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ethane, pentane and cyclopentane
to a cationic osmium complex: comparisons in
alkane binding†

James D. Watson, Dejan Mizdrak, Leslie D. Field * and Graham E. Ball *

When a solution of [h5-CpOs(CO)3]
+[Al(OC(CF3)3)4]

− is photolyzed in the presence of ethane, pentane or

cyclopentane, photo-liberation of carbon monoxide occurs and the corresponding metal-alkane s-

complex, [h5-CpOs(CO)2(alkane)]
+ (where alkane = ethane, pentane and cyclopentane), forms. Here we

report the NMR spectroscopic and computational investigations into the structure, reactivity, lifetimes

and binding energies of the osmium-centred alkane s-complexes [h5-CpOs(CO)2(C2H6)]
+, [h5-

CpOs(CO)2(n-C5H12)]
+ and [h5-CpOs(CO)2(c-C5H10)]

+. The fragment [h5-CpOs(CO)2]
+ binds alkanes

tightly and forms remarkably stable complexes with ethane, n-pentane and cyclopentane. The effective

half-life for [h5-CpOs(CO)2(n-C5H12)]
+ and [h5-CpOs(CO)2(c-C5H10)]

+ are 0.95 and 0.21 h respectively at

−50 °C, making these amongst the most stable metal-alkane complexes in solution reported to date.

Different isomers of the n-pentane complexes are observed and the relative amount of each in solution

is strongly dependent on the presence of photo-irradiation. When irradiated, the methyl-bound (C1)

isomer is the major product and in the absence of irradiation the system equilibrates, and the

methylene-bound isomers (C2 and C3) are the major products.
Introduction

Alkanes are comprised exclusively of C–C and C–H bonds and
were historically named as paraffins because of their lack of
reactivity.1,2 The inertness of alkanes can be attributed to the
fact that: (i) carbon and hydrogen atoms have very similar
electronegativities. C–H bonds are essentially non-polar and
alkanes have a very poor ability to donate electrons; (ii) the
presence of three other substituents on the carbon sterically
hinders the overlap of orbitals on the metal with those on the
carbon, limiting back donation in particular; and (iii) C–C and
C–H bonds have relatively large bond dissociation energies
(BDEs), typically between 79-90 kcal mol−1 and 90–
105 kcal mol−1 respectively3 and the large BDE dictates that C–C
and C–H bonds require signicant amounts of energy to be
broken.4 While alkanes are unreactive, they are an abundant,
relatively cheap resource and this makes them attractive feed-
stocks for the synthesis of more complex, more valuable
species. For this reason, selective catalytic conversion of alkanes
into other products, such as alcohols or olens has been the
subject of intense investigation for several decades.

Alkane s-complexes are widely accepted as intermediates in
the activation of C–H bonds by many transition metal catalysts
th Wales, Sydney, NSW 2052,, Australia.

edu.au

tion (ESI) available. See DOI:

41
en route to the oxidative cleavage of a C–H bond to a transition
metal centre (Scheme 1).5

Alkane s-complexes involve the 3-centre 2-electron (3c-2e)
interaction between a transition metal and the electrons that
are occupying the C–H bond orbitals in an alkane.6 The very
weak nature of the 3c-2e metal-alkane interaction results in very
short lifetimes of alkane s-complexes. The technical limitations
of common spectroscopic techniques make detailed interroga-
tion of short-lived alkane s-complexes exceptionally chal-
lenging. Seminal pump-probe, FTIR investigations, initially
conducted by Perutz and coworkers, demonstrated that organ-
ometallic alkane s-complexes could be generated by photolysis
of metal-carbonyl compounds in the presence of alkanes and
could be detected using IR spectroscopy to observe changes in
the stretching frequency of the carbonyl ligands.7–10 These
pump-probe investigations were the rst detailed investigations
into metal-alkane complexes and provided insights into prop-
erties such as species lifetime and alkane binding strength but
Scheme 1 An illustration of how coordinatively unsaturated metal
complexes and C–H bonds can interact to form a 3-centre 2-electron
(3c-2e) s-complex prior to the oxidative cleavage of the C–H bond.
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did not elucidate the binding motif of the alkane to the tran-
sition metal.

We reported the rst NMR spectroscopic observation of
a metal-alkane s-complex when cyclopentadienyl rhenium tri-
carbonyl was irradiated in a solution of cyclopentane at low
temperature inside the probe of an NMR spectrometer
(Scheme 2).11

We have since developed investigation of metal-alkane
s-complexes, informed by the computational probes of
Head-Gordon and coworkers,12,13 and we have characterized
a series of cationic metal-alkane s-complexes, such as [h6-(HEB)
Re(CO)2(alkane)]

+ (where HEB = hexaethylbenzene, alkane =

cyclopentane and pentane). These species bind alkanes even
more tightly than their neutral isoelectronic analogues and
experimentally corroborate the computational investigations.14

More recently we reported [h5-CpOs(CO)2]
+,15,16 which reacts,

with methane to form the osmium methane s-complex,
[h5-CpOs(CO)2(CH4)]

+ at low temperature. We conducted this
study in CF3CH2CF3 (which is commercially available in high
purity, see ESI† for details) as an inert solvent using the very
weakly coordinating “Krossing” anion, [Al(OC(CF3)3)4]

−,17–22 as
the counterion to employ “gas-phase like” conditions and
minimize any competing binding interactions.21,23 Girolami
and coworkers have also recently reported low temperature
NMR spectroscopic investigations into the similar
[h5-Cp*Os((CF3)2PCH2P(CF3)2)(CH4)]

+.24 There, they experi-
mentally demonstrate (i) the inuence of the supporting
phosphine ligand and show that the electron withdrawing p-
acid phosphines (e.g. (CF3)2PCH2P(CF3)2) stabilize the methane
s-complex while more electron donating phosphines promote
oxidative cleavage of the coordinated C–H bond;24–26 and (ii) use
isotopic perturbation of equilibrium experiments to determine
that the binding mode of the bound methane must be k1-H or
h2-C,H. Several groups have used solution-NMR spectroscopy to
experimentally interrogate the interaction of a variety of linear
(CnH2n+2, where n > 1), and cyclic (CnH2n, where n > 3) alkanes
with a range of isoelectronic reactive organometallic
fragments.14,27–35 Weller and coworkers have used solid-state
organometallic (SMOM) synthesis to produce metal-alkane
s-complexes and have conducted solid-state-NMR (SSNMR)
spectroscopic investigations to probe the binding preference of
metal centre for the alkane in the solid state.36–44 These inves-
tigations have shown that generally; (i) methylene groups,
–CH2–, interact preferentially with the organometallic transi-
tion metal complexes than methyl –CH3– groups; (ii) cyclo-
alkanes interact more strongly than linear alkanes, and (iii)
Scheme 2 The photolysis of [h5-CpRe(CO)3] in a cyclopentane
solution at −90 °C to generate the alkane complex, [h5-CpRe(CO)2(c-
C5H10)].11

© 2025 The Author(s). Published by the Royal Society of Chemistry
heavier alkanes interact more strongly with the metal centre
than light alkanes.27–35,45–53

In this paper, we expand the scope of metal-alkane interac-
tions to probe the interaction of [h5-CpOs(CO)2]

+ with ethane,
pentane and cyclopentane and we report the NMR spectro-
scopic and DFT calculations on the structure, characteristics
and reactivity of the alkane s-complexes [h5-CpOs(CO)2(-
alkane)]+ [where alkane = ethane (2), n-pentane (4), and c-
pentane (5)].
Results and discussion
Coordination of ethane, [h5-CpOs(CO)2(C2H6)]

+ (2)

To date, only two ethane s-complexes, have been studied using
NMR spectroscopy and only one of these species was formed by
intermolecular reaction of an active metal fragment with
molecular ethane.35,51

The rst ethane s-complex, [(PONOP)Rh(C2H6)]
+ (II) (PONOP

= k3-NC5H3-2,6-(OP
tBu2)2), was formed by protonation of the

neutral Rh–ethyl complex, [(PONOP)Rh(C2H5)] (I) in situ with
the strong acid [H(Et2O)2]

+[B(ArF)4]
−; [B(ArF)4]

− = tetrakis[3,5-
bis(triuoromethyl)phenyl]borate)], at low temperatures inside
an NMR spectrometer (Scheme 3).51 The cationic ethane s-
complex was observed for several hours at−132 °C in a solution
of CDCl2F.

The second example of an ethane s-complex for which NMR
data has been reported, is the ethane s-complex
[h5-CpMn(CO)2(C2H6)]35 derived from cyclopentadienyl manga-
nese tricarbonyl. The neutral ethane s-complex was formed by
reaction of molecular ethane with the photolytically-generated
reactive metal fragment, [h5-CpMn(CO)2], and had a reported
lifetime of 2.6 ms at room temperature (by IR spectroscopy).35

When Perutz and co-workers photolyzed the cyclopentadienyl
tricarbonyl precursor (III) under high pressures of liqueed
ethane at very low temperatures (−138 °C) they formed the
corresponding manganese-ethane s-complex, [h5-CpMn(CO)2(-
C2H6)] (IV) which had a reported lifetime of ∼6 minutes under
the experimental conditions.35
Scheme 3 (Top) Protonation of [(PONOP)Rh(C2H5)] complex with
[H(Et2O)2]

+[B(ArF)]− in CDCl2F/CD2Cl2 at −150 °C to form the cationic
rhodium ethane complex [(PONOP)Rh(C2H6)]

+. (Bottom) Photolysis of
[h5-CpMn(CO)3] in high pressures of liquid ethane at −138 °C to
generate the ethane complex [h5-CpMn(CO)2(C2H6)].
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Fig. 2 Expansion of the high field and very high field regions of the
700 MHz 1H NMR spectrum (in CF3CH2CF3 solvent at −90 °C) of the
osmium ethane complex [h5-CpOs(CO)2(C2H6)]

+ (2) illustrating the
3JH–H coupling between the bound and non-bound CH3 groups.
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Both the rhodium- and manganese-centred ethane s-
complexes have been well examined computationally by Bistoni
and co-workers.18 Despite their different binding modes and
ligand scaffolds, calculations show that the relative stability of
both systems can be attributed in part to strong dispersion inter-
actions between the metal centre and the coordinated ethane.17,18

When a solution of [h5-CpOs(CO)3]
+ (1) in 1,1,1,3,3,3-hexa-

uoropropane (HFP) saturated with ethane is photolyzed
(100 W, Hg arc lamp) at−90 °C, the resonances characteristic of
[h5-CpOs(CO)2(C2H6)]

+ (2) become visible in the 1H NMR spec-
trum. While it is likely that the HFP complex forms during
photolysis of the precursor complex, [h5-CpOs(CO)3]

+ (1) and
there is likely an equilibrium amount of this complex present,
we have made no spectroscopic observation of this species
throughout our investigations here or previously.15,16 In the 1H
NMR spectrum, a quartet resonance at high eld (d −2.39)
grows in intensity as the photolysis progresses. A resonance in
the Cp region (d 5.75) and a quartet resonance in the alkyl
region (d 1.32) also grow as the resonance corresponding to the
starting material diminishes (Fig. 1 and 2).

As we have stated previously,15 when (1) is photolyzed in
alkane/HFP mixed solvent systems at low temperatures, several
resonances, which are not ascribed to [h5-CpOs(CO)2(alkane)]

+,
grow in the Cp region of the 1H NMR spectrum. The yield of
these species is variable, and we have not observed any other
resonances in the 1H NMR spectra that we can assign to these
species. At this time, we have not conclusively identied these
species but it is possible that they are dimers derived from 1,
similar to the rhenium complexes such as [Re2Cp2(CO)5]
proposed as the terminal decomposition product formed when
[h5-CpRe(CO)3] is irradiated or complexes of very low concen-
trations of impurities present in the solvent. Aside from
crowding the Cp region of the 1H NMR spectrum, these species
do not materially interfere with our analyses.
Fig. 1 Selected portions of the 600 MHz 1H NMR spectra that were
collected during photolysis of [h5-CpOs(CO)3]

+ (1) in an ethane-
saturated solution of 1,1,1,3,3,3 hexafluoropropane (HFP) at −90 °C.
The spectra, collected at ∼2-minute intervals, illustrate the concom-
itant decrease in the intensity of the Cp resonance for the starting
material and increase in intensity of the resonances of the product
during photolysis. A rapid exchange process renders the three
hydrogens coloured red equivalent, leading to the averaged resonance
at d −2.39 (see text below and Scheme 4 for details).

8534 | Chem. Sci., 2025, 16, 8532–8541
During photolysis, the resonances for [h5-CpOs(CO)2(C2H6)]
+

(2) grow in the 1H NMR spectrum, typically reaching
a maximum intensity (yield ca. 20%) aer ∼20 minutes. When
the UV lamp is switched off, the complex is relatively stable at
−90 °C and can be observed for many hours at this temperature,
enabling detailed analysis by NMR spectroscopy. The decay of
the ethane complex [h5-CpOs(CO)2(C2H6)]

+ (2), at a slightly
higher temperature of −84 °C can be tted to a rst order
process which gives an effective half-life of approximately 14 h
(ESI Graph S1 and Table S1†). While care should be taken
comparing the decay rates of different alkane complexes in
different conditions and in different samples, this means that
the half-life of the osmium ethane complex, 2, at −84 °C is
slightly longer than the analogous methane complex,
[h5-CpOs(CO)2(CH4)]

+ measured at a lower temperature (t1/2 =

13 h at −90 °C).15 The lifetime of (2) at −84 °C is approximately
ve times longer than the half-life reported for the rhodium
ethane complex, [(PONOP)Rh(C2H6)]

+, (t1/2 = 5.5 h at −132 °
C)35,51 and almost 300 times longer than the manganese–ethane
complex, [h5-CpMn(CO)2(C2H6)] (t1/2 = 360 s at −138 °C).35

The high eld resonance at d −2.39 and the resonance at
d 1.32 (Fig. 2) appear as proton-coupled quartets (3JH–H= 7.1 Hz)
and are assigned to the metal-bound (a) protons and the non-
bound (b) protons of the osmium-bound ethane respectively.
The quartet multiplicity, which arises from the CH3– to –CH3

coupling, was established through selective decoupling experi-
ments and these experiments conclusively assign the reso-
nances at d 1.32 and d −2.39 to the osmium-bound ethane.

The stability of the ethane complex, 2, was also measured at
−76 °C in a different sample. At this temperature, the decay of
the Cp resonance was used to calculate the effective half-life of 2
at −76 °C (∼35 minutes – ESI Graph S2 and Table S2†). The 1H
resonances of 2 at d 1.32 and d −2.39 were correlated to 13C
resonances at d 11.1 and d −30.7 respectively using hetero-
nuclear single quantum coherence (HSQC) NMR experiments
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 The rapid bond interchange between the hydrogens (H–H
bond swap) in the coordinated CH3 unit in [h5-CpOs(CO)2(C2H6)]

+

(2) – the calculated barrier to exchange is about 4 kcal mol−1.

Scheme 5 C–C swapping between the bound and non-bound CH3

groups of the coordinated ethane is not observed at −84 °C.
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(ESI Fig. S2 and S3†). Both the 1H and 13C chemical shis of the
osmium-bound methyl group of the complexed ethane (a-CH3)
are signicantly more shielded than the 1H and 13C resonances
of free ethane (d 1H = 0.84 and d 13C = 5.3) and the 1H and 13C
chemical shis of the methyl which is not bound to the osmium
centre (b-CH3) are slightly less shielded than the resonances of
free ethane.

When calculated at the same level of theory (DLPNO-
CCSD(T1)/def2-QZVPP//MN15/def2TZVP) used for the previ-
ously reported osmium methane complex, the binding free
energy for the interaction of the cationic, reactive osmiummetal
fragment, [h5-CpOs(CO)2]

+ with ethane was −16.6 kcal mol−1

and this value is 2.7 kcal mol−1 lower in energy (i.e. a stronger
interaction) than in the analogous interaction in the methane
complex, [h5-CpOs(CO)2(CH4)]

+ (details in ESI†; see also
Table 1). This calculation supports the experimental observa-
tion that the ethane complex is more stable (i.e. it has a longer
half-life) than the corresponding methane complex at the same
temperature.

In the 1H NMR spectrum of the osmium–ethane complex,
[h5-CpOs(CO)2(C2H6)]

+ (2), the 3 hydrogens of the metal-bound
CH3 group are in rapid exchange on the NMR timescale at−90 °
C. Calculations predict a barrier of approximately 4 kcal mol−1

for the H–H bond-swap (Scheme 4). The exchange of hydrogens
of a bound methylene or methyl group directly interacting with
the metal centre has been fast on the NMR timescale, in all
alkane complexes observed using NMR spectroscopy to
date.14,27,28,31,33–35,55,56

No exchange has been observed between the bound and non-
bound methyl groups of the complexed ethane in [h5-
CpOs(CO)2(C2H6)]

+ (2) at −84 °C in selective 1D 1H EXSY NMR
experiments14 (making the upper limit for exchange < 0.1 s−1 at
this temperature). In contrast, the rhodium complex, [(PONOP)
Rh(C2H6)]

+ (II), reported by Brookhart and co-workers,51 the
a and b carbons of the metal-bound ethane exchange readily,
and NMR evidence indicates that the barrier to exchange is
about 7.2 kcal mol−1 at −132 °C.51 [h5-CpOs(CO)2(C2H6)]

+. (2),
has a signicantly higher barrier to C–C swapping
Table 1 Calculated binding energies and binding energies relative to the
calculations in the ESI

Alkane

Binding energy (kcal mol−1)

Electronic
energya

Gibbs free energy
in the gas phaseb

Methane −20.3 −14.3
Ethane −23.8 −17.3
Cyclopentanee −28.8 −21.7
n-Pentane-C1 −26.4 −18.9
n-Pentane-C2 −28.0 −20.8
n-Pentane-C3 −28.6 −21.2

a Calculated at the DLPNO-CCSD(T1)/CBS//TPSS-D4/def2-TZVP level of th
energy calculated using TPSS-D4/def2-TZVP. These corrections are calcula
possible congurations of alkane binding. Gibbs free energies calculated
[CpOs(CO)2(CH4)]

+ + alkane / [CpOs(CO)2(alkane)]
+ + CH4.

d Solvation
Absolute binding energies in solvent are not calculated, only relative b
symmetry number of 10 in these calculations due to the fast pseudorotat

© 2025 The Author(s). Published by the Royal Society of Chemistry
(13.7 kcal mol−1 calculated) than the rhodium–ethane complex,
[(PONOP)Rh(C2H6)]

+ (Scheme 5 and ESI Fig. S10†).
Throughout the NMR investigations of the osmium–ethane

complex, [h5-CpOs(CO)2(C2H6)]
+ (2), we have seen no evidence

of oxidative cleavage of a C–H bond to form either the corre-
sponding cis-osmium(IV) ethyl hydride complex (cis-3), or the
trans-osmium(IV) ethyl hydride complex (trans-3). This is likely
due to the p-acidity of the carbonyl supporting ligands and
computational modelling of the oxidative cleavage of the coor-
dinated C–H bond suggests that the barrier to form the cis-
osmium(IV) ethyl hydride complex (cis-3) from the s-ethane
complex (2), is approximately 9.0 kcal mol−1 and the cis-ethyl
hydride complex is approximately 9.0 kcal mol−1 higher in
energy than the s-bound ethane complex. Interestingly, the fact
that these two energies are essentially the same implies the
conversion of the cis-ethyl hydride complex to the ethane
complex is barrierless in this case. Although we cannot experi-
mentally rule out a situation where there is an equilibration
binding of methane of different alkanes to [CpOs(CO)2]
+. Details of all

Binding energy relative to methanec (kcal mol−1)

Electronic
energy

Gibbs free energy
in the gas phase

Gibbs free energy
in CF3CH2CF3 solvent

d

0 0 0
−3.5 −3.0 −1.7
−8.5 −7.4 −3.9
−6.1 −4.6 −2.1
−7.8 −6.5 −3.2
−8.3 −6.9 −3.2

eory. b Gibbs free energies calculated with corrections to the electronic
ted using a single conformation and do not account for the number of
at 173 K at 1 atm of pressure. c Relative energies are for the reaction
energies calculated using the SMD model with M05-2X/6-31+G(d,p).
inding energies. e Free cyclopentane is assumed to have a rotational
ion of the cyclopentane ring leading to effectively a D5h point group.54

Chem. Sci., 2025, 16, 8532–8541 | 8535
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Fig. 3 The calculated relative energies (and barriers) to oxidative
cleavage of coordinated C–H bond in [h5-CpOs(CO)2(C2H6)]

+ (2) to
form cis- or trans-ethyl hydrides.

Fig. 5 Selected regions of the 700 MHz 1H NMR spectra collected
during irradiation of [h5-CpOs(CO)3]

+ (1) in a mixed solvent of
1,1,1,3,3,3-hexafluoropropane and n-C5H12 at −90 °C. The Cp region
(5.7–5.8 ppm has been resolution enhanced to resolve different
chemical shifts). Cp resonances from the methylene-bound isomers
are marked with *.
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between ethyl hydride complex (cis-3) from the s-ethane
complex (2), that is fast on the NMR timescale even at −90 °C,
the calculated difference in energy suggests the equilibrium
amount of alkyl hydride would be negligible. While the trans-
ethyl hydride complex (trans-3) is calculated to be just
4.0 kcal mol−1 higher in energy than the s-bound ethane
complex, 2, there is a high barrier to form this species
(approximately 31.2 kcal mol−1) (Fig. 3).
Coordination of pentane, [h5-CpOs(CO)2(n-C5H12)]
+ (4)

Previous solution-state investigations into n-pentane s-
complexes have been conducted on the rhenium and tungsten
metal centres, [h5-CpRe(CO)2(n-C5H12)],27 [h6-(HEB)W(CO)2(n-
C5H12)],33 and [h6-(HEB)Re(CO)2(n-C5H12)]

+.14 These investiga-
tions involved generation of the n-pentane complexes by in situ
photolysis of the corresponding tricarbonyl precursor in the
presence of pentane. The pentane can be bound to the metal via
C1, C2 or C3 of the pentane chain (Fig. 4). In the case of the
neutral rhenium n-pentane s-complex, [h5-CpRe(CO)2(n-
C5H12)], there is a slight preference for binding to the methy-
lene, groups over the methyl groups, whereas the HEB bearing
complexes, [h6-(HEB)W(CO)2(n-C5H12)] and [h6-(HEB)
Re(CO)2(n-C5H12)]

+ exhibit a clear preference for binding at the
methyl groups over the methylene groups. It was proposed that
the preference for binding methyl groups in the complexes with
HEB ligands was probably due to the increased steric demand of
the ethyl substituents on the bulkier HEB ligand.14,27,33,57–60

When [h5-CpOs(CO)3]
+ (1) is irradiated at temperatures at or

below −90 °C in the presence of pentane, the Cp resonance for
(1) at d 5.91 decreases in intensity and a triplet resonance grows
Fig. 4 The possible positional isomers for n-pentane bound to ametal
complex.14,27,33

8536 | Chem. Sci., 2025, 16, 8532–8541
in the high eld region of the 1H NMR spectrum (d −2.34)
(Fig. 5). This signal is the only resonance visible in the high eld
region of the 1H NMR spectrum during photolysis.

The triplet splitting pattern of the resonance at d −2.34 is
indicative of a bound –CH3 with an adjacent –CH2– group. The
resonance has a splitting 3JH–H = 6.6 Hz and is very similar to
the resonances which have previously been described for
methyl, –CH3, -bound n-pentane s-complexes.14,33,57–59 The
resonance at d −2.34 grows in concomitantly with a resonance
at d 5.73 in Cp region of the 1H NMR spectrum. These reso-
nances reach a maximum aer ∼10 minutes of photolysis and
are ascribed to the methyl (C1)-bound n-pentane s-complex,
[h5-CpOs(CO)2(n-C5H12)]

+ (4a) (Fig. 5, see also Fig. S4 in the
ESI†).

Only very small signals from the cyclopentadienyl protons of
the methylene-bound isomers (marked with an asterisk in
Fig. 5) are observed in the 1H NMR spectrum during irradiation
Fig. 6 The methyl-bound n-pentane is the major product during
irradiation of [h5-CpOs(CO)3]

+ (1) in a solution of 1,1,1,3,3,3-hexa-
fluoropropane saturated with n-C5H12 at −90 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The high field region of the 700 MHz 1H NMR spectra of the
isomers of the cationic n-pentane s-complex, [h5-CpOs(CO)2(n-
C5H12)]

+, collected at −90 °C (bottom) and −70 °C (top).
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indicating that these species, 4b and 4c, are present but only in
small concentrations (Fig. 6).

When irradiation is turned off, the system equilibrates and
the resonance at d −2.34 in the 1H NMR spectrum rapidly
decreases in intensity and two broad resonances at d −4.10 and
d−4.42 grow into the high eld region of the 1H NMR spectrum
(total yield of all isomers of n-pentane isomer ca. 10%). We
attribute the two new high-eld resonances to the metal-bound
C–H of the two methylene-, –CH2–, bound isomers of the n-
pentane complex, [h5-CpOs(CO)2(n-C5H12)]

+ (4b and 4c). The Cp
resonance of 4a at d 5.73 also decreases in intensity rapidly and
a resonance at d 5.74 grows in its place. We attribute the Cp
resonance at d 5.74 to an overlapped signal from the two
methylene-, –CH2–, bound isomers of the n-pentane complex,
[h5-CpOs(CO)2(n-C5H12)]

+ (4b and 4c). When the sample is
exposed to UV light for a second time, the resonance at d 5.74
decreases in intensity and the resonance at d 5.73 and the triplet
resonance at d −2.34 are restored to their maximum intensities.
This photo-driven isomerization is reversible and can be cycled,
without any appreciable loss of the total quantity of complex 4.
Monitoring the cyclopentadienyl resonances at d 5.73 and d 5.74
immediately aer switching off the lamp at−96 °C (ESI Fig. S5†)
indicates that the system effectively equilibrates completely
within ∼200 s of the irradiation being turned off and 4a has an
effective half-life of approximately 40 s to decay to its equilib-
rium concentration. The equilibration indicates that intercon-
version of the different isomers 4a–c is occurring at −96 °C,
implying that there is facile swapping of which carbon is bound
to the metal centre.

The reversibility observed here is indicative of a system
where the methyl-bound isomer 4a is the major product formed
during photolysis and the methylene-bound products 4b and 4c
are thermodynamic products, which form preferentially when
the system is allowed to equilibrate. We considered two possible
mechanisms to explain the preference for the formation of 4a
during photolysis: (i) it is assumed that irradiation of either the
starting material [h5-CpOs(CO)3]

+ (1) or any of the alkane
complexes [h5-CpOs(CO)2(n-C5H12)]

+ (4a–c) will lead to the
formation of the unsaturated fragment [h5-CpOs(CO)2]

+. If this
fragment kinetically prefers to bind the pentane at C1, this
results in the preference for binding at this site. (ii) The meth-
ylene-bound isomers 4b and 4c are substantially more readily
photolyzed than methyl-bound isomer 4a. This would mean
that isomer 4b and 4c are being converted to [h5-CpOs(CO)2]

+ at
a faster rate during irradiation, resulting a net selection of the
less photo-labile isomer 4a. While we would not have predicted
a signicant difference in the photo-lability of the three
different pentane complex isomers 4a–c, it is not possible to
easily discriminate between the two mechanisms at this stage.

While separate Cp resonances for 4b and 4c were not
distinguished, the metal-bound methylene, –CH2–, groups have
quite distinct chemical shis in the high eld region of the 1H
NMR spectrum. Once the irradiation was switched off, two
broadened resonances at d −4.10 (Dn1/2 = ∼60 Hz) and d −4.42
(Dn1/2 = ∼73 Hz) grow into the high eld region of the 1H NMR
spectrum. At −90 °C, the two high eld resonances are difficult
to distinguish above the baseline however, at −70 °C, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
resonances sharpen, becoming more intense and more visible
(Fig. 7).

The broadness of the high eld resonances of the coordi-
nated pentane at lower temperatures probably arises from
slowing an exchange process to the point where a decoalescence
of the NMR signal is about to occur. Three possible exchange
process are: (i) the exchange of the geminal –CH2– protons of
the methylene (one coordinated and one non-coordinated) to
the metal centre but given the calculated low energy barrier for
this process in the corresponding ethane complex, this process
is probably too fast to contribute to the observed broadening;
(ii) slowing the exchange rate between different conformations
that the pentane could adopt while coordinated to the metal
centre (Fig. 9); and (iii) the exchange of the complex between
different states of ion pairing or aggregation. The melting point
of the solvent (−93 °C for neat HFP) precluded observation of
the complexes 4a–c at lower temperatures where the exchange
processes may have been frozen out.

At −70 °C, the broad resonances at d −4.10 (Dn1/2 = ∼33 Hz)
and d −4.42 (Dn1/2 = ∼46 Hz) appear in roughly a 2 : 1 ratio and,
based on the assumption that the two methylene groups will
have similar binding affinity for the metal centre and based on
data collected for the analogous [h5-CpRe(CO)2(n-C5H12)]
complex,27,57–59 we ascribe the resonances at d−4.10 and d−4.42
as the C2-bound and C3-bound isomers 4b and 4c respectively.
The high eld resonances at d −2.34, d −4.10 and d −4.42 and
the Cp resonances at d 5.73 and d 5.74 can all be observed at
temperatures as high as −45 °C for tens of minutes before they
disappear into the baseline noise. The effective half-lives for 4a–
c were measured to be approximately 57 minutes at −50 °C (ESI
Graph S3 and Table S3†).

The process of isomerization, to form the equilibrium
mixture of 4a, 4b and 4c was not explored in detail during this
investigation. The process could involve a sequence of shis
(1,2), (1,3) or (1,4) shis along the n-pentane chain (“chain
walking”) as has been previously suggested for the isoelectronic
Chem. Sci., 2025, 16, 8532–8541 | 8537
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rhenium complexes, [h5-CpRe(CO)2(n-C5H12)] and [h6-(HEB)
Re(CO)2(c-C5H10)]

+. At equilibrium, the integral ratio of the n-
pentane s-complexes, 4a, 4b and 4c, is approximately 3.0 : 11.2 :
6.4 respectively and this translates to a molar ratio of 1 : 5.6 : 3.2.
These indicate a slight binding preference for the 4c isomer as
there is only one binding sites in 4c compared to two binding
sites in 4a and 4b.

As with the investigations into both the previously reported
osmium methane s-complex and the ethane s-complex (1)
discussed above, we have not observed any hydride containing
species that could result from oxidative cleavage of the coordi-
nated C–H bond in any of the n-pentane s-complexes.
Coordination of cyclopentane, [h5-CpOs(CO)2(c-C5H10)]
+ (5)

Cyclopentane complexes are amongst the most widely reported
metal-alkane s-complexes.11,14,30–32,34,48 Previous investigations
into this class of s-complex have shown that cationic metal
complexes and heavier transition metals tend to form more
stable cyclopentane s-complexes.

When [h5-CpOs(CO)3]
+ (1) is irradiated in a mixture of HFP

(∼700 mL) and cyclopentane (∼15 mL), a new resonance grows in
the previously empty high-eld region of the 1H NMR spectrum
(Fig. 8) (yield ca. 20%). The new resonance appears as a proton-
coupled 5-line multiplet at d−3.26 and this signal is ascribed to
[h5-CpOs(CO)2(c-C5H10)]

+ (5). The high eld resonance with the
multiplicity shown in Fig. 8 is almost identical to that observed
for the previously reported for rhenium, tungsten and manga-
nese complexes with a metal-bound cyclopentane.11,14,34

Concomitant with the growth of the resonance in the high
eld region of the 1H NMR spectrum, a number of other reso-
nances grow in with chemical shis >0. A singlet grows in the
cyclopentadienyl region (d 5.60) and two, second-order multi-
plets grow in the alkyl region (d 1.73 and d 1.68) of the 1H NMR
spectrum. The resonances at d 1.73 and d 1.68 are assigned to
the protons of the non-coordinated methylene groups of the of
the bound cyclopentane. The assignment of all the resonances
of the bound cyclopentane ring were conrmed using a 1H–1H
TOCSY experiment (ESI Fig. S7†).
Fig. 8 The high-field resonance in the 700 MHz 1H NMR spectrum of
[h5-CpOs(CO)2(c-C5H10)]

+ (5)which grows in during irradiation of [h5-
CpOs(CO)3)]

+ (1) in a solution of 1,1,1,3,3,3-hexafluoropropane satu-
rated with c-C5H10 at −90 °C.

8538 | Chem. Sci., 2025, 16, 8532–8541
Isotopic labelling of the cyclopentane (13C-1, >20%) and
proton-carbon single bond correlation NMR experiments (1H–13C
HSQC) correlate the 1H resonances of the bound cyclopentane to
their 13C resonances. The high-eld resonance in the 1H NMR
spectrum correlates to a high eld resonance in the 13C NMR
spectrum at d −2.71 (ESI Fig. S6†) and the resonances in the alkyl
region at d 1.73 and d 1.68 were correlated to –CH2–

13C resonances
at d 24.6 and d 31.1 respectively. The one-bond C–H coupling in
the bound methylene group (1JC–H = 110.9 ± 1.5 Hz) is signi-
cantly reduced compared to that of “free” cyclopentane (1JC–H =

129 Hz) and is smaller than that reported for the analogous
neutral and cationic rhenium complexes, [h6-(HEB)Re(CO)2(c-
C5H10)]

+, (1JC–H = 112.7 ± 2.5 Hz).11,14 Note the observed 1JC–H
coupling is the average of two different coupling constants, as one
hydrogen in the methylene group interacts directly with the metal
centre and the other hydrogen does not; the two hydrogens are
rendered equivalent in the NMR spectra due to an exchange
process corresponding to the process shown in Scheme 4.

The osmium–cyclopentane complex 5 was observed at
temperatures as high as −50 °C in 1H NMR spectra with a half-
life for disappearance of approximately 13 minutes at −51 °C
(ESI Graph S4 and Table S4†) before the resonances ascribed to
the complex disappear. This observation temperature is
signicantly higher that observed for the corresponding neutral
rhenium complex, [h5-CpRe(CO)2(c-C5H10)], (−80 °C) and is
comparable to the more recently reported cationic rhenium
complex [h6-(HEB)Re(CO)2(c-C5H10)]

+, where the half-life with
respect to decomposition was reported as approximately 88
minutes at −62 °C and NMR spectra of this the complex could
be observed at temperature of −47 °C for several minutes.14
Calculated binding energies of
different alkanes, isomers and
conformers

Table 1 shows the calculated binding energies and binding
energies relative the binding of methane of different alkanes to
the organometallic fragment [h5-CpOs(CO)2]

+.
The electronic-only binding energies of the alkanes increase

with size of the alkane, with n-pentane and cyclopentane
binding 8.3–8.5 kcal mol−1 more favourably than methane. We
have previously shown that the free energy of binding of HFP in
vacuum has been calculated to be 4.7 kcal mol−1 less favourable
than the binding of methane.15

Binding free energies are predictably smaller than the
electronic-only energies, mostly on account of the entropy
penalty involved in combining two species into one. The relative
free energies of binding of the heavier alkanes with respect to
methane are slightly less exergonic than the electronic-only
energies, in part because there is less of an entropy penalty
for binding a highly symmetrical methane molecule in
comparison with the higher alkanes.

Considering the n-pentane complexes, when the relative
energies of pentane binding through C1, C2 and C3 (complexes
4a, 4b and 4c respectively), were calculated in vacuum, 4c was
found to be lowest in energy with 4a and 4b, 2.3 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Calculated lowest energy conformations of the three n-
pentane complexes of the type [h5-CpOs(CO)2(n-C5H12)]

+, bound
through C1 (4a), C2 (4b) and C3 (4c) of the pentane, located in an SMD
model of the 1,1,1,3,3,3-Hexafluoropropane (HFP) solvent.
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0.4 kcal mol−1 higher in energy respectively. The relative free
energies in vacuum would suggest that the amount of 4a
observable at equilibrium (in the absence of irradiation) should
be very small (<1%) relative to the amount of 4c. However, when
solvation energy is included in themodel, 4a is only 1.1 kcalmol−1

higher in energy than 4b and 4c, which have essentially the same
calculated binding energies. The solvent may play a role in
allowing the C1-bound isomer 4a to be present in sufficient
quantities to be observed at equilibrium, due to a slightly more
exergonic solvation energy of the C1-bound isomer 4a.

These calculations agree well with the observed relative ratio
of these species and support the slight binding preference for
the 4b and 4c isomers relative to 4a at equilibrium.

In arriving at the numbers in Table 1, many different confor-
mations of each pentane isomer were considered. In general,
there were several conformations of each isomer found with
similar energies, and the same conformation was not the lowest
energy conformation for all the calculations in Table 1 – i.e.
different entries in Table 1 may be different conformations of
each n-pentane isomer. Multiple conformations of the pentane
ligand will be present in solution. Fig. 9 shows the three lowest
energy conformations of 4a-c calculated in HFP solvent.

The overall lowest energy n-pentane isomer in Fig. 9 is 4c,
which notably contains a pentane ligand which is not in the “all
anti” conformation but rather contains one gauche interaction.
It is important to consider isomers with gauche interactions
when modelling these systems, as, even though the
[h5-CpOs(CO)2]

+ fragment may be considered sterically unde-
manding, the pentane ligand will in some cases prefer to adopt
a conformation with a gauche interaction, as the energy penalty
associated with the gauche interaction is offset by a more
favourable interaction between the pentane ligand and the
metal centre. Also of note is the different orientation of the C–H
bond that is directly interacting with the metal centre in the
three different isomers 4a, 4b and 4c. For the dihedral angle
dened by the centroid of the Cp-Os-H-C, this value is close to
83° for 4a, 173° for 4b and 44° 4c. This is shown in Fig. 9.

Conclusion

The work reported here describes the most stable ethane
complex reported to date. The cationic osmium-centred s-ethane
© 2025 The Author(s). Published by the Royal Society of Chemistry
complex, [h5-CpOs(CO)2(C2H6)]
+ has an effective half-life of ∼14

hours at −84 °C, making it signicantly more stable than the
next most stable ethane complex reported, [(PONOP)Rh(C2H6)]

+

(t1/2 = 5.5 h at −132 °C), and substantially more stable than its
neutral group 7 neighbour, [h5-CpMn(CO)2(C2H6)] (t1/2= 360 s at
−138 °C). NMR spectroscopy shows that ethane is coordinated to
the organometallic fragment, [h5-CpOs(CO)2]

+ via one methyl
group and shows no detectable intramolecular exchange
between themetal-bound and non-boundmethyl groups at−84 °
C. There is no evidence for the oxidative cleavage of the coordi-
nated C–H bond in [h5-CpOs(CO)2(C2H6)]

+ to form the corre-
sponding ethyl hydride complex. DFT calculations support the
preferred end-on binding of ethane to [h5-CpOs(CO)2]

+ and that
the barrier to exchange between the bound and unbound methyl
groups is much higher than that found in [(PONOP)Rh(C2H6)]

+,
where exchange of the metal-bound and non-bound methyl
groups is rapid even at much lower temperatures.

The s-pentane and s-cyclopentane complexes of
[h5-CpOs(CO)2]

+ are more stable than the ethane complex (as
estimated by their respective half-lives in solution and calculated
binding energies) and all are more stable than the previously
reported methane complex [h5-CpOs(CO)2(CH4)]

+.15 Given the n-
pentane complex can be observed at temperatures up to −45 °C
for tens of minutes, the n-pentane complexes are likely the most
stable alkane complexes of this type reported to date in solution.

An unexpected preference for the formation of the C1-bound
isomer on the n-pentane complex, 4a, was observed during
continuous photochemical irradiation. When the light source is
switched off, an isomerization process occurs. A period of
∼200 s is required to establish a thermal equilibrium in which
the metal binds preferentially via C3 and C2 (4c and 4b
respectively) over binding to C1. This thermal equilibration
establishes that migration of the osmium between different
carbon sites (C–C swapping) does take place at a relatively slow
pace in the pentane complexes at least.

The sequence of alkane binding strength found for
[h5-CpOs(CO)2]

+ is n-pentane ∼ cyclopentane > ethane >
methane and this sequence broadly follows the trend in which
heavier alkanes bind more strongly, which has emerged from
other systems which have been studied
experimentally.8,14,27–35,45–53
Data availability

All data needed to evaluate the conclusions in the paper are
present in the paper and/or the ESI.†
Author contributions

Conceptualization: JDW, GEB, LDF. Methodology: JDW, GEB,
LDF. Investigation: JDW, GEB, LDF, DM. Visualization: JDW,
GEB, LDF. Funding acquisition: GEB, LDF. Project administra-
tion: GEB, LDF, JDW. Supervision: GEB, LDF. Writing – original
dra: JDW. Writing – review & editing: JDW, GEB, LDF, DM.
Chem. Sci., 2025, 16, 8532–8541 | 8539

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc00973a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
A

pr
il 

20
25

. D
ow

nl
oa

de
d 

on
 4

/7
/2

02
6 

12
:2

9:
09

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Conflicts of interest

There are no conicts to declare.

Acknowledgements

This research was supported (partially or fully) by the Australian
Government through the Australian Research Council's
Discovery Projects funding scheme (projects DP170104301 and
DP240103289) and with the assistance of resources and services
from the National Computational Infrastructure. This research
includes computations using the computational cluster Katana
supported by Research Technology Services at University of New
South Wales Sydney.

References

1 R. H. Crabtree, J. Chem. Soc., Dalton Trans., 2001, 2437–2450.
2 R. H. Crabtree, J. Organomet. Chem., 2004, 689, 4083–4091.
3 C. Cao and H. Yuan, J. Chem. Inf. Comput. Sci., 2003, 43, 600–
608.

4 K. I. Goldberg and A. S. Goldman, Acc. Chem. Res., 2017, 50,
620–626.

5 A. S. Weller, M. F. Chadwick and A. I. McKay, in Advances in
Organometallic Chemistry, Academic Press Inc., 2016, vol. 66,
pp. 223–276.

6 M. Brookhart, M. L. H. Green and G. Parkin, Proc. Natl. Acad.
Sci. U.S.A., 2007, 104, 6908–6914.

7 R. N. Perutz, Pure Appl. Chem., 1990, 62, 1103–1106.
8 C. Hall and R. N. Perutz, Chem. Rev., 1996, 96, 3125–3146.
9 R. N. Perutz and J. J. Turner, J. Am. Chem. Soc., 1975, 97,
4800–4804.

10 C. J. Arnold, T. Q. Ye, R. N. Perutz, R. E. Hester and
J. N. Moore, Chem. Phys. Lett., 1996, 248, 464–469.

11 S. Geakis and G. E. Ball, J. Am. Chem. Soc., 1998, 120, 9953–
9954.

12 E. A. Cobar, R. Z. Khaliullin, R. G. Bergman and M. Head-
Gordon, Proc. Natl. Acad. Sci. U. S. A., 2007, 104(17), 6963–
6968.

13 R. Z. Khaliullin, E. A. Cobar, R. C. Lochan, A. T. Bell and
M. H. Gordon, J. Phys. Chem. A, 2007, 111(36), 8753–8765.

14 H. M. Yau, A. I. McKay, H. Hesse, R. Xu, M. He, C. E. Holt and
G. E. Ball, J. Am. Chem. Soc., 2016, 138, 281–288.

15 J. D. Watson, L. D. Field and G. E. Ball, Nat. Chem., 2022, 14,
801–804.

16 J. D. Watson, L. D. Field and G. E. Ball, J. Am. Chem. Soc.,
2022, 144, 17622–17629.

17 A. Altun, F. Neese and G. Bistoni, J. Chem. Theory Comput.,
2019, 15, 215–228.

18 Q. Lu, F. Neese and G. Bistoni, Phys. Chem. Chem. Phys.,
2019, 21, 11569–11577.

19 I. Krossing and I. Raabe, Angew. Chem., Int. Ed., 2004, 43,
2066–2090.

20 I. Krossing, H. Brands, R. Feuerhake and S. Koenig, J.
Fluorine Chem., 2001, 112, 83–90.

21 I. Krossing and A. Reisinger, Coord. Chem. Rev., 2006, 250,
2721–2744.
8540 | Chem. Sci., 2025, 16, 8532–8541
22 I. Krossing, Chem.—Eur. J., 2001, 7, 490–502.
23 I. M. Riddlestone, A. Kra, J. Schaefer and I. Krossing,

Angew. Chem., Int. Ed., 2018, 57, 13982–14024.
24 P. J. Sempsrott, B. B. Trinh, C. F. Lovitt, N. E. Capra and

G. S. Girolami, Sci. Adv., 2023, 9(23), eadg8130.
25 C. L. Gross, S. R. Wilson and G. S. Girolami, J. Am. Chem.

Soc., 1994, 116, 10294–10295.
26 C. Flener-Lovitt, D. E. Woon, T. H. Dunning and

G. S. Girolami, J. Phys. Chem. A, 2010, 114, 1843–1851.
27 D. J. Lawes, S. Geakis and G. E. Ball, J. Am. Chem. Soc., 2005,

127, 4134–4135.
28 D. J. Lawes, T. A. Darwish, T. Clark, J. B. Harper and

G. E. Ball, Angew. Chem., Int. Ed., 2006, 45, 4486–4490.
29 G. E. Ball, T. A. Darwish, S. Geakis, M. W. George,

D. J. Lawes, P. Portius and J. P. Rourke, Proc. Natl. Acad.
Sci. U.S.A., 2005, 102, 1853–1858.

30 G. E. Ball, C. M. Brookes, A. J. Cowan, T. A. Darwish,
M. W. George, H. K. Kawanami, P. Portius and
J. P. Rourke, Proc. Natl. Acad. Sci. U.S.A., 2007, 104, 6927–
6932.

31 R. D. Young, A. F. Hill, W. Hillier and G. E. Ball, J. Am. Chem.
Soc., 2011, 133, 13806–13809.

32 S. B. Duckett, M. W. George, O. S. Jina, S. L. Matthews,
R. N. Perutz, X. Z. Sun and K. Q. Vuong, Chem. Commun.,
2009, 1401–1403.

33 R. D. Young, D. J. Lawes, A. F. Hill and G. E. Ball, J. Am. Chem.
Soc., 2012, 134, 8294–8297.

34 J. A. Calladine, S. B. Duckett, M. W. George, S. L. Matthews,
R. N. Perutz, O. Torres and K. Q. Vuong, J. Am. Chem. Soc.,
2011, 133, 2303–2310.

35 O. Torres, J. A. Calladine, S. B. Duckett, M. W. George and
R. N. Perutz, Chem. Sci., 2015, 6, 418–424.

36 A. J. Bukvic, A. L. Burnage, G. J. Tizzard, A. J. Mart́ınez-
Mart́ınez, A. I. Mckay, N. H. Rees, B. E. Tegner, T. Krämer,
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