promote reductive elimination. We thus
Scheme 5 Synthesis of 5[BArF4].

Fig. 10 Solid-state structure of one of the disordered components 5[BAr
the 30% probability level, H-atoms not shown, tBu groups shown in stick
angles (°): Rh–P1, 2.363(5); Rh–P2, 2.327(5); C1–C2, 1.45(5); * C2–C3
105.39(15). * Restrained at 1.47(1) Å. (b) Arrangement of [BArF4]

− anions a
31P{1H} SSNMR spectra (162 MHz, 10 kHz spin rate, −90 °C and +20 °C)

Chem. Sci.
targeted the synthesis of complexes where the alkane ligand was
replaced, in an in crystallo substitution. While addition of
a variety of gases to single crystals of 2[BArF4] (CO, ethene,
butene, 1,3-butadiene) did result in a reaction, there was also
loss of crystallinity and the formation of intractable products.
However, addition of propene to 2[BArF4] resulted in a clean SC–
SC transformation over 24 h, to give a product of empirical
formula [Rh(dtbpb)(C3H6)][BAr

F
4], 5[BArF4], Scheme 5. While

the crystals do not change colour, they become coated in an oily-
solid, presumably liberated NBA, that could be removed by
application of a dynamic vacuum (5 × 10−3 mbar) for 18 h.

As shown by a resulting single-crystal X-ray diffraction study
at 110 K, Fig. 10a, substitution of NBA with propene reverses
C–H activation of the phosphine bridge, reforming the k2-cis-P,P
ligand motif observed in the NBA and NBE adducts. There is
a space group change to C2/c that results in a superposition of
two cationic fragments related by a C2 axis, which sit in the ∼Oh

cage of [BArF4]
− anions, Fig. 10b. This complexity is exacerbated

by a two-component twin model being needed for a reasonable
structural model, R1 = 9.74%. While the resulting structural
solution unambiguously showed formation the k2-cis-P,P ligand
and NBA had been lost, it did not allow for the discrimination
between a propene or an allyl-hydride ligand, as the C–C
distances were lightly restrained and crystallographically iden-
tical [1.45(5) and 1.46(3) Å].

Vacuum transfer of CD2Cl2 onto these single crystals resul-
ted in a temperature sensitive solution of 5[BArF4]. NMR spectra
recorded at 193 K showed a single environment in the 31P{1H}
NMR spectrum at d 65.3 [J(RhP) = 131 Hz]; at a chemical shi
similar to 1[BArF4], but with a coupling constant to 103Rh more
like 2[BArF4]. In the 1H NMR spectrum an upeld-shied
doublet of triplets (1 H) was observed at d −32.55 [J(RhP) = 40
Hz; J(PH) 12 Hz], that collapses into a doublet on decoupling
31P. Three, mutually coupled, resonances are observed at d 5.09
(1H), 4.82 (2H) and 2.36 (2H). Collectively these data identify the
F
4] (a) Structure of the cation, 5+. Displacement ellipsoids are shown at
form. The Rh–hydride was not located. Selected bond lengths (Å) and
1.46(3); * Rh–C1, 2.21(3); Rh–C2, 2.18(2); Rh–C3, 2.21(3); P1–Rh–P2,
round one of the cations. Van der Waals radii. (c) Variable temperature
.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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low temperature solution structure as being a Rh(III) allyl-
hydride, [Rh(dtbpb)(H)(h3-C3H5)][BAr

F
4]. Warming CD2Cl2

solutions of 5[BArF4] to room temperature resulted in decom-
position to multiple products. In the solid-state the 31P{1H}
SSNMR spectrum recorded at 183 K shows two signals at d 59
and 73; while in the 13C{1H} SSNMR spectrum two broad envi-
ronments are observed at d 63 and 68 in the region associated
with alkene or allyl ligands.56 Warming to +20 °C results in
a small chemical shi change to d 63 and 70 in the 31P{1H}
SSNMR spectrum, Fig. 10c. However, the corresponding 13C{1H}
SSNMR spectrum at +20 °C is now featureless in the region
associated with alkene or allyl groups, d 110 to 50. These data
are all consistent with the chelating phosphine ligand adopting
a k2-motif throughout, as there is no-evidence for trans-P,P
coupling, as observed for 2[BArF4], that is a reporter for a k3-
ligand binding mode.

These data are also consistent with a rapid, at room
temperature, non-degenerate uxional process occurring in the
crystalline solid-state for the allyl ligand. Coupled with the
solution-determined low temperature structure of an allyl
hydride we propose an equilibrium is established in crystallo
between Rh(III) allyl hydride and Rh(I) propene complexes, both
of which have a k2-cis-P,P ligand motif, that favours the former
at low temperature. Fluxional behaviour between propene and
allyl hydride tautomers has been noted before in crystallo for
[Rh(Cy2P(CH2)2PCy2)(C3H5)][BAr

F
4].34 In contrast with 5[BArF4],

the Rh(I) propene tautomer for this complex is observed at low
temperature, consistent with smaller bite angle phosphine
ligands with less bulky groups favouring Rh(I) over Rh(III)
oxidation states in such equilibria.70 Supporting this nely
balanced equilibrium, the previously reported butenes complex
[Rh(tBu2P(CH2)3P

tBu2)(C4H8)][BAr
F
4]43 exists as an equilibrium

mixture of allyl hydride and alkene complexes at 183 K (CD2Cl2),
in-line with the smaller bite angle associated with the C3-
backbone backbone compared with the C4 backbone in 5[BArF4]
[cf. NBD complexes P–Rh–P 96.75(2)° versus 102.11(2)°
respectively].

The addition of propene to 2[BArF4] thus results in a change
in the thermodynamics of C–H activation of the phosphine
backbone, so that on swapping the very weak s-donor NBA for
propene/allyl hydride C–H activation is now disfavoured, and
the structurally responsive phosphine ligand adopts a k2-
binding mode in a SC–SC transformation. This observation is
also consistent with the initial formation of 2[BArF4], which
occurs from C–H activation at the s-alkane complex 2b[BArF4],
rather than the NBE precursor, 4[BArF4].

Conclusions

Ligands that adapt their coordination mode in response to
other changes around themetal centre play an important role in
organometallic synthesis and catalysis. We demonstrate here
that such adaptability is also possible in solid/gas in crystallo
organometallic reactivity, in which a cis-chelating phosphine
undergoes reversible C–H activation to form a trans-spanning
pincer-type ligand in response to the identity of the ligand that
sits opposite. Our combined experimental and DFT studies
© 2026 The Author(s). Published by the Royal Society of Chemistry
indicate that C–H activation (oxidative addition) occurs at the
Rh(I) centre when this ligand is a weakly-binding alkane (NBA)
rather than the more strongly binding alkene (NBD), and that
when the alkane ligand is exchanged in crystallo for an alkene
(propene) this C–H activation is reversed to reform the Rh(I)
centre. As well as showcasing the power of the in crystallo
approach for the synthesis, characterisation and stabilisation of
s-alkane complexes, it allows for the reversible adaptivity of the
chelating phosphine ligand to be revealed, highlighting how
versatile the crystalline solid-state environment can be. Given
the wide-spread utilisation of cooperative and responsive
ligands in solution homogeneous catalysis this suggests that
similar non-innocence is possible in crystallo.
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