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ABSTRACT: A new family of long-lived alkane σ-complexes
of the type (LOEt)Re(CO)2(alkane) [alkane = cyclopentane,
cyclohexane, pentane; LOEt = cyclopentadienyltris(diethyl-
phosphito)cobaltate(III)] has been observed using both IR
and NMR spectroscopies and computationally interrogated
with DFT methods. The oxygen-rich coordination spheres
makes these complexes perhapsmore relevant as models for
intermediates in metal oxide mediated hydrocarbon
transformations than other known alkane σ-complexes.

The promise of homogeneous catalysts capable of functiona-
lizing alkanes1�3 has led to a great deal of research into

transient molecular metal�alkane σ-complexes. These σ-com-
plexes are considered to be short-lived intermediates rather than
transition states in the key step of C�H bond activation. Such
activation processes may proceed to the formation of (frequently
more stable) alkyl hydride complexes, produced through oxida-
tive cleavage of the bound alkane. Alternatively, σ-complex-
assisted metathesis (σ-CAM) processes may operate.4,5 These
σ-complexes are formed by the unorthodox interaction of a
metal-centered fragment with the σ electrons shared by a C�H
bond. From the perspective of microscopic reversibility, σ-comp-
lexes also represent intermediates in the reductive elimination of
alkanes from cis-hydrido-alkyl complexes. In this respect, the
recent spectroscopic identification of a methane complex formed
by protonation of a rhodium methyl complex is especially
noteworthy.6 Model studies of molecular σ-alkane complexes
have typically involved classical organometallic co-ligands (CO,
cyclopentadienyls, phosphines). In contrast, industrial processes
involving the modification of alkanes commonly employ silica,
alumina, or metal oxide boundmetal sites such that themetal is in
an oxygen-rich coordination environment; e.g., so-called “rheni-
forming” of petroleum to provide high-octane hydrocarbons is
mediated by rhenium deposited on the surface of alumina or
silica.7 To provide a bridge betweenmolecularσ-alkane complexes
and the behavior of alkanes on a metal oxide surface, we report
herein the spectroscopic characterization and computational
interrogation of σ-alkane complexes in which the metal center
has an oxygen-rich coordination sphere.

Previously, metal�alkane adduct species of the type (η5-C5H4

R)Re(CO)(L)(alkane) (L = CO, PF3; R = H, iPr) have been
observed and characterized using IR and NMR spectroscopy.8�12

These metal�alkane species exhibit a higher stability and
longer lifetime than others previously reported using time-resolved
IR (TRIR) methods. The shorter lived manganese analogue

CpMn(CO)2(C3H8) has also been observed using NMR
spectroscopy very recently.13 Computational studies on the hy-
pothetical complex [{HB(NdNH)3}Re(CO)2(CH4)] had
suggested that oxidative addition of the coordinated meth-
ane molecule would be endothermic,14 and recently this was
subtantiated by the spectroscopic observation (FTIR, NMR)
of TpRe(CO)2(c-C5H10) [Tp = hydrotris(pyrazol-1-yl)borate].15

In search of an oxygen-based scaffold that might emulate the
behavior of cyclopentadienyl and tris(pyrazolyl)borate ligands,
we chose the cyclopentadienyltris(diethylphosphito)cobaltate
ligand (Figure 1), LOEt, first described by Kl€aui.16 The complex
(LOEt)Re(CO)3 (1)

17 displays a slightly more octahedral geom-
etry even than TpRe(CO)3, and the carbonyl stretching fre-
quencies in the IR spectra for 1 suggest that LOEt is a better net
electron donor than Tp. Herein we report that IR and
NMR spectroscopic monitoring of the photolysis of 1 in the
presence of the alkanes cyclopentane (c-C5H10), cyclohexane
(c-C6H12), and pentane (n-C5H12) indicates the formation of
(LOEt)Re(CO)2(alkane) (alkane = c-C5H10 , 2; c-C6H12, 3;
n-C5H12, 4). This provides the first NMR data for an oxygen-
ligated alkane complex.18

Flash photolysis (266 nm,Nd:YAG laser fourth harmonic, 100
flashes) of 1 in neat c-C5H10 at 195�210 K gave the alkane
adduct (LOEt)Re(CO)2(c-C5H10) (2). Bands at 1916 and
1825 cm�1 (Figure 2) correspond to the carbonyl stretching
modes for the formation of the alkane adduct 2, while the
bleaching of bands at 2020 and 1892 cm�1 correspond to
depletion of the parent tricarbonyl species 1.

After irradiation, the bands attributed to 2 diminished with
time, obeying an apparent first-order decay constant (t1/2(200 K) =
470 s; see Supporting Information). Subsequent experiments

Figure 1. Cyclopentadienyltris(diethylphosphito)cobaltate(III) ligand.
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between 195 and 210 K also followed a first-order decay and
allowed the determination of the activation energy, Ea = 29.7 (
5.8 kJ mol�1, for the disappearance of 2 and ΔHq = 28.0 (
5.8 kJmol�1,ΔSq =�156( 29 Jmol�1 K�1. TheΔHq value gives
a lower limit on the binding energy of the c-C5H10 and would
provide a correct value in the case of a purely dissociative process.
However, the large negative ΔSq value suggests an associative
mechanism for the decay process, and so the binding energy is likely
much larger. By comparison, CpRe(CO)2(c-C5H10) reacts with
CO with ΔHq = 34.8 kJ mol�1, ΔSq = �78.3 J mol�1 K�1.19

The most common decay product observed was the parent
tricarbonyl 1, indicated by a regrowth of bands at 2020 and
1892 cm�1, presumably via recombination of 2 with previously
photo-ejected carbon monoxide. However, a portion of the
product 2 decayed to other species, corresponding to the growth
of new bands at 1958 and 1847 cm�1, the latter perhaps being
indicative of ν(μ-CO) in a binuclear species. We note that the
mechanism of re-formation of 1 may be complex since direct
recombination of 2 with CO should be a second-order process,
which is not observed.

The high solubility of 1 in alkane solvents allowed low-
temperature NMR spectroscopy to be employed in characteriz-
ing the alkane adducts formed when 1 was irradiated in c-C5H10,
n-C5H12, and n-C5H12/ c-C6H12 solutions.

Illumination of 1 in 90:10 c-C5H10:pentane-d12 in the NMR
spectrometer (fiber-optics/Hg arc lamp) again gave alkane
adduct 2. Diagnostic for the appearance of 2 was a new signal
at δH �4.12, shown in Figure 3, which has a width at half-height
of 19 Hz (17 Hz when 31P decoupled) which is attributed to the
averaged resonances of the bound CH2 unit of a c-C5H10 ligand.
This resonance is sufficiently broad to obscure any anticipated
multiplicity, cf. the quintet observed for the CH2-Re resonance of
CpRe(CO)2(c-C5H10) (

3JHH = 6.6 Hz).11 The signals for the Cp
and ethyl protons in complex 2 are obscured by relatively intense
signals of the parent complex 1 as a result of the poor photo-
chemical yield of complex 2, ∼4.5% in this case.

Further evidence supporting the presence of alkane σ-com-
plex formation was obtained by monitoring the photolysis of 1 in
2:1 pentane-d12:c-C6H12 at 178 K. Two new resonances at δH
�1.06 and �8.30 were observed which we assign to the
equatorial and axial protons, respectively, of the complexed
methylene unit in (LOEt)Re(CO)2(c-C6H12) (3). At 178 K,
the c-C6H12 moiety is effectively frozen in a chair conformation
with chemically different c-C6H12 protons. Repeating the photo-
lysis of 1 in 2:1 n-pentane-d12:cyclohexane-

13C6 at 178 K led to
(LOEt)Re(CO)2(c-C6H12-

13C6) (3-13C6) being formed. The
product continued to form after irradiation had ceased due to
net conversion of unseen (LOEt)Re(CO)2(n-pentane-d12) to the
c-C6H12 adduct. A 13C-coupled HSQC spectrum (see SI)

showed that the resonances at δH�1.06 and�8.30 are geminal,
both bonded to the same carbon (δC 1.4, referenced to free
c-C6H12 at δC 26.8). The resonance at δH �8.30 has 1JCH =
95.6 ( 2.5 Hz, consistent with an agostic interaction (∼60�90
Hz), whereas the resonance at δH�1.06 has 1JCH = 124.4( 1.5
Hz, only slightly reduced from the value found in free c-C6H12

(∼128 Hz). It has been shown that there is a direct correlation
between a more shielded chemical shift and lower 1JCH value of a
proton and its time spent coordinated to a metal center.9,20 Thus
we conclude that the hydrogen with a resonance at δH �8.30
spends a higher fraction of time bound to the rhenium center
than the proton at δH �1.06.

These NMR data are indicative of a binding pattern similar to
that observed in CpRe(CO)2(alkane) species;8,9,20 when a
methylene unit containing two identical protons, such as c-
C5H10, interacts with the metal center, the two protons are
rendered equivalent in the NMR spectra, due to an exchange
process that is fast on the NMR time scale that interchanges
which proton is instantaneously bound to the rhenium center;
when a methylene unit containing two chemically different
protons, such as c-C6H12, interacts with the metal center, the
two protons cannot be rendered equivalent in the NMR spectra.
While the exchange process that swaps which proton is instanta-
neously bound to the metal center is still fast, there is a thermo
dynamic preference for the binding of one of the protons,
resulting in significantly different 1H chemical shifts and 1JCH
couplings within the bound methylene of the c-C6H12 unit, even
for a relatively small preference. In the case of CpRe(CO)2
(c-C6H12), the NMR data indicated that binding of the axial
proton was preferred.20 In the case of 3, we were unable to
confirm the assignment of the resonances atδH�1.06 and�8.30
between the axial and equatorial sites due to the broadness of the
resonances masking the H�H couplings.

Illumination of 1 in∼95:5 n-C5H12:pentane-d12 at 180 K gave
resonances at δH�2.98,�4.82, and�5.05 (Figure 4).We assign
the three resonances in Figure 4 to the formation of three isomers
of (LOEt)Re(CO)2(n-C5H12) (4) in which the n-C5H12 is bound
through C1, C2, or C3, specifically δH �2.98 [(LOEt)Re-
(CO)2(n-C5H12-η

2-C1,H1), 4a], δH �4.82 [(LOEt)Re(CO)2-
(n-C5H12-η

2-C2,H2), 4b], and δH �5.05 [(LOEt)Re(CO)2(n-
C5H12-η

2-C3,H3), 4c], respectively.
The relative intensities of the three peaks were 3.0:1.5:0.6, close

to the statistical ratio 3:2:1 that would be observed in the absence
of any preference for binding to specific sites. There was insuffi-
cient signal-to-noise to generate accurate integrals that compen-
sate for the integral distorting effects of solvent signal suppression
as used previously.9 Hence, it remains uncertain if there is a slight
preference for the binding of the methyl group vs the methylene
groups of pentane in this system. Low signal-to-noise also
precluded measurement of 1JCH coupling constants for any of
these three complexes to confirm alkane complex character. The
1H NMR spectrum of 4a�c resembles much more closely that of

Figure 3. Expansion of the 1H NMR spectrum of a solution of
(LOEt)Re(CO)3 in 90:10 cyclopentane:pentane-d12 after 40 min of
illumination at 190 K. Spectrum at 200 K, LB = 2 Hz, NS = 768.

Figure 2. FTIR difference spectrum of∼10�3 M LOEtRe(CO)3 (1) in
c-C5H10 at 200 K after exposure to 266 nm radiation.
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CpRe(CO)2(n-C5H12), which is a mixture of three analogous
alkane complexes,9 rather than that of “CpRe(CO)(PF3)(n-
C5H12)”, which contains a mixture of 1-pentyl hydride and alkane
complex components.8 Hence, we contend that 4a�c are likely to
be alkane complexes rather than alkyl hydrides.

Complexes of the type (LOMe)Re(CO)2(alkane) (alkane = c-
C5H10, 20; c-C6H12, 30-ax axial and 30-eq equatorial; pentane-η

2-
C1,H1, 4a0; pentane-η2-C2,H2, 4b0; propane-η2-C1,H1, 6a0; and
propane-η2-C2,H2, 6b0) were investigated computationally initi-
ally using B3PW91 and M06-L DFT methods (see Supporting
Information). The smaller LOMe ligand (indicated by the 0 after
the compound number) was used in computations. Several
starting geometries for each compound studied that were likely
to lead to low-energy conformations were explored. Values
quoted are for the lowest energy conformation found. The large
number of conformational permutations available for the binding
of the alkanes to the (LOMe)Re(CO)2 fragment prevented an
exhaustive exploration of all possible conformations to date.

The binding energy of c-C5H10 to the LOMeRe(CO)2 frag-
ment was calculated to be 47.7 (B3PW91) or 74.6 kJ mol�1

(M06-L).21 Given the significant difference in binding energies
from the two DFT methods, a wider range of methods was
applied to the c-C5H10 and c-C6H12 complexes (Table 1),
including empirical D3 dispersion corrections.22

Counterpoise corrections decrease all of the DFT binding
energies in Table 1 by between 5.0 and 7.4 kJ mol�1 (see SI).
This compares with binding energies of c-C5H10 to the CpRe-
(CO)2 fragment of 51.1/83.8 (B3PW91/B3PW91-D3) or 60.1/
63.2 kJ mol�1 (M06-L/M06-L-D3) (which decrease by 3.1�3.7 kJ
mol�1 with counterpoise correction). Dispersion-corrrected func-
tionals (-D3) employed the geometries from the noncorrected
equivalent functional. In the case of B3LYP-D3, a full geometry
optimization leads to a binding energy of 75.3 kJ mol�1, almost
identical to the single-point variant in Table 1. The LPNO-CCSD
method provides a comparison with a relatively high level wave
function method (an approximation to CCSD) that naturally
includes dispersion effects and has been shown to be applicable to
transition metal systems.24

Traditional hybrid functionals e.g., B3LYP and B3PW91, do
not account for dispersion interactions and give lower binding
energies than newer functionals that take some account of
dispersion interactions (M06, M06-L, ωB97X-D). Applying
the dispersion corrections to B3PW91 and B3LYP leads to a
large increase in calculated binding energy, up to a factor of ∼2,
and values that are closer to those obtained from newer func-
tionals and the LPNO-CCSD method. D3 corrections can also
be applied to the M06(-L) functionals with much less change,
since these functionals are designed to account for dispersion
already. While the accuracy of the empirical dispersion correc-
tions in these systems requires further investigation, it is clear that
dispersion interactions play a sigificant role in binding in these

systems and should be accounted for in studies of alkane binding,
as noted recently.25 The calculated geometries of the complexes
indicate a typical asymmetric interaction of the bound CH2

group, with one hydrogen closer to the metal, with a significantly
stretched C�H bond, and the other hydrogen farther away, with
an unstretched C�H bond (see SI).

Studies on the model 2-propane complex 40 confirm that the
process that interchanges which of the two hydrogens in a
methylene unit is directly interacting with the metal is expected
to be fast, the calculated barrier being 16.3/14.3 kJ mol�1

(B3PW91/-D3). In the case of binding of c-C6H12 to the
LOMeRe(CO)2 fragment, all DFT methods suggest that the
binding of the axial c-C6H12 hydrogen is preferred relative to
the binding of the equatorial hydrogen by 1.1�3.6 kJ mol�1,
and so the more highly shielded resonance at δ �8.30 is the
axial hydrogen, as this spends a greater fraction of time directly
interacting with the metal center.

Calculated relative binding energies for the C1- and C2-bound
pentane complexes are method dependent. The B3PW91 meth-
od predicts that binding of the C1 methyl is preferred by 4.5 kJ
mol�1, whereas methods accounting for dispersion (M06-L
(-D3) and B3PW91) predict the C2 isomer to be more stable
by up to 13.1 kJmol�1. The relative free energies in solution appear
to differ by less than∼2 kJ mol�1 based on our experimental data.

In the case of bound c-C5H10, the alkane complex, [LOMeRe-
(CO)2(c-C5H10)] (20), was found to be significantly lower in
energy in comparison with the potential products of oxidative
cleavage of this compound, the cyclopentyl hydride complexes
[(LOMe)Re(cyclopentyl)(H)(CO)2] (50), wherein the cyclo-
pentyl and hydride ligands could be cis (5c0) or trans (5t0).26

The relative energy of the cis-alkyl hydride 5c0 was calculated to
be 27.9/16.3 (B3PW91/B3PW91-D3) or 30.4 kJ mol�1 (M06-L)
higher and the trans-alkyl hydride 5t0 38.3/25.7 (B3PW91/
B3PW91-D3) or 35.1 kJ mol�1 (M06-L) higher in energy
than the c-C5H10 complex. Likewise, The n-pentyl hydride
complexes [(LOMe)Re(n-pentyl)(H)(CO)2] (7c0 cis and 7t0
trans), resulting from oxidative cleavage of the corresponding
C1-bound pentane complex 4a0, are calculated (B3PW91/
B3PW91-D3) to be higher in energy than the alkane complex
isomer 4a0 by 22.5/34.0 (7c0) and 31.2/41.0 kJ mol�1 (7t0).
This leads to the conclusion that the observed NMR and IR
data for the complexes 2, 3, and 5 should be due entirely to the

Figure 4. Expansion of the 1H NMR spectrum of a solution of
LOEt�Re(CO)3 after photolysis in 95:5 n-C5H12:pentane-d12 at 180
K. LB = 7 Hz, NS =1792.

Table 1. Calculated Binding Energies (kJ/mol) of Various
Alkane Sites in Complexes 20, 30, 40, and 60 Binding to the
(LOMe)Re(CO)2 Fragment Using Different Methods and
Optional D3 Dispersion Corrections

complex type

method 20 30-ax 30-eq 4a0 4b0 6a0 6b0

B3PW91 47.7 47.8 46.7 46.6 42.1 45.4 45.1

M06-L 74.6 79.7 76.1 71.2 77.0 71.2 70.0

B3LYP 40.2 40.2 39.6

M06 79.0 85.9 82.9

B3PW91-D3 86.6 94.1 90.6 79.0 92.1 76.3 83.0

M06-L-D3 81.2 87.3 84.3 76.9 85.2 76.9 76.0

B3LYP-D3 74.2 79.9 77.6

M06-D3 91.9 99.9 97.9

ωB97X-D 87.2 95.6 92.3

LPNO-CCSD23 82.7
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alkane complex isomer, as the concentration of an equilibrium
amount of alkyl hydride species is expected to negligible.

The lower experimental frequencies of the carbonyl bands of the
parent complex 1 and the c-C5H10 complex 2, comparedwith those
of the corresponding Cp and Tp analogues (Table 2), suggest that
the LOEt facial ligand acts as a better net donor than the Cp or Tp
ligands. Assuming this to be the case, the increasedπ-basicity of the
dxy, dxz, and dyz orbitals of the LOEtRe(CO)2 fragment should lead
to more effective population of the C�H σ* antibonding orbital
upon complexation, increasing the extent of travel along the
reaction coordinate toward the product of oxidative cleavage.
Despite this, the 1JCH values for the cyclohexane adduct 3
(average 110.0 Hz) and the DFT calculated bond lengths (<0.1
Å longer for the bound C�H bond in 2 vs the Cp analogue) are
remarkably similar to those calculated for CpRe(CO)2(c-C6H12)
(average 1JCH 110.8 Hz, within experimental error of that for 3).
This suggests a minimal difference in the extent of stretching of the
bound CH2 unit, consistent with the view that the backbonding
component of alkane�metal interactions is relatively unimpor-
tant compared with other X�H σ-complexes.27

The aim of this work was to observe alkanes binding to
molecular species that more closely resemble the environment
found in heterogeneous catalysts comprising alumina- or silica-
supported metal centers, wherein the metal is supported by
oxygen donor groups. With the successful observation of a new
class of alkane σ-complexes, in which the metal center is likewise
supported by multiple oxygen donors, the LOEtRe(CO)2(alkane)
species described here enable a more direct comparison of the
binding of alkanes in a molecular setting with that found on a
catalytically active surface.
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