. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/167878/

Version: Accepted Version

Book Section:

Algarra, Andrés G., Burnage, Arron L., lannuzzi, Marcella et al. (2020) Computational
Studies of the Solid-State Molecular Organometallic (SMOM) Chemistry of Rh !-Alkane
Complexes. In: Structure and Bonding. Structure and Bonding. Springer, pp. 183-228.

https://doi.org/10.1007/430_2020_77

Reuse

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of
the full text version. This is indicated by the licence information on the White Rose Research Online record
for the item.

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ <&, | University of

UNIVERSITY OF LEEDS & Sheffleld



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1007/430_2020_77
https://eprints.whiterose.ac.uk/id/eprint/167878/
https://eprints.whiterose.ac.uk/

Struct Bond
https://doi.org/10.1007/430_2020_77
© Springer Nature Switzerland AG 2020

Computational Studies of the Solid-State m)
Molecular Organometallic (SMOM) s

Chemistry of Rh 6-Alkane Complexes

Andrés G. Algarra, Arron L. Burnage, Marcella Iannuzzi, Tobias Krimer,
Stuart A. Macgregor, Rachael E. M. Pirie, Bengt Tegner, and
Andrew S. Weller

Contents

Introduction

Computational Characterisation of a Rhodium o-Alkane Complex

Initial Periodic DFT Calculations on the Structures of Rh o-Alkane Complexes

Rearrangements and Fluxionality of Rh c-Alkane Complexes in the Solid State

4.1 [2-NBA][BAr",]

4.2 Anion and Phosphine Substituent Effects

4.3 [2-pentane] [BArY,]

5 Snapshots on the Trajectory for C-H Activation

6 Room-Temperature Alkane Dehydrogenation in [2-C¢H 1 1[BAT,] and [2-C4H 0]
[BAr",]

7 [2-NBA][BAr",] as a Precursor in Solid-State Organometallic Synthesis

and Catalysis

B LN =

A. G. Algarra
Institute of Chemical Sciences, Heriot-Watt University, Edinburgh, UK

Departamento de Ciencia de los Materiales e Ingenieria Metaltirgica y Quimica Inorganica,
Facultad de Ciencias, Instituto de Biomoléculas, Universidad de Cadiz, Cadiz, Spain

A. L. Burnage, S. A. Macgregor (b<)), R. E. M. Pirie, and B. Tegner
Institute of Chemical Sciences, Heriot-Watt University, Edinburgh, UK
e-mail: S.A.Macgregor@hw.ac.uk

M. Iannuzzi
Physical-Chemistry Institute, University of Ziirich, Ziirich, Switzerland

T. Kramer
Institute of Chemical Sciences, Heriot-Watt University, Edinburgh, UK

Department of Chemistry, Maynooth University, Maynooth, Kildare, Ireland

A. S. Weller
Department of Chemistry, University of York, York, UK


http://crossmark.crossref.org/dialog/?doi=10.1007/430_2020_77&domain=pdf
https://doi.org/10.1007/430_2020_77%23DOI
mailto:S.A.Macgregor@hw.ac.uk

A. G. Algarra et al.

8 Conclusions
9 Computational Details
References

Abstract A review of computational studies on the structures, bonding and reac-
tivity of rhodium c-alkane complexes in the solid state is presented. These com-
plexes of the general form [(RZP(CHQ),,PRZ)Rh(alkane)][BArF 4] (Where Arf =35-
(CF3),C¢H3) are formed via solid/gas hydrogenation of alkene precursors, often in
single-crystal-to-single-crystal (SC-SC) transformations. Molecular and periodic
density functional theory (DFT) calculations complement experimental characteri-
sation techniques (X-ray, solid-state NMR) to provide a detailed picture of the
structure and bonding in these species. These c-alkane complexes exhibit reactivity
in the solid state, undergoing fluxional processes, and access different alkane
binding modes that link to C-H activation and H/D exchange. The mechanisms of
several of these processes have been defined using periodic DFT calculations which
provide excellent quantitative agreement with the available experimental activation
barriers. A comparison of computed results derived from periodic DFT calculations,
where the full solid-state environment is taken into account, with simple model
calculations using the isolated molecular cations highlights the importance of
modelling the solid state to reproduce the structures of these alkane complexes.
The solid-state environment can also have a significant impact on the computed
reaction energetics.

Keywords Catalysis - C-H activation - Periodic DFT - Rh - Single-crystal-to-single-
crystal - SMOM - SMOM-Cat - Solid-state molecular organometallic chemistry -
o-Alkane complexes

Abbreviations

Ar®! 3,5-C¢H;(Cl),

Arf 3,5-C¢H;(CF5),

BCP Bond critical point

BMO Bonding molecular orbital

BP86 Becke-Perdew 1986

CI-NEB Climbing image-nudged elastic band
COA Cyclooctane

COD Cycloocta-1,5-diene

cv Collective variable

Cy Cyclohexyl

Cyp Cyclopentyl

DFT Density functional theory
DZVP Double-zeta valence polarisation
FES Free energy surface

GIPAW Gauge including projector augmented waves
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GTH Goedecker-Teter-Hutter pseudopotentials
HETCOR Heteronuclear correlation

Bu Isobutyl

Pr Isopropyl

MOLOPT Basis sets optimised for molecular calculations
NBA Norbornane

NBD Norbornadiene

NBO Natural bond orbital

NCI Non-covalent interaction

PBE Perdew-Burke-Ernzenhof

QTAIM Quantum theory of atoms in molecules

RCP Ring critical point

SC-SC Single-crystal-to-single-crystal

SDD Stuttgart-Dresden pseudopotentials

SMOM Solid-state molecular organometallic
SMOM-Cat  Solid-state molecular organometallic catalysis
SR Shorter range

SSNMR Solid-state nuclear magnetic resonance
c-CAM Sigma complex-assisted metathesis

1 Introduction

o-Alkane complexes are key intermediates in C-H activation, a key step in the
catalytic functionalisation of C-H bonds. Selective, energy-efficient C-H activation
is therefore one of the major goals of modern organometallic chemistry [1-3]. Cat-
alytic C-H functionalisation has found increasing application in fine chemical
production [4] as well as the upgrading of simple, light alkanes to higher value
products through dehydrogenation/metathesis [5] and oxidation cycles [6]. The
cleavage of a C-H bond at a transition metal centre can occur through a number of
different mechanisms, including oxidative addition, o-bond metathesis, 6-complex-
assisted metathesis (6-CAM) and electrophilic deprotonation [7—10]. Irrespective of
the details, the early stages of these processes all entail the interaction of a C-H bond
with an unsaturated metal centre. Thus significant efforts over several decades have
been made to characterise o-alkane complexes as precursors to C-H activation and to
study their reactivity directly [11-13].

Since the original evidence pointing to the existence of c-alkane complexes in
noble gas matrices [14], considerable progress has been made in the characterisation
of such complexes in solution. The dominant strategies have involved either the
photolysis of transition metal carbonyl complexes in alkane solvents [15, 16] or the
protonation of metal-alkyl precursors [17-19]. However, despite this progress
attempts to provide definitive structural information via crystallographic studies
have been thwarted by the weak metal-alkane interaction that, in solution, is subject
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to displacement by solvent, counterion or the photo-ejected CO ligand. Thus the
lifetimes of c-alkane complexes in solution are short, even at low temperature and
with weakly coordinating counterions and solvents.

A step change in the synthesis and characterisation of c-alkane complexes came
in 2012 when Weller and co-workers published an alternative solid/gas synthetic
route [20]. Exposure of single crystals of [(‘Bu,PCH,CH,P'Bu,)Rh(NBD)][BAr",4]
(NBD = norbornadiene, C;Hg; Ar" = 3,5-(CF5),C¢H3)), [1-NBD][BArY,], to H,
gas resulted in hydrogenation of the diene to form [(Bu,PCH,CH,P'Bu,)Rh(NBA)]
[BAr",] (NBA = norbornane, C;H,,), [1-NBA][BAr*,], directly in the crystalline
form and which proved of sufficient stability for a crystallographic study. Such
single-crystal-to-single-crystal (SC-SC) transformations [21] have subsequently
provided a platform for the exploration of the structure, spectroscopic properties
and reactivity of Rh 5-alkane complexes in the solid state. In particular the analogous
reactivity of the cyclohexyl phosphine analogue, [(Cy,PCH,CH,PCy,)Rh(NBD)]
[BAr",], [2-NBD][BAr",], led to the formation of [(Cy,PCH,CH,PCy,)Rh(NBA)]
[BArF4], [2-NBA][BArF4], which shows remarkable stability (months) when
maintained under an inert atmosphere [22]. The SC-SC protocol has subsequently
been extended to other c-complexes of NBA [22-24], of other cyclic alkanes
(cyclooctane, COA [25] and cyclohexane [26]), as well as straight-chain (pentane
[27]) and branched-chain (isobutane [26]) alkanes. This work has also seen the
development of the new field of solid-state molecular organometallic (SMOM)
chemistry. Such systems have shown promise in solid-state molecular organometal-
lic catalysis (SMOM-Cat) for the transformation of light alkenes, including H/D
exchange in propene and the isomerisation of 1-butene to a mixture of cis- and trans-
2-butene [28]. The latter has also been achieved under flow conditions
[29]. Throughout, this work has been supported by computational studies to char-
acterise the nature of the metal-c-alkane interactions and to understand their spec-
troscopic properties and reactivity in the solid state.

Relatively little work has been reported on modelling organometallic complexes
in the solid state. Such studies that have been reported make use of periodic density
functional theory (DFT) methods in which, in analogy to single-crystal X-ray
crystallography, the calculation is defined by the unit cell contents. Periodic bound-
ary conditions are then applied such that the unit cell is repeated ad infinitum in three
dimensions to model the fully extended solid-state lattice [30]. The importance of the
crystal environment in dictating structure in the solid-state has been highlighted by
Grimme and co-workers in their work on the Ru(IV) allyl complex [(n-CsMes)Ru
(phenallyl)(MeCN),][PF¢], [31]. Here the balance between the nl- and n3-a11y1
bonding modes was shown to depend both on the computational methodology and
the chemical model employed, i.e. whether considered as an isolated molecular
dication or as a dication located within the extended solid-state lattice. A treatment
of dispersion effects, the stabilising component of van der Waals interactions, was
shown to be particularly important. DFT fails to describe these long-range effects
sufficiently, and Grimme [32] has championed the use of semiclassical dispersion
corrections to account for these. Such long-range interactions are potentially impor-
tant in capturing crystal packing effects. For example, we showed that the inclusion
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of the full crystal environment is important to provide an adequate description of the
structure of Cu-borate complexes that feature weak Cu---H-B interactions [33]. A
treatment of the full solid-state structure with periodic DFT calculations was also
required to account for carbon-carbon double-triple bond isomerisation in seven-
membered ring zirconocene complexes [34]. Dispersion effects and periodic DFT
calculations were also necessary to describe the molecular and crystal structure of Ge
{CgH3-2,6-(C¢H,—2,4,6-1Pr3), },, [35] as well as a heme dimer within the crystal
structure of B-haematin [36].

Organometallic reactivity in the solid state is a growing field that shows promise
in catalysis and has been the subject of several reviews [21, 37-39]. Of particular
relevance here are SC-SC transformations that allow for the crystallographic
characterisation of both reactant and product. These systems are also amenable
to computational modelling by periodic DFT calculations, although no DFT
studies modelling reactivity have been reported outside of the work described in
this review. Related computational studies, including periodic DFT calculations,
on the structure and reactivity of small molecules at reactive sites within metal-
organic frameworks, covalent organic frameworks [40, 41] and zeolites [42] have
been documented.

In the following sections, we review computational work on the structure,
bonding, spectroscopic characterisation and reactivity of a range of Rh c-alkane
and related complexes, with a focus on how the crystal environment affects these
properties. DFT calculations have considered both the isolated Rh cation as a model
and the fully extended crystal lattice computed under periodic boundary conditions.
Comparing these two approaches highlights instances where the solid-state environ-
ment impacts on structure and properties. The major structural types and the
labelling system adopted in this chapter are provided in Scheme 1.

H_ _H TBAf] Ho _H T[BAf) H_ _H TBAf)
H H H H H H
BPU:- gY2 gv:
Cp/Rh\H S CP/Rh\ < p—RN N
Bu, Cy, H Cy, H
: H H
[1-NBA][BArF,] [2-NBA][BArF,] [3-NBA][BAr,]
H H [BArf) T [BAF,)
H H 2 H
Cy> |
E“’u. -H H
_—~Rh” 4 }
Eyq ~H H
’ H
[4-NBA][BArF,] [5-COA][BArF,)

Scheme 1 Major 5-alkane complexes discussed in this review and the associated labelling scheme.
The number corresponds to a specific [(R,P(CH,),PR,)Rh]* fragment with the hydrocarbon ligand
and counterion also indicated
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2 Computational Characterisation of a Rhodium ¢-Alkane
Complex

The synthesis and single-crystal X-ray crystallographic characterisation of
[(‘Bu,PCH,CH,P'Bu,)Rh(C-H;,)|[BAr",], [1-NBA][BAr",], identified this species
as an n°mn’-o-complex in which norbornane is bound to Rh through two adjacent
endo-C1-H22 and C2-H12 bonds (see Fig. 1a) [20].

DFT calculations supported this view through optimisation of the structure of the
molecular cation and electronic structure analyses based on the quantum theory of
atoms in molecules (QTAIM) [43] and natural bond orbital (NBO) [44] approaches.
Computed geometries with the BP86 functional (Fig. 1b) provided good agreement
with the heavy atom positions, as well as added detail on the H atom positions which,
due to the quality of the X-ray data combined with (well-modelled) crystallographic
disorder of the alkane fragment, could not be resolved experimentally. Both the short
Rh---H, contacts of 1.92 A (average) and the significant elongation of the C,-H,
bonds (1.16 A) were indicative of interaction with the metal centre, in particular
when compared with the noninteracting C,-H;, bonds (1.10 A). These data were
supported by the presence of curved Rh---H, bond paths in the QTAIM study
(Fig. 1c) with bond critical point (BCP) electron densities, p(r), of ca. 0.060 eA3.
The C-H, BCPs also showed reduced p(r) values of 0.231 eA™ compared to the
spectator C,-Hy, bonds (0.271 eA™d), again consistent with electron donation from
the C-H, 0-BMO to the metal centre. The presence of a ring critical point (RCP)
encircled by the Rh-H,-C,-C,-H, bond paths also confirmed the chelating nature of
the alkane binding. NBO calculations (Fig. 2) identified significant donation from
C,-H, c-orbitals into the trans-Rh-P ¢* orbital. This c-donation is supported by back
donation from both a Rh LP (d= orbital) and from the cis-Rh-P 6-BMO (the latter not
shown in Fig. 2). Second-order perturbation analysis indicated that o-donation is
approximately twice that of the total back donation. Such Rh(dr) to C-H ¢* back
donation is consistent with an n%n-binding mode, and very similar analyses were

Fig. 1 (a) Molecular structure of the [1-NBA]J" cation from the crystallographic study; (b) key
computed distances in A and angles (°) optimised for the [I-NBA]* cation (G09: BP86/SDD(Rh, P
+d)/6-31G**; average values); (c¢) contour plot of the total electron density in the {RhH,H,} plane.
BCPs are shown in yellow and RCPs in red. Reproduced with permission from Ref. [20]
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B r”

) /
‘ trans-Rh-P ¢* ‘

C,-H, ¢ — trans-Rh-Pc* 15.6 (16.0)

(b) ‘<‘, ,
cﬁx‘ 9 thi <

C,-H, o* < RhLP3.6(7.1)

CyH,0

Fig. 2 Key natural bond orbitals for (a) C,-H, — Rh donation and (b) C,-H, < Rh back donation
in the [1-NBA]" cation. Second-order perturbation interaction energies are indicated in kcal/mol
with data in parenthesis giving the total interaction energies between the C,-H, orbitals and the Rh
centre. Adapted with permission from Ref. [20]

subsequently found in related c-complexes of NBA formed in similar Rh cations
[22, 23, 25].

3 Initial Periodic DFT Calculations on the Structures of Rh
o-Alkane Complexes

The first periodic DFT calculations on these c-alkane complexes were performed on
the cyclohexyl derivative, [(Cy,PCH,CH,PCy,)Rh(C;H;,)] [BArY,], [2-NBA]
[BArF4], [22] and the related pentane complex, [(Cy,PCH,CH,PCy,)Rh(CsH;,)]
[BAr], [2-pentane][BArF4] [27]. Figure 3 gives details of the experimental struc-
ture of [2-NBA][BArF4] in the solid state and emphasises how each Rh cation sits
within an octahedral arrangement of [BAr",4] ™ anions, with the NBA ligand sitting in
a cleft defined by two aryl groups of one of the nearby [BAr",] ™ anions. This motif is
very common among the Rh-6-NBA complexes considered here. In contrast, the
solid-state structure of [2-pentane][BArF4] in Fig. 4 shows two [2-pentane]*
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(a) © p

Fig. 3 (a) Extended lattice environment in [2-NBA][BAr",] highlighting the octahedral arrange-
ment of the six closest [BAr'4]~ anions around the [2-NBA]* cation; (b) [2-NBA][BArF4] ion pair
showing the [BArF,]™ anion adjacent to NBA; (¢) molecular structure of the [2-NBAJ" cation and
the labelling scheme employed (phosphine H atoms omitted for clarity). Reproduced with permis-
sion from Ref. [22]

(a) ‘7‘( (b) (c)

/7 \\ )
9o AN
g/ \ }
T y
;! r!
I il 1! J P1

Fig. 4 (a) Extended lattice environment for [2-pentane][BArF 4] highlighting two cations encap-
sulated in a bi-capped square prism of anions (aryl groups and phosphine groups removed for
clarity); (b) [2-pentane][BArF4] ion pair showing the proximate [BALF, 4] anion; (¢) molecular
structure of the [2-pentane]® cation and the labelling scheme employed (phosphine H atoms
omitted for clarity). Reproduced with permission from Ref. [27]

cations sitting within a bi-capped square prism of anions, with the pentane ligand
again residing in the cleft of two adjacent [BAr*,] ™ aryl groups. The structures of the
molecular cations derived from the X-ray studies are shown in Figs. 3c and 4c, which
also define the labelling scheme employed in the discussions below.

Both the [2-NBA]J" and [2-pentane]* cations were characterised with QTAIM
and NBO calculations, and for [2-NBA] [BArF4] a very similar picture to [1-NBA]
[BArF4] emerges. For [2-pentane][BArF4] a 1,3-binding mode was characterised
with interaction through the C2-H21 and C4-H41 bonds. The associated Rh---H and
Rh---C distances are somewhat longer than in the NBA complexes, and this was also
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reflected in reduced Rh---H BCP p(r) values (0.047 eA~3) and smaller differences
between the interacting C2-H21/C4-H41 bonds (average 0.247 eA3) and the
spectator C2-H22/C4-H42 bonds (average 0.263 eA ™). The weaker Rh---H-C
interactions were confirmed by NBO calculations that indicated C-H — Rh
o-donation of ca. 12.0 kcal/mol, while back donation totalled 6.2 kcal/mol. No
bond paths were seen between Rh and the H22 or H42 centres suggesting Rh
interacts with only one of the C-H bonds at each of the C2 and C4 positions.

Different computational protocols were tested for the geometry optimisation of
the Rh cations within [2-NBA][BAr",] and [2-pentane][BAr",], using either the
isolated molecular cations or the fully extended crystal structures under periodic
boundary conditions. Selected calculations on the isolated molecular cations were
run with both the Gaussian 09 suite and with CP2K, where in the latter case, a box of
side 25 A was employed to simulate an isolated molecule. Very similar results were
obtained with both methodologies, and so only data obtained with Gaussian 09 will
be discussed here. Periodic DFT calculations were initially run with unit cell
parameters fixed at the experimental values, and optimisations were run with both
the PBE functional and with PBE-D3 to monitor dispersion effects.

The molecular structures of both cations are well reproduced by these alternative
approaches, although the periodic model does lead to generally better agreement
with experimental data (see Tables 1 and 2). Thus when optimised as isolated
cations, PBE gives Rh-P and Rh---C distances that are ca. 0.04-0.06 A longer than
experiment, while this discrepancy is reduced by 0.01-0.03 A with PBE-D3.
Periodic DFT improves the situation further, in particular for the Rh-P distances
and irrespective of whether dispersion is included or not. For the Rh---H and C-H
distances, direct comparison with X-ray data is not necessarily meaningful due to the

Table 1 Selected distances (A) computed for the [2-NBA]* cation using isolated molecular or
periodic models

Rh--HII/ [CI-HIlI/ [CI-HIY
Rh-P1/P2 Rh--C1/C2 | H21 C2-H21 C2-H22

Experiment 2.1932(7) | 2.3893) | 1.95(4) | 0.99(4) 1.02(4)/
2.1950(7) 2.400(3) 1.934)  |0.97(4) 0.97(4)

[2-NBAJ* PBE 225012251 |2.436/ 1.899/ 1.158/ 1.101/
(isolated cation) 2.438 1.904 1.157 1.101
PBE- |2.237/2.238 | 2.402/ 1.869/ 1.161/ 1.101/

D3 2410 1.883 1.160 1.101

[2-NBAI[BAr,] |PBE [2.2102.212 [2.413/ 1.891/ 1.153/ 1.095/
(periodic, fixed) 2.405 1.879 1.154 1.096
PBE- |22102.213 2415/ 1.892/ 1.153/ 1.095/

D3 2.408 1.881 1.154 1.096

[2-NBAI[BAr,] |PBE- |2.211/2.209 |2.410/ 1.889/ 1.152/ 1.096/
(periodic, full) | D3 2.404 1.880 1.154 1.096

Periodic calculations (CP2K: DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff) were
performed with both the unit cell parameters fixed at the experimental values or fully optimised
along with the unit cell contents. Molecular calculations used Gaussian09 with SDD(Rh, P+d) and
6-31G** basis sets
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Table 2 Selected distances (A) computed for the [2-pentane]* cation using isolated molecular or
periodic models

Rh---C2/ Rh---H21/ | C2-H21/ C2-H22/
Rh-P1/P2 C4 H41 C4-H41 C4-H42
Experiment 2.197(1)/ 2.5144)/ 2.24(5)/ 0.87(5)/ 1.07(5)/
2.198(11) 2.522(5) 2.24(5) 0.83(5) 1.02(5)
[2-pentane]* PBE |2.239/2.235 |2.570/ 1.998/ 1.146/ 1.112/
(isolated cation) 2.561 1.997 1.147 1.112
PBE- |2.226/2.230 |2.522/ 1.960/ 1.148/ 1.113/
D3 2.534 1.985 1.147 1.114
[2- pentane][BAr"s] |PBE |2.207/2.206 | 2.505/ 2.036/ 1.135/ 1.115/
(periodic, fixed) 2.525 1.998 1.141 1.109
PBE- |2.207/2.207 |2.509/ 2.021/ 1.137/ 1.114/
D3 2.534 1.998 1.141 1.109
[2- pentane][BAr"s] | PBE- |2.208/2.209 |2.511/ 2.011/ 1.138/ 1.113/
(periodic, full) D3 2.541 1.994 1.142 1.108
[2-CsH;,][BArF,] PBE- |2.207/2.207 |2.505/ 2.029/ 1.136/ 1.115/
(2x2x2) D3 2.537 1.998 1.141 1.109

Periodic calculations (CP2K: DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff) were
performed with both the unit cell parameters fixed at the experimental values or fully optimised
along with the unit cell contents. Molecular calculations used Gaussian09 with SDD(Rh, P+d) and
6-31G** basis sets

difficulty in locating H atom positions in the vicinity of heavy transition metal
centres. However, importantly, all protocols find significant elongation of the C-H
bonds interacting with the Rh centre. For [2-pentane][BArF4] (Z = 2) optimisation
of a 2x2x2 supercell was possible, and the geometry obtained with the PBE-D3
approach showed minimal changes from that using a single unit cell, suggesting that
the use of a single unit cell under periodic boundary conditions is sufficient. PBE-D3
was subsequently shown to provide good agreement with experiment geometries for
a range of other Rh c-alkane complexes.

The similar geometries located with both PBE and PBE-D3 in the periodic DFT
calculations reflect the presence of the surrounding micro-environment in this model
that allows for both intramolecular and intermolecular dispersion effects to be taken
into account. In contrast, with isolated cations, only intramolecular dispersion is
included, and, as a result, this may be overestimated in the absence of counter-
balancing dispersion from the surrounding environment (either within an extended
solid-state lattice or solvent [45]). Transition metal-phosphine bond lengths are often
overestimated relative to crystallographic data when standard functionals are
employed with molecular models [46, 47]. While improved agreement is generally
found upon including dispersion, this may not necessarily be giving a better result
“for the right reason’ [31] but may rather be a consequence of the limited chemical
model employed and hence a cancellation of errors.

Periodic DFT calculations were also performed in which the unit cell dimensions
were allowed to relax along with the unit cell contents, and this was shown to have a
minimal impact on the geometries of the molecular cations. Table 3 shows the



Table 3 Computed unit cell parameters (A, °) for [2-NBA][BArF4] and [2-pentane][BArF4] (CP2K: DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff)

Metric a b c a s Y Volume (%change) | RMSD*

[2-NBA][BAr,] Experiment | 19.0415(1) | 17.9747 19.5602 90 91.7586(6) |90 6691.6 -
(2) (1)

PBE-D3 19.165 17.888 19.717 89.933 92.202 89.746 6754.4 (+0.9) 0.15(0.11)

PBE 19.538 18.627 20.051 90.163 92.318 89.735 7291.2 (+9.0) 0.32(0.29)
[2-pentane] Experiment | 13.0259 (2) | 13.5044 19.1472 99.8660 93.5734 99.4334 3259.3 -
[BAr',] (3) (3) (16) (15) (16)

PBE-D3 13.156 13.569 19.373 99.876 93.172 99.863 3343.9 (+2.6) 0.14 (0.08)

PBE 13.395 13.964 19.692 100.262 93.361 99.294 3562.3 (+9.3) 0.26 (0.21)

“Root mean square deviations relative to the experimental structure for all atoms and, in parenthesis, for non-H atoms

(INOINS) Of[[erewoue3I() Je[NOS[OJA A1BIS-PI[OS Y JO sarpm§ [euoneindwo))
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Fig. 5 Opverlay of the experimental (blue) and calculated (red, PBE-D3) units cells of [2-pentane]
[BAr",]

computed unit cell parameters, and for PBE-D3 very good agreement is obtained, as
reflected in small %volume changes and low root mean square deviation (RMSD)
values. With PBE, the absence of dispersion results in significant deviations from
experiment, as has been found by others [35, 48]. The good agreement with the
PBE-D3 approach is emphasised in Fig. 5 which presents an overlay of the exper-
imental and calculated units cells of [2-pentane][BArF4].

4 Rearrangements and Fluxionality of Rh ¢-Alkane
Complexes in the Solid State

The characterisation of c-alkane complexes at very low temperatures in solution has
provided numerous examples of facile rearrangements and fluxionality that reflect
both the intrinsically weak metal c-alkane interaction and the fact that for all but the
simplest alkanes (i.e. methane, ethane) more than one type of C-H bond is available
[49]. Some well-defined examples are shown in Scheme 2 and include axial-
equatorial exchange in CpRe(CO),(hexane), [50] chain-walking processes [18]
and H/D exchange in alkyl hydrides that provide indirect evidence for the existence
of o-alkane complexes in solution [51]. The availability of well-defined c-alkane
complexes in the solid state via gas-solid SC-SC transformations, in combination
with the computational studies described in this review, has provided the opportunity
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Scheme 2 Examples of the rearrangements of c-alkane complexes in solution
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Cy, Y2 hours Cy, D
[2-NBD][BArF,] [2-endo-D,-NBA][BArF,] [2-ex0,endo-Dg-NBA][BArF,]

Fig. 6 Selective deuteration of [2-NBD][BArF4] and subsequent reversible H/D exchange in
[2-endo-D4-NBA][BAr*,]

to study a range of alkane rearrangements and fluxional processes in unprecedented
structural detail.

4.1 [2-NBA]J[BAr",]

Experimentally, the reaction of [2-NBD][BArF4] with D, results in a rapid SC-SC
transformation to give [2-endo-D4-NBA][BArF4] with selective delivery of two D,
molecules to NBD to form the endo-bound isomer of the NBA ligand (Fig. 6)
[52]. Subsequent prolonged exposure to D, then leads to the Dg-isotopologue,
providing evidence that links a C-H activation event directly to a 5-alkane precursor.
Intriguingly, however, C-H activation occurs exclusively at the four exo positions
and also proves to be reversible, with reaction of [2-exo,endo-Dg-NBA |[BAr",]



A. G. Algarra et al.

Fig. 7 Summary of
rearrangement processes
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with H, reforming [2-endo-D4-NBA][BArF4]. These observations indicate that
significant rearrangement of the NBA ligand away from the endo-C-H coordination
of the ground state must be possible within the crystalline environment. This then
allows all four exo-C-H bonds to come into contact with the Rh centre such that exo-
C-H activation can selectively proceed under Curtin-Hammett conditions.

A number of rearrangement processes have been characterised with periodic DFT
calculations, and these are summarised in Fig. 7 which shows the [2-NBA]" cation,
here denoted 2. Starting from the C;-H,/C,-H,; endo-bound form, 2, a ‘pivot’
motion forms 2,;,,, in which Rh moves to the endo-C4-H,4,/Cs-Hs, bonds, while a
‘rock’ moves Rh to the exo C;-H;»/C>-H,, bonds, 2,4c-;. Although 2 and 2,;,,, bind
in a similar fashion to Rh they are distinct in the solid state due to the different
positioning of the NBA ligand within the crystal lattice. This is also true of 2,,¢x.2
and 2,,.x.7. These latter two structures can also interconvert via a combination of
‘tumble’ and ‘wag’ motions in which the bridging methylene moves from above to
below the RhP, coordination plane. Finally, a ‘C, rotation’ was also defined that
renders both pairs of endo-C-H bonds equivalent.
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Fig. 8 Details of the pivot and rock rearrangements (SCF energies relative to 2 at 0.0 kcal/mol) of
the [2-NBA]" cation computed (a) with an isolated cation model (G09: PBE-D3/SDD(Rh, P+d)/

6-31G**) and (c) in the solid-state via periodic DFT calculations on [2-NBA][BAr 4] (CP2K
PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff). (b) Numbering and schematic

F .
representation of the [2-NBA]J* cation adopted. (b) and (¢) adapted with permission from Ref. [52]

Possible mechanisms for these rearrangements were considered computationally,
with initial calculations performed on the isolated [2-NBA]" cation, again denoted
2 in Fig. 8. The ‘rock’ motion moves Rh from the endo- to the exo-C-H bonds via
TS, k-1 at +9.9 kcal/mol to give species 2,4cx.7 at —0.5 kcal/mol. The “pivot” motion
that moves Rh between the two pairs of endo-C-H bonds generates 2,;,, and
involves an intermediate, 2;,, at +5.2 kcal/mol in which NBA is bound through
C1-H11 and C4-H41 bonds. From 2,;,,, a second rock yields 2,42, thus giving the
Rh centre access to all four exo-C-H bonds with an overall barrier of 10.4 kcal/mol.
However, this profile highlighted some difficulties when compared with the crystal-
lographic data. Firstly, the two n%n>*-endo-bound forms, 2 and 2,,,,,, Were computed

5 ‘Di
to have the same energy. Experimentally this should be reflected in the observation
of disorder in the crystal structure; however, no such disorder is seen, even when the
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structure was redetermined at room temperature. Secondly, the exo-bound forms,
2,0ck-1 and 2,,cx.2, were computed to be slightly more stable than the experimentally
observed n*m*-endo structure 2! Given these shortcomings, these profiles were
revisited with periodic DFT calculations.

For reactivity studies employing periodic DFT calculations, the protocol adopted
in this and subsequent work considered the processes under study to occur at only
one of the Rh cations within the unit cell. PBE-D3 optimisations were then
performed with the unit cell parameters fixed at the experimental values of the
reactant alkane complex, with all cell contents free to move within that constraint.
Initial geometries for intermediates and transition states were derived either from
studies of the equivalent process with the isolated cation model and/or (for transition
states) from climbing image-nudged elastic band (CI-NEB) calculations. Transition
states were then fully optimised with the dimer method and characterised with
phonon calculations.

The profiles computed in the solid state for the rock and pivot motions are shown
in Fig. 8c. These now indicate that both the structures 2,,cx.; (+9.7 kcal/mol) and
2,ivor (+9.2 kcal/mol) are significantly destabilised when placed in the solid-state
environment. Thus neither would have an appreciable equilibrium population at
298 K, and this would be consistent with the lack of disorder seen by single-crystal
X-ray diffraction at both 298 K and 150 K. Clearly the cavity defined by the
neighbouring [BAr",]™ anions impacts on the ability of the NBA ligand to access
these different geometries. However, the computed barriers of 11.1 kcal/mol and
13.9 kcal/mol indicate that both 2,,;,,, and 2,cx.; would still be kinetically accessible,
as must be the case for these species to be intermediates in the subsequent C-H
activation and H/D exchange processes.

Implicit in our reactivity protocol is an assumption that each Rh centre acts
independently of any others that may be present. For [2-NBA][BAr",] (Z = 4),
this was assessed by imposing the 2 < 2, rearrangement sequentially at all four
Rh cations, and in each case a similar energy change of ca. 10 kcal/mol was obtained
(see Fig. 9). This was also tested for [1-NBA][BArF4] which (in contrast to [2-NBA]
[BArF,]) does exhibit crystallographic disorder in which two components
corresponding to these geometries are present. In this case 2, was shown to lie
only 1.9 kcal/mol above 2 when computed at a single Rh centre and similar energy
differences were obtained when this rearrangement was imposed at each of the other
three Rh centres in the unit cell. Thus 2,;,, is much more accessible in [1-NBA]
[BAr*,], consistent with the observed crystallographic disorder. The assumption of
the independent behaviour of each Rh cation therefore appears to be valid.

Returning to [2-NBA][BArF4], another effect of the asymmetry of the solid-state
environment was to render the two isomers 2,,.4.7 (E = +9.7 kcal/mol) and 2,,.x.2
(E = +3.5 kcal/mol) inequivalent, whereas with the isolated cation model, they were
degenerate (see Fig. 8). These two structures could also be connected by a whole
molecule rotation of the NBA ligand (Fig. 10) which involved a ‘tumble’ process via
TSsumbie-1 at +13.6 kcal/mol to form 2,,,,p..7 in which one of the bridging methylene
C7-H bonds is interacting with the Rh centre. TS,,,, then exchanged the exo-C-H
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Fig. 9 Plots of computed relative SCF energies against n, the number of Rh cations at which the
2 t0 2,0 rearrangement of the NBA ligand is imposed sequentially at each Rh centre in the unit cell
of (i) [2-NBA][BAr®,] and (ii) [1-NBA][BAr®,] (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/
GTH-PBE; 500 Ry cutoff)
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Fig. 10 Details of the 2,,¢x.-; t0 2,4cx-2 rearrangement (SCF energies relative to 2 at 0.0 kcal/mol) of
the [2-NBA]" cation computed in the solid state via periodic DFT calculations on [2-NBA][BAr*,]
(CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff). Reproduced with permis-
sion from Ref. [52]

bonds to give 24,mpre.2 from which a second tumble motion gave 2,,.4.» at +3.5 kcal/
mol.

In this landscape already rich in fluxional processes, a further rearrangement of
the NBA ligand became apparent from the experimental solid-state NMR (SSNMR)
characterisation of [2-NBA][BArF4]. At room temperature this revealed two broad
features in the 'H/'*C HETCOR NMR spectrum at around & —2 that correlated with
13C resonances at 8 25 and & 44. Earlier NMR chemical shift calculations (G09:
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MO6/SDD(Rh, P+d)/6-31G**//BP86/SDD(Rh, P+d)/6-31G**) on the [2-NBA]
[BArF4] ion pair had assigned the former to the C1 and C2 carbons involved in
the Rh---H-C oc-interactions and the latter to the bridging methylene C7 carbon
[22]. These calculations also predicted that the C7 methylene hydrogens should be
inequivalent, with a high-field shift computed for one of these (6 —1.3) which was
thought to arise from ring current effects due to the nearby aryl groups of the
[BAr",]™ anion in the lattice. Indeed this high-field shift was absent in calculations
on the isolated [2-NBA]* cation. Further SSNMR experiments and periodic DFT
NMR chemical shift calculations (GIPAW method as implemented in the CASTEP
code) subsequently confirmed a fluxional process that exchanges H71 and H72 with
a barrier of 9 kcal/mol. A mechanism for this process was computed with periodic
DFT and invoked a C; rotation via an intermediate, 2,,,, at +5.2 kcal/mol (Fig. 11).
This provided an overall computed barrier of 9.5 kcal/mol, in excellent agreement
with experiment of ca. 9 kcal/mol. This C; rotation would therefore readily occur at
room temperature (and below) but would not be apparent through any crystallo-
graphic disorder as (1) it linked two chemically and geometrically indistinguishable
structures (2), and (2) the intermediate, 2,,, was too high to have a significant
population.

4.2 Anion and Phosphine Substituent Effects

The importance of the crystal environment in dictating the geometry of these n%m?-
NBA o-complexes was underlined in experimental studies with the [BAr<,]”
counterion (where Ar = 3,5-C1,C¢Hs) in place of [BAr 4]~ [24]. SC-SC hydro-
genation of [2-NBD][BAr<Y] gives [2-NBA][BAr®] in which the NBA is now
bound through two exo-C-H bonds. Periodic DFT calculations (Fig. 12) successfully
captured this change in preference, with the alternative bis-endo-C-H bound isomer
computed to lie 2.5 kcal/mol above the observed exo-bound structure. These two
structures were linked by a transition state, TS,,q, at +10.1 kcal/mol.

Hydrogenation of the cyclopentyl derivative, [(Cyp,PCH,CH,PCyp,)Rh(NBD)]
[BAr",], [2°YP-NBD][BAr" 4], highlighted additional structural nuances [23]. In the
previous SC-SC transformation of [2-NBD][BArF4] [22], alkene hydrogenation was
accompanied by a ca. 90° rotation of the NBA ligand within the crystal pocket to
give an ‘orthogonal’ orientation in the resultant c-alkane complex (Fig. 13). In
contrast, with [2°YP-NBD][BAr" 4], it is surprisingly the {RhP,} moiety that rotates
upon hydrogenation to give an alternative ‘parallel’ structure in [2“P-NBA]
[BAr*]. Periodic DFT calculations showed that each of these observed structures
was strongly favoured over its alternative, with a calculation in which one [2€P.
NBATJ" cation in [2Cy p-NBA][BAI'F“] was rotated to a parallel orientation computed
to lie 14 kcal/mol above the observed geometry. Rotation of one [2-NBA]* cation in
the [2-NBA][BArF4] unit cell to an orthogonal orientation is even more disfavoured
(+22 kcal/mol).
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Fig. 11 Details of the C; rotation of the [2-NBAJ" cation computed in the solid state via periodic
DFT calculations on [2-NBA][BAr®,] (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE;
500 Ry cutoff). (a) Numbering and schematic representation of the [2-NBA]" cation adopted; (b)
computed reaction profile (SCF energies relative to 2 at 0.0 kcal/mol); (¢) computed geometries
with the reacting [2-NBA]J" cation (ball and stick) set against the unit cell contents (wireframe).
Reproduced with permission from Ref. [52]



A. G. Algarra et al.

(a) A
[Rh]< .
[Rh)z S S [Rh]:%
TS ock
’_g i endo exo
E +13.9
=1 ’ N
3 ' #1041 N
(& / - N
Z 10 RN 9.7
§ ’ \‘\\\ [2-NBA][BArF,]
2 s v Y
w +2.5 i ", [2-NBA][BArC,]
0.0 // "\ 0.0
0 — \ —
0.0 0.3
[2-NBA)*
5 (isolated cation)

Fig. 12 (a) Relative energies of endo- and exo-NBA isomers in [2-NBA]" as a function of anion
and their barriers for interconversion via TS, (b) Detail of the structure of TS,,.x computed in
the solid-state for [2-NBA][BAr®] (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE;
500 Ry cutoff). Reproduced with permission from Ref. [24]
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Fig. 13 Relative SCF energies for the parallel and orthogonal forms of [2©P-NBA][BAr",]
(R = Cyp) and [2-NBA][BArF4] (R = Cy) computed in the solid state (CP2K: PBE-D3/DZVP-
MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff). Reproduced with permission from Ref. [23]

4.3 [2-pentane][BAr" ]

SSNMR characterisation of this species indicated that the pentane ligand can access
a fluxional process or processes in the solid state at 223 K, and these were studied
with both static and molecular dynamics calculations [27]. The latter employed
metadynamics to explore the conformational space at one of the two Rh-pentane
moieties in the unit cell. Two collective variables were selected to survey both
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Fig. 14 (a) Free energy surface (FES) for [2-pentane][BArF4] from metadynamics sampling at
T = 150 K (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff); the labelling
scheme; the structures of isomers I, II and III; and definitions of the collective variables (CV1 and
CV2) are all indicated; (b) Free energy surfaces at 7 = 75, 150 and 300 K. Reproduced with
permission from Ref. [27]

different coordination modes of the pentane ligand (CV1, see Fig. 14a) and the
flexibility of the ligand backbone (CV2). Following initial equilibration three runs of
ca. 130 ps were carried out at temperatures of 75 K, 150 K and 300 K, and the
resultant 2D projections of all three free energy surfaces (FES) are compared in
Fig. 14b.

All three runs showed frequent torsional rotations and changes in coordination
mode of the targeted pentane ligand, with the initial 2,4-isomer, I (CV1 ~ —1.8;
CV2 = 180.0°), and the 1,3-isomer, III (CV1 ~ 1.8; CV2 ~ 180.0°), being stable
states throughout. The transition region linking these states corresponds to a variety
of more flexible configurations in which pentane coordinates through one or two
C-H bonds and suggesting facile interconversion with barriers of 4-6 kcal/mol. The
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three FESs in Fig. 14b showed that the 2,4-isomer was favoured at 75 K, while the
less rigid 1,3-isomer dominated at 300 K. At 150 K, the 2,4-isomer was the more
stable form by approximately 1 kcal/mol. The transition region also became more
accessible at higher temperatures, with intermediate states being visited which
corresponded to a large variety of geometries with CV2 < 180° (e.g. the
1,4-isomer, II). Although higher in potential energy, these structures were stabilised
due to large structural disorder and the many possible available configurations. This
enhances the statistical probability of the transition region being visited thus creating
an entropic bottleneck which was enhanced at higher temperatures. Overall, the
metadynamics sampling was consistent with a fluxional process between I and III at
higher temperatures (223 K), which slowed and shifted towards the 2,4-isomer upon
cooling to 158 K (the temperature of the crystallographic study).

It proved interesting to contrast the molecular dynamics FES with the outcome of
static periodic DFT calculations in which the different pentane coordination modes
were optimised at one of the Rh centres in the [2-pentane][BArF4] unit cell (see
Table 4). The computed SCF energies indicated that the 2,4-isomer was 9.3 kcal/mol
below the 1,3-isomer. This highlighted the role of entropy in stabilising the more
conformationally flexible 1,3-isomer and reiterated how the TAS term made the
latter species more accessible at higher temperatures. The importance of the solid-
state environment was also seen when computing these different isomers as the
isolated [2-pentane]” cations. All these structures were within 5 kcal/mol of each
other, with the 2,5-isomer computed to be most stable, 1.6 kcal/mol below the
2,4-isomer. In comparison the 1,2- and 1,5-isomers were very strongly disfavoured
in the solid state, suggesting that the symmetrically bound, linear structure of the
2,4-isomer was best accommodated within the cavity provided by the [BAr',]”
anions.

Non-covalent interaction (NCI) plots [53] were also used to explore the nature of
the interactions between the Rh cation and the [BArF4]_ anion adjacent to the
pentane ligand (see Fig. 15). In these NCI plots, the broad areas of green between
the pentane ligand and the aryl rings of the borate signified weak stabilising van der
Waals interactions. These were supported by C-H---F-C H-bonding interactions that
NCI represents as localised green disks. A range of weak but, in combination,

Table 4 Computed relative SCF energies (PBE-D3, kcal/mol) of different pentane coordination
modes at Rh in [2-pentane][BArF4] calculated with periodic DFT (CP2K: PBE-D3/DZVP-
MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff) or as an isolated [2-pentane]* cation (Gaussian
09/PBE-D3/SDD(Rh, P+d)/ 6-31G*%*)

Isomer [2-pentane] [BArF4] (periodic DFT) [2-pentane]* (isolated cation)
2,4-pentane 0.0 0.0
1,2-pentane +17.3 +3.0
1,3-pentane 493 +13
1,5-pentane +13.7 +0.7
2,3-pentane +6.9 +1.7
2,5-pentane +6.0 —-1.6
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Fig. 15 Non-covalent F
interaction plot of one of the H [BArt]
[2-pentane][BArF4] ion
pairs. Isosurfaces plotted
with a reduced density
gradient isovalue of s = 0.35
a.uand —0.07 < p < 0.07 a.
u. Reproduced with
permission from Ref. [27]

energetically significant interactions therefore contributes to the stabilisation of this
Rh o-pentane complex in the solid state. This also relates to the outcomes of earlier
work [22] where the binding energies, AE, of the NBA ligands in a range of [(R,P
(CH,),PR,)Rh(NBA)]" molecular cations (n = 2, R = Cy, Bu, 'Pr, O'Pr, n = 3,
R = 'Pr; AE = 13-19 kcal/mol) showed no correlation with the stabilities seen
experimentally for the equivalent [(R2P(CH2)HPR2)Rh(NBA)][BArF4] c-alkane
complexes in the solid state. These are often subject to onward reaction by displace-
ment of the NBA ligand by the borate anion, with in some cases no c-alkane
complex being observed at all (R = OiPr, n = 2), while other o-complexes have
variable lifetimes of under 1 h at 298 K (R = 'Pr, n = 3) to being essentially
indefinitely stable (n = 2, R = Cy).

5 Snapshots on the Trajectory for C-H Activation

Exploration of the SC-SC gas/solid hydrogenation of a series of diene precursor
complexes, [(Csz(CHZ)HPCyz)Rh(diene)][BArF 4] (n = 2-5; diene = NBD or
cycloocta-1,5-diene, COD), led to the characterisation of new Rh c-alkane com-
plexes, several of which exhibited novel and completely unexpected binding motifs
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Fig. 16 (a) Selected computed metrics (A, °) for the Rh cations in [X-NBA][BArY ] (X = 2—4); (b)
molecular graph of the [3-NBAJ" cation; density contours plotted in the RhH11H21 plane with
BCPs (green) and RCPs (red); p(r) values are also indicated for selected BCPs; (¢) NCI plot of the
[3-NBA][BAr",] ion pair; isosurface generated for s = 0.3 a.u. and —0.07 < p < 0.07 a.u.; (d)
detail of the {Rh-NBA} region. Reproduced with permission from Ref. [25]

[25]. This work was in part inspired by studies showing how the choice of chelating
phosphine, P-P, can control the energetics of H; oxidative addition at a series of [Rh
(P-P),]* complexes [54]. However, we found that the structures of [3-NBA][BArF4]
and [4-NBA][BArF4] (with n = 3 and 4 and chelate bite angles, 0, of 93.9° and
97.9°, respectively) closely resembled that of [2-NBA][BArF4] despite the much
smaller chelate bite angle of the latter (0 = 85.2°, Fig. 16). Periodic DFT calculations
again provided good agreement for the structural metrics, although, for the reasons
described below, electronic structure analyses were performed on geometries based
on the experimental heavy atom positions with only the H atoms optimised with
PBE-D3. These gave very similar Rh---H-C bonding along the [X-NBA][BAr",]
series (X = 2, 3 and 4). The NCI approach now provided additional insight into the
Rh-NBA interactions; in particular the NCI plot of the [3-NBA][BArF4] ion pair
(Fig. 16c¢) revealed a broad curved feature that aligned with the H11-C1-C2-H21
bonds. This reflected the chelating nature of the NBA ligand, with the blue
colouration signalling regions of stronger stabilising interactions. In addition,
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orange/red regions were seen between Rh and the centres of the C1-H11, C1-C2 and
C2—H21 bonds. Such orange/red features are often associated with areas of
destabilising charge depletion arising from cyclic structures, as was seen here for
the borate aryl groups, the cyclohexyl rings and within the NBA ligand itself. The
orange region between Rh and the C1-C2 bond also corresponded to the RCP at that
position. Given this, we interpreted the additional red/orange regions between Rh
and the C1-H11 and C2-H21 bonds as indicative of two further cyclic {RhCH}
features in the electron density topology. These would be consistent with each C-H
bond engaging in an n*-fashion with Rh. Support for this came from the acute
computed Rh-H-C angles of ca. 102°, as well as NBO calculations that identified a
significant contribution from classical Rh(dr) to 6*-_y n-back donation in which Rh
interacts with both the C and H centres (Fig. 17b). This also highlighted how the NCI
approach can amplify the insight gained from the local QTAIM critical points, as
seen in related studies of intramolecular H-bonding in alkanediols [55].

In contrast to its NBD analogue, hydrogenation of [3-COD][BA1'F4] resulted in a
SC-SC transformation to form [3][COA C BArF4] in which the COA ligand was
expelled from the Rh coordination sphere but was retained, encapsulated within the
anion framework. The [3]" cation maintained square-planar coordination at Rh
through two agostic interactions to cyclohexyl substituents (Fig. 18a). Periodic
DFT calculations with the PBE-D3 approach again provided good agreement for
the structural metrics around the Rh centre; however, in this case much more
movement of the COA moiety was seen, probably reflecting the absence of any

(€) Orn-p1 = 6" c1_n11 (3.8 kcal/mol) (d) 6rh-p2 = 6*c1-n11 (1.1 kecal/mol)

Fig. 17 Key donor-acceptor pairs in the [3-NBAJ* cation within [3-NBA][BArF4] with NBO
occupancies indicated. Reproduced with permission from Ref. [25]
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Fig. 18 (a) Selected computed metrics (A, °) for the Rh cations in [3][COA C BArF4]; (b)
molecular graph of the [3]* cation; density contours plotted in the RhHH3BH9A plane with BCPs
(green) and RCPs (red); p(r) values are also indicated for selected BCPs; (¢) NCI plot of one [3]
[COA C BArF4] unit; isosurface generated for s = 0.3 a.u. and —0.07 < p < 0.07 a.u.; (d) detail of
the {Rh-COA} region; the circled disk is due to interaction between cyclohexyl hydrogens.
Reproduced with permission from Ref. [25]

significant covalent bonding interactions with the Rh centre. Electronic structure
analyses were therefore performed on the experimentally determined structure with
only the H atom positions optimised computationally. These provided short Rh---H
contacts to the agostic hydrogens of ca. 1.94 A with corresponding C-H distances of
ca. 1.14 A. These were, respectively, somewhat longer and shorter than in the
[X-NBA]* (X = 2-4) cations and were thus suggestive of weaker Rh---C-H interac-
tions. This was confirmed by the reduced p(r) values at the Rh-H BCPs and the lower
donation of 12.5 kcal/mol from oc_y into trans-c*g,_p in the NBO analysis
(Fig. 19a). The overall degree of back donation was similar to that computed for
[3-NBAJ*, although this now involved contributions from both the cis- and trans-
Ornh_p bonds, rather than the Rh dzn orbitals (Fig. 19b, c). These data suggested a
change in binding mode in [3]* that moved towards an n'-C-H—Rh agostic inter-
action. This was also reflected in the computed Rh-H-C angles of ca. 138° and was
supported by the NCI plot in which these stabilising agostic interactions were clearly
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Fig. 19 Key donor-acceptor pairs for the C-H—Rh agostic interactions in the [3]* cation within [3]
[COA C BAr*,] with NBO occupancies indicated. Reproduced with permission from Ref. [25]

signalled through the well-defined, localised blue disks situated along the Rh---H
bond paths (Fig. 18c, d).

For the encapsulated COA molecule in [3][COA C BArF4], the closest com-
puted Rh---H contact was 2.844 A, well within the sum of the van der Waals radii
(3.64 A) [56]. A weak BCP (p(r) = 0.011 e A~>) was computed between the Rh and
H21 centres, and the NCI plot also revealed a weak, stabilising feature that was part
of a broad area of weakly stabilising interactions between the COA and the [3]*
cation (see Fig. 18c, d). On the other hand, no equivalent donor-acceptor interaction
was found with NBO, and so, overall, any direct covalent Rh---H21 interaction was
considered to be at best very weak, if indeed it existed at all.

The gas-solid reactions of both [5-NBD][BArF4] and [S-COD][BArF4] with H,
resulted in remarkable SC-SC transformations in which the diene hydrogenation was
accompanied by C-H activation of the central carbon of the chelating diphosphine Cs
backbone. These gave the first examples of c-alkane complexes formed at a Rh(III)
metal centre. Disorder in the crystal structure of [5-NBA][BArF4] meant that
[S-COD][BArF4] was more amenable to analysis. In this case periodic DFT calcu-
lations slightly underestimated the shortest Rh-Cjy.,e distance (computed, 2.80 A;
experimental, 2.90(3) A), and so analyses were again performed on the experimental
structure with DFT-optimised H atom positions. This gave a computed Rh---H11
distance of 2.002 A and an elongated C1-H11 distance of 1.13 A (Fig. 20a). These,
along with the computed p(r) of 0.043 eA~* for the Rh--HI1 BCP (Fig. 20b),
suggested a weaker o-interaction than in the [3]* cation. A localised blue/green
disk lying along the Rh---H11 bond path in the NCI plot confirmed an n'-C-H—Rh
o-interaction, consistent with the computed Rh-H11-C1 angle of 133.7°. The key
NBO donor-acceptor pairs in Fig. 21 indicated a similar degree of o-donation in
[5-COA]J" to the agostic interactions in [3]" but, if anything, greater back donation
into 6*c_y than in [5-COA]". In this case back donation occurred from both the
trans-orp.c3> bonding orbital and the cis-ory,_y» bonding orbital. The former was
analogous to the back donation from the frans-or,p bonds seen above for the
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Fig. 20 (a) Selected computed metrics (A, °) for the Rh cations in [5-COA][BAr®4]; (b) molecular
graph of the [S-COA]J" cation; density contours plotted in the RhH11C1 plane with BCPs (green)
and RCPs (red); p(r) values are also indicated for selected BCPs; (¢) NCI plot of one [5-COA]
[BArF4] ion pair; isosurface generated for s = 0.3 a.u. and —0.07 < p < 0.07 a.u.; (d) detail of the
{Rh-COA} region. Reproduced with permission from Ref. [25]

[X-NBA]" cations. Related trans-L-M—H-C donation had previously been identi-
fied with the onset of C-H---Rh ‘pregostic’ interactions [57].

In all the above structures, the NCI plots revealed broad green regions signalling
weak, dispersive stabilisation between the NBA or COA ligands with both the
cyclohexyl substituents and aryl groups of the borate anion. These underlined the
role of dispersive interactions in stabilising both the alkane ligands within the crystal
binding ‘pocket’ and in particular the COA molecule within the lattice structure of
[3I[COA C BArY,].

Taken together the structures of [X-NBA][BArF4] (X = 2, 3 and 4), [3]
[COA C BArF4] and [S-COA][BArF4] present snapshots along a continuum of
M---H-C interactions that mimic the approach of an alkane towards an unsaturated
metal centre. These start with the essentially non-bonding COA molecule within [3]
[COA C BAr®,] and progress through the n'-C-H-interactions seen in [5-COA]
[BArF4] and the agostic interactions in [3][COA C BArF4]. Finally nZ-C-H—motifs
are seen in the [X-NBA][BArF4] series. These changes are reflected in the
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Fig. 21 Key donor-acceptor pairs in the [5-COA]* cation within [5-COA][BAr*,] with NBO
occupancies indicated. Reproduced with permission from Ref. [25]

orientation of the C-H bonds in these species, as seen in a reduction in the Rh-H-C
angle which correlates with the onset of classical Rh(dr) — o*c_y; n-back donation
in the n?-C-H systems. Beyond this, enhanced n-back donation would lead to C-H
bond scission and so complete the oxidative addition. The picture that emerges is
strongly reminiscent of the end-on approach of a C-H bond towards unsaturated
transition metal fragments in Biirgi-Dunitz trajectories [13, 58].

6 Room-Temperature Alkane Dehydrogenation
in [2-C¢Hy,1[BAr",] and [2-C4H;ol[BATr",]

The dehydrogenation of simple, light alkanes to form the pervasive chemical
feedstocks, alkenes, is a highly desirable process that would constitute a significant
valorisation. However, in the absence of a sacrificial acceptor, alkane dehydrogena-
tion generally requires high temperatures to overcome the strongly endothermic
nature of this process (AH =~ 30 kcal/mol) [59]. The room-temperature dehydroge-
nation of the Rh o-alkane ligands in the cyclohexane and isobutane complexes
[2-C6H12][BArF4] and [2-C4H10][BArF4] was therefore a remarkable observation,
and our modelling of these processes is described below [26].

Both [2-CgHy21[BArY,] and [2-C4H;ol[BAr*,] are formed via SC-SC transfor-
mations upon the gas/solid reactions of their respective cyclohexadiene and
isobutene precursor complexes, [2-C6H8][BArF4] and [2-C4H8][BArF4], with Hs.
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Crystallographic and periodic DFT studies characterised the cyclohexane ligand in
[2-C¢H 2 1[BATY,] as binding in a 1,3-fashion, similar to the pentane ligand in
[2-pentane][BArF4]. The isobutane ligand in [2-C4H10][BArF4] adopted a
1,2-binding mode through the tertiary C-H bond and one primary C-H bond.
These two Rh---H-C oc-interactions were very similar to each other, and so the
overall electronic structure of the [2-C4Hjo]* cation closely resembled those in the
[X-NBA][BAr",] (X = 2-4) series.

For [2-C¢H1[BArY,] the thermodynamics of alkane dehydrogenation were
determined for the sequential formation of [2-C¢H;ol[BAr",] and [2-C¢Hgl
[BArF4]. For [2-C4H10][BArF4] the single dehydrogenation to give [2-C4Hg]
[BAr¥4] was considered. All these species were fully optimised with periodic DFT
in the solid state with unit cell parameters fixed at their experimental values. In the
absence of experimental data for [2-C6H10][BA1'F4] an initial geometry was
constructed from [2-C¢H;,][BAr*4] via removal of H, from each cyclohexane
ligand while maintaining the space group symmetry and unit cell dimensions. H,
itself was computed in a box of side 25 A to simulate a free gaseous molecule. Free
energies were obtained with the TAMkin package [60].

The free energies for dehydrogenation are shown in Fig. 22 where they are
expressed both as AG, the free energy change for dehydrogenation of a complete
unit cell, and AGR", the average value per Rh centre (i.e. AG/Z). AGR? = +6.3 kcal/
mol for [1-CgHy,l[BArY,] and +6.7 kcal/mol for [1-CgH;ol[BAr,]. The overall
free energy to form [1-C6H8][BArF4] from [1-C6H12][BArF4] was therefore ender-
gonic at +13.0 kcal/mol, but if H, could be removed from the system, the equilib-
rium could still be biased towards the dehydrogenation product. For [2-C4H;0]
[BArf ] AGR" = +10.8 kcal/mol.

The mechanism for the dehydrogenation of [1-C¢H ,1[BATY,] was also explored
computationally, and this proved to be another case where the use of periodic DFT
and the full solid-state model was essential to obtain realistic structures and ener-
getics. Exploratory calculations on the isolated [2-C¢Hj,]" cation revealed that the
1,3-binding mode seen in the solid-state structure (I, Fig. 23) is not the preferred
geometry located with this model. Instead, structures with 1,2-binding modes are

(a) [1-CgHy,l[BArF,] & [1-CgH,ol[BAFF,] ﬁ» 2 x [1-CgHg][BArF,]
Z=4 AG = +25.0 Z=4 AG = +26.7 Z=2
AGRN = +6.3 AGRN = +6.7
-8H,
(b) [1-C4Hol[BArf] ————— 4 x [1-C,Hg][BArF,]
7=8 AG = +86.3 Z=2
AGRM = +10.8

Fig. 22 Computed thermodynamics of H, loss (kcal/mol) from (a) [1—C6H12][BArF4] and (b) [1-
C4H ol[BAr",] expressed as AG, the overall free energy change per unit cell, and AGR", the free
energy change per Rh centre (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry
cutoff). Reproduced with permission from Ref. [26]
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Fig. 23 Free energy profiles (kcal/mol) for dehydrogenation of cyclohexane in [2-C¢Hj,]* using an isolated cation model (Gaussian09: PBE-D3/SDD(Rh, P
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more stable, with the global minimum being structure I” in which cyclohexane binds
through two adjacent equatorial C-H bonds. None of these alternative 1,2-forms was
a minimum when computed in the solid-state with periodic DFT, with all attempts to
optimise such structures reverting to the 1,3-bound form observed experimentally.
The 1,2-structures are clearly disfavoured in the solid state as they involve the
cyclohexane ligand being in close proximity to the surrounding [BAr",]™ anions.

The anion environment also has a significant effect on the computed dehydroge-
nation reaction profiles. The general mechanism involves initial C-H activation to
form [2-Rh(H)(C¢H,y1)]", III, followed by B-H transfer and H, reductive elimina-
tion. With the isolated cation model, the lowest energy pathway proceeded from
1,2-intermediate I' via TS(I'-III) at 9.8 kcal/mol to form III at +7.2 kcal/mol. f-H
transfer via TS(III-IV), followed by H, reductive coupling then gave [2-Rh(1*-H,)
(CeH10)1%, V, at +13.4 kcal/mol. H, loss via TS(V-VI) at +17.9 kcal/mol was the
rate-limiting transition state and corresponded to an overall energy span (relative to
I” at —2.5 kcal/mol) of 20.4 kcal/mol. The experimental first order rate constant
determined for this process was 3.1(2) x 107° s~' and equated to a barrier of
ca. 21 kcal/mol, pleasingly (but ultimately deceptively) close to the computed
value. That a discrepancy existed between experiment and computation became
evident from the observation of a significant ky/kp KIE of 3.6 4+ 0.5 determined
from the analogous de-deuteration of [2-C¢Dy21[BAT* 4. This signalled significant
C-H bond elongation in the rate-limiting transition state that would be inconsistent
with rate-limiting H, loss. An alternative pathway derived from the 1,3-bound
cyclohexane complex, I, was also characterised. In this case the initial C-H bond
activation had the highest transition state (TS(I-II) at +18.7 kcal/mol) and led to II
(+12.1 kcal/mol) with a stabilising y-agostic interaction. Rearrangement via TS
(II-IIT) at +15.0 kcal/mol then gave III from which the reaction profile was
completed as before. Overall this 1,3-pathway had a slightly higher-energy span of
21.2 kcal/mol for the isolated cation model. However, due to the inaccessibility of
the 1,2-bound isomers, I’ and I”, in the crystal environment, this 1,3-pathway was
ultimately shown to be favoured in the solid state.

The dehydrogenation profile computed in the solid state with periodic DFT is
shown in Fig. 24. In general the molecular structures of the reacting Rh cations
within each stationary point were not significantly affected by the change in model.
However, the computed energetics showed some important differences — in partic-
ular, TS(I-II), corresponding to the initial C-H activation, was destabilised, while
TS(V-VI) was lowered in energy. As a result TS(I-II) became the rate-limiting
transition state with an overall barrier of 20.6 kcal/mol. This was again in excellent
agreement with the barrier of ca. 21 kcal/mol deduced from experiment, but now the
significant C-H elongation computed in TS(I-II) was also consistent with the
observed ky/kp KIE.

The reaction profile for the dehydrogenation of [2-CqHyol[BArt,] to give
[1-C6H3][BA1'F4] computed in the solid state is shown in Fig. 25. The cyclohexene
ligand in intermediate VI, adopts an n;:n’c_y binding mode in which the Rh-alkene
bond is supported by an agostic interaction at the adjacent methylene group, as had
been seen previously in [2-pr0pene][BArF4] (see also Sect. 7) [28]. Reaction then



155 ,Hi170 H
el 212 S
[RAJ*:223 152] ba BT
[RhT%omel »
L4 2 i b +?.'.2--3|u|
S (-1 15 19 ass [RhI-ae1s
+2(0:6) TS(lllg-lgll) [Rh}*;i__ H2 ~\- 158 1.64“\H';1.02
+ .
' ¢ e TS(V-VI1,)
TS(111-1V) TS(';/-;/) +16.7"
¥ +13.6 +13. —_—
] +15.0 | L o— , . \
! H? I % g 1 P o _H
) +11. % ; --v
‘ 1.52 | +2.12.nu H? ]ir.l 0 L P \
/ Rh]* =2l —_ \
] 2.03 13 1.52 1.50 +(\5l.4 \ —
el 114 [Rh]%: +Vi
0.0 180 H? 220, ,

I 1.14 RhT*" 1.39
193 1 & = H? /v 3 el
4=

14/ ' 1.17
1.

Fig. 24 Free energy profiles (kcal/mol) for the dehydrogenation of cyclohexane at one Rh centre within the [1-C¢H,1[BArF,4] unit cell (CP2K: PBE-D3/
DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff). Selected distances (A) within the reacting Rh cations are shown, where [Rh]* = [(Cy,P(CH,),PCy,)
Rh]* and the remaining cell contents are omitted for clarity. Distances to delocalised n-ligands are to the centroid of the carbons involved. Reproduced with
permission from Ref. [26]
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Fig. 25 Free energy profiles (kcal/mol) for the dehydrogenation of cyclohexene at one Rh centre
within the [1-C¢Hyo][BAr¥4] unit cell (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE;
500 Ry cutoff). Selected distances (A) within the reacting Rh cations are shown, where
[Rh]* = [(Cy,P(CH,),PCy,)Rh]" and the remaining cell contents are omitted for clarity. Distances
to delocalised n-ligands are to the centroid of the carbons involved. Free energies in parenthesis are
computed with the isolated [2-CgH;o]" cation model. Reproduced with permission from Ref. [26]

proceeded by an initial oxidative cleavage to form an allyl hydride VII featuring an
exo orientation of the allyl ligand in which the central C-H bond is pointing away
from the Rh-H bond. This allowed a second C-H activation to proceed via a 6-CAM
step to form the n”-H, cyclohexadiene species VIII from which H, loss via TS
(XIHI-IX) at 18.9 kcal/mol completed the dehydrogenation process [61]. As seen in
the first dehydrogenation, the geometries of the Rh cations did not vary significantly
between the isolated cation and solid-state models, and in this case the same
transition state, TS(VII-VIII), was found to be rate-limiting with both approaches.
However, a significantly larger energy span was computed in the solid state
(24.4 kcal/mol) than with the isolated cation model (19.0 kcal/mol; see energies
in parenthesis in Fig. 25). As the experimental first order rate constant
(4212) x 107 s equates to an activation barrier of 24 kcal/mol, the solid-state
calculations were clearly in better agreement with this value. The experimental ky/kp
KIE of 10.8 £ 0.6 could then be understood in terms of an accumulative effect of
significant C-H bond elongation in TS(VII-VIII) coupled with a pre-equilibrium
that also involved C-H bond activation.

The computed geometries of the highest-lying transition states for each dehydro-
genation process, TS(I-II) and TS(VII-VIII), are shown in Fig. 26. In these the
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TS(I-11) +20.6 kcal/mol TS(VII-VIII) +24.4 kcal/mol

Fig. 26 Computed structures of the rate-limiting transition states for cyclohexane dehydrogenation
in [2-C6H,2][BArF4] and cyclohexene dehydrogenation in [2-C6H10][BArF4] (CP2K: PBE-D3/
DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff). The reacting Rh cation is shown in ball and
stick mode and is set against the nearby unit cell contents in space-filling mode: Rh (teal); P
(orange); C (charcoal); H (silver); F (green). Reproduced with permission from Ref. [26]

reacting Rh cation is set against the remaining unit cell contents and emphasises the
proximity of the [BAr",4]~ anions and hence their important role in the computed
structures and energetics.

In addition to this remarkably facile dehydrogenation chemistry, SSNMR studies
indicated that the cyclohexane ligand in [2-C¢H ,1[BAr®,] could also access flux-
ional processes in the solid state. At 158 K two '*C resonances were observed at &
21.4 and 6 19.7, whereas at 198 K only one resonance at & 21.4 was seen. This could
be rationalised by a low-energy ‘ring walk’ process that sees Rh visit the 1,3,5 axial
hydrogens at 158 K (thus distinguishing C1/C3/C5 from C2/C4/C6) and a higher-
energy ‘ring flip’ that swapped axial and equatorial hydrogens on one face of the
cyclohexane and so rendering all 6 cyclohexane carbons equivalent at 198 K. These
processes were characterised with periodic DFT calculations (see Fig. 27). For the
1,3,5-ring walk, initial rotation via TSgw1 led to a 3—5-chair intermediate in which
cyclohexane moved from below to above the Rh coordination plane. This structure
corresponded to a second disordered component that is observed in the experimental
crystal structure. Further rotation via TSgw2 formed the 1,5-chair which was
equivalent to the 1,3-starting structure. A low-energy span of 3.7 kcal/mol was
computed for this process. The ring flip process (Fig. 27b) involved a new
o-complex at +5.7 kcal/mol that featured a twist-boat cyclohexane ligand bound
through the C3-H and C6-H bonds. This was accessed through TSggl which
coupled the motion of a half-chair transition state with a counter-clockwise rotation
of the cyclohexane moiety. From this 3,6-twist-boat, a further half-chair/rotation
transition state then retrieved a 4,6-chair structure. This entailed a clockwise rotation
and moved the cyclohexane above the Rh coordination plane into the alternative
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(a) 1,3,5-Ring Walk

[Rh]*=22

0.0 0.0
1,3-chair 3,5-chair

(b) Ring Flip (axial-equatorial exchange)

[Rh]*:2S

0.0 +5.7 -3.8°
1,3-chair 3,6-twist-boat 4 6-chair

Fig. 27 Computed pathways for cyclohexane rearrangements in [1-C.;H12][BA1‘F 4] via (a) 1,3,5-
ring walk and (b) ring flip mechanisms, with relative free energies indicated in kcal/mol (CP2K:
PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff). [Rh]* = [(Cy,P(CH,),PCy,)Rh]".
Reproduced with permission from Ref. [26]

‘disordered’ structure similar to the 3,5-chair seen above. The overall energy span
for the ring flip was 12.3 kcal/mol and so was consistent with the ring walk being
more accessible, as indicated experimentally. The free energy of this 4,6-chair
structure (—3.8 kcal/mol), however, was anomalously low due to a large stabilisation
from the thermodynamic corrections in this case.

The formation of [2-CgDy2][BATY 4] upon exposure of [2-C¢H2][BATY,] to D,
indicated that all 12 C-H bonds were able to access the Rh centre in order to undergo
H/D exchange. A ‘face flip’ process would achieve this (Fig. 28) by swapping the set
of 6 ‘red” hydrogens that were initially in contact with Rh with the set of 6 ‘blue’
hydrogens on the other face of the cyclohexane ring. In principle this ring flip could
proceed via a series of 1,2-bound intermediates (upper pathway) equivalent to
structures I' and I” in Fig. 23; however, these had already been shown to be
inaccessible in the solid state. Instead initial H, (or D,) activation was invoked to
access a Rh(III) dihydride intermediate, Intlgy, that featured a 1,5-bound cyclohex-
ane ligand with a Rh.--H-C1 oc-interaction in the axial site trans to a hydride ligand
(lower pathway). This structure permitted more movement of the cyclohexane ligand
and so gave access to TSgr which flipped the cyclohexane ligand over with an
overall computed barrier of 24.6 kcal/mol. Access to the set of ‘blue’ hydrogens is
therefore much harder than rearrangements within the six ‘red’ hydrogens and so
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[Rh]*-23
0.0
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e
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Fig. 28 Pathways for the cyclohexane face-flip in [1-C6H12][BArF4] (CP2K: PBE-D3/DZVP-
MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff), where [Rh]" = [(Cy,P(CH,),PCy,)Rh]". The
upper pathway shows potential 1,2-bis c-intermediates as Newman projections looking down the
C2-C1 bond. The lower pathway shows the proposed H,-facilitated pathway with free energies in
kcal/mol. Reproduced with permission from Ref. [26]

was consistent with the very rapid formation of CgHgDg upon exposure of [1-C¢Hj,]
[BAr¥ 4] to D, and the somewhat slower rate of formation of the higher CcHxD(12x)
isotopologues (x = 0-5).

7 [2-NBAI[BAr",] as a Precursor in Solid-State
Organometallic Synthesis and Catalysis

As well as exhibiting fluxionality and selective H/D exchange in the solid-state, the
NBA ligand in [2-NBA][BAr",] could also be displaced by gaseous molecules to
form new organometallic complexes that were not necessarily accessible through
conventional solution-phase chemistry [62]. Thus the reactions of [2-NBA][BArF4]
with propene and 1-butene resulted in NBA substitution and formation of
[2-(pr0pene)][BArF4] and [2-(butene)][BAr",], respectively [28]. Remarkably,
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Fig. 29 Computational characterisation of [2-(propene)][BArF4] in the solid state (CP2K:
PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff): (a) structures of the molecular
cation in its [2-(propene)]* and [2-(allyl-hydride)]* forms (I and II, respectively, selected dis-
tances in A; truncated Cy groups); (b) computed '>C and 'H data for the [2-(propene)]* cation
(CASTEP: GIPAW/PBE; 80 Ry cutoff), with selected B¢ experimental data (SSNMR, 158 K) in
parenthesis. Reproduced with permission from Ref. [28]

these were achieved as SC-SC transformations that allowed crystallographic char-
acterisation of the products formed.

In [2-(pr0pene)][BArF4] crystallographic and periodic DFT studies showed the
propene ligand binds in an n’;:n’c_y fashion in which the Rh-alkene bond is
supported by a y-agostic from the adjacent methyl group (I, Fig. 29a). The n’-allyl
hydride isomer, II, is 3.4 kcal/mol higher in energy. SSNMR calculations using
periodic DFT (CASTEP code, GIPAW method) aided the assignment of the 158 K
BC{'H} SSNMR spectrum (Fig. 29b), with distinct resonances identified for the
agostic and both alkene carbons. The 158 K *'P{'H} SSNMR spectrum also showed
two phosphorus environments, suggesting a static structure at this temperature. In
contrast, at 298 K these features collapsed to single broad resonances, indicative of a
fluxional process for which an Eyring analysis provided values of AG* = 10(1) kcal
mol ™! and AS* = —7(3) cal K ..

Figure 30 shows possible fluxional processes computed in the solid state. Starting
from cation I (0.0 kcal/mol), initial oxidative cleavage of the agostic C3-H bond
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Fig. 30 Computed mechanisms for fluxionality and D-label scrambling in [1-(propene)][BArF4]
in the solid state (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff). Gibbs
free energies are indicated in kcal/mol with those for transition states provided in square brackets.
Reproduced with permission from Ref. [28]

proceeded with a barrier of 9.8 kcal/mol to give n>-allyl hydride II at +3.4 kcal/mol.
C1-H reductive coupling would then reform a propene complex I’ (+1.2 kcal mol ")
in which the alkene and agostic moieties were swapped relative to I. This net 1,3-H
shift would render the two phosphorus centres near equivalent in the solid state, with
an overall barrier of 10.9 kcal/mol, in good agreement with the experimental value.
Rotation of the propene ligand was also accessible with a barrier of 10.4 kcal/mol .
This interconverted I and its rotated form I, while I and I’,,; were linked via a
transition state at 9.9 kcal/mol . These rotated orientations of the propene ligand
correspond to a disordered component seen in the crystal structure of [2-(propene)]
[BAr*4]. Further rotation of the n’-allyl ligand (II to Il,,) involved a higher
transition state at +20.6 kcal/mol. Experimental confirmation of these fluxional
processes was obtained from the solid/gas reaction of [2-NBA][BArF4] with six
equivalents of 3,3,3-d;-propene. This results in catalytic deuterium scrambling with
a statistical distribution across all three propene carbons and gave proof of concept of
solid-state molecular organometallic catalysis (SMOM-Cat).

Returning to the 'H NMR spectroscopic data in Fig. 29b, although
low-temperature "H SSNMR data were not available in this case, the [2-(propene)]*
cation did prove sufficiently stable for characterisation in CD,Cl, solution. As in the
solid state, fluxionality was observed at 298 K which slowed at 193 K at which a
signal at 5 0.02 was seen. GIPAW solid-state NMR calculations on [2-(propene)]
[BAr*,] associated this with the three methyl protons for which an average chemical
shift of & —1.0 was computed. The difference in these two average values could
again reflect the local ring current effects due to the [BAr"4] ™ aryl groups in the solid
state. Indeed calculations on the isolated [2-(propene)]” cation provided an average
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value of 6 0.1, with the more exposed geminal protons (8., = +2.3, +0.9) being
most sensitive to the change in model.

Periodic DFT calculations also showed that the addition of a second propene
molecule to I to form a bis-n>-propene adduct within the solid-state structure of
[2-(pr0pene)][BArF4] was endergonic by 4.7 kcal/mol. In contrast, solution-phase
calculations on the isolated [2-(propene)]* cation indicated that formation of
[2-(propene),]* was exergonic by 9.5 kcal/mol. This outcome was confirmed
experimentally, with the reaction of [(2-C¢H4F,)[BArY 4] with propene in CD,Cl,
solution giving the bis-propene adduct exclusively and so highlighting the selectivity
induced by the anion micro-environment.

The solid/gas reaction of 1-butene with [2-NBA] [BArF4] could also be performed
as a SC-SC transformation and gave [2-(cis-2-butene)][BArF4] in which the cis-
isomer of the alkene was confirmed by periodic DFT calculations. These also
defined an n”;:n?c_y binding mode similar to its propene analogue (Fig. 31).

The isomerisation of 1-butene that occurred upon addition to [2-NBA][BArF4]
was modelled with periodic DFT calculations (see Fig. 32). Starting from the cis-2-
butene isomer (IIT) oxidative cleavage of the agostic C1-H bond accessed an 1°-
allyl-hydride species (IV) at +8.3 kcal/mol via a transition state at 14.5 kcal/mol.
Reductive coupling with the distal C3 carbon then gave the 1-butene isomer (V) at
+5.7 kcal/mol. Presumably V was initially formed in the solid/gas reaction of
[2-NBA][BArF4] with 1-butene, and this could then rapidly isomerise to III with
an overall barrier of 8.8 kcal/mol. A structure in which a [2-(trans-2-butene)]*
cation was optimised within the solid-state lattice was computed to be 11.4 kcal/
mol above III. These relatively large energy differences between the three butene

(b)

16.3 (14)

C2-C3=1.40
Rh-C2 =2.15
Rh---C1=2.51

Fig. 31 Computational characterisation of [2-(cis-2-butene)][BArF,] in the solid state (CP2K:
PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff): (a) structure of the molecular
cation, ITI, with selected distances in A (truncated Cy groups); (b) computed '>C and 'H data for
[2-(cis-2-butene)][BAr* 4] (CASTEP: GIPAW/PBE; 80 Ry cutoff) with selected '*C experimental
data (SSNMR, 158 K) in parenthesis. Reproduced with permission from Ref. [28]
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Fig. 32 Computed mechanism for interconversion of [2-(cis-2-butene)]*, ITL, and [2-(1-butene)]*,
V, cations in the solid-state (CP2K: PBE-D3/DZVP-MOLOPT-SR-GTH/GTH-PBE; 500 Ry cut-
off). Free energies are indicated in kcal/mol with those for transition states in square brackets.
Reproduced with permission from Ref. [28]
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Fig. 33 Computed structures of (a) III and (b) III’ in the solid state (CP2K: PBE-D3/DZVP-
MOLOPT-SR-GTH/GTH-PBE; 500 Ry cutoff) with selected distances in A and the reacting
[2-cis-2-butene]” cation (ball and stick) set against the unit cell contents (wireframe). Reproduced
with permission from Ref. [28]

isomers are due to the environment imposed by the solid-state lattice, as calculations
on the isolated cations indicated they all lie within 0.3 kcal/mol of each other.

[2-(cis-2-butene)][BArF4] also underwent fluxional processes in the solid state.
Thus at 298 K the *C{"H} SSNMR spectrum showed a single alkene carbon
resonance at & 91.8 accompanied by a second feature at & 6.3. At 158 K these
resolved into four resonances, two in the alkene region (5 92.1, 89.3) and two further
high-field signals at & 3.4 and 6 14.3. These were assigned, with the support of solid-
state GIPAW NMR calculations, to the agostic and non-agostic methyl carbons,
respectively (see Fig. 31b), and so were fully consistent with the proposed solid-state
structure of [2-(cis-2-butene)[BArF4]. In CD,Cl, solution the 193 K 13 C{ lH} NMR
spectrum showed only two environments (8 90.2 and & 10.9) that were assigned to
the alkene and methyl carbons, respectively, and indicated time-averaged C; sym-
metry under these circumstances.

These observations were rationalised with periodic DFT calculations that defined
a libration of the cis-2-butene ligand that exchanged the C1-H1 bond in III for the
C4-H4 bond in IITI” with a minimal barrier of 3.0 kcal/mol (see Fig. 33). This process
corresponded to the time-averaged Cg symmetry seen in solution at 193 K. A further
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rotation of the butene ligand led to a structure that is equivalent to a second
disordered component seen in the X-ray study. This second rotated form is only
0.4 kcal/mol above III but is accessed with an overall barrier of 22.7 kcal/mol. The
room-temperature fluxional processes observed in both solution and the solid state
were therefore more likely to involve the n‘*-allyl hydride and 1-butene intermediates
IV and V, as these could both be accessed with a low overall barrier of 14.5 kcal/
mol. [2-NBA][BAr¥,] was subsequently shown to be effective in the SMOM-Cat
isomerisation of 1-butene to a mixture of cis- and trans-2-butene (298 K, 1 atm).

8 Conclusions

The advent of solid/gas reactivity as a means to prepare Rh s-alkane complexes has
opened up new vistas in the field of solid-state molecular organometallic (SMOM)
chemistry. The definitive characterisation and exploration of reactivity of these
species have relied upon a closely interconnected ensemble of methods where
periodic DFT calculations take centre stage alongside single-crystal X-ray and
SSNMR techniques. Geometry optimisations, electronic structure analyses
(QTAIM, NBO and NCI) and computed NMR chemical shifts have all served to
complement experimental data to provide a holistic picture of the structure and
bonding in these complexes. The crystalline solid state provides well-defined
micro-environments where the cationic Rh c-alkane complexes sit within an array
of borate anions. These environments permit movement of the alkane ligands, as
evidenced through fluxional processes or chemical reactivity including C-H activa-
tion and H/D exchange. Substitution of the alkane ligand by other gaseous hydro-
carbons is also possible. Periodic DFT calculations have been used to define the
mechanisms of these processes and have provided excellent quantitative agreement
with experimental activation barriers where the latter are available. This lends
confidence for computational studies that provide mechanistic insight into systems
that are not amenable to experimental observation. Comparison with calculations on
simple models based on the isolated Rh cations has served to highlight the impor-
tance of the crystalline environment in dictating not only the structures of c-alkane
complexes in the solid state but also how the environment can significantly influence
the energetics associated with reactivity.

Looking ahead, the use of SMOM chemistry in catalysis (SMOM-Cat) is a
particularly enticing prospect for the transformation of gaseous molecules. Indeed
the recent report of SMOM-Cat being deployed in industrially appealing flow
conditions points to future opportunities using this approach [29]. SMOM catalysts
can combine the ease of separation associated with heterogeneous catalysis with the
control of reactivity at a well-defined transition metal centre that is so characteristic
of homogeneous catalysis. The latter is traditionally associated with ligand design;
however, by placing a cationic catalyst within a crystalline lattice, the possibility of
control through the design of the nano-environment defined by the neighbouring
anions presents another way forward. Chiral environments may also be conceived.
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The selective C-H bond activation of hydrocarbons is a challenge as such substrates
generally have several chemically similar C-H bonds. Tuning the crystalline nano-
environment presents one strategy to address this issue. Computationally this takes
us into the domain of crystal structure prediction [63]. Another approach would be to
take advantage of the range of mechanisms available for C-H bond activation, for
example, by building-in a chelating base to access electrophilic C-H activation
[9]. Further challenges remain, for example, in modelling the longer length scale,
bulk behaviour of these SMOM systems that permits the ingress and egress of gases
and other ligands as substrates and products accessing the reactive Rh sites. Within
all these developments, computational chemistry is likely to play an important role in
understanding such reactivity, as well as contributing to the design of new SMOM
systems with interesting structures, bonding and reactivity.

9 Computational Details

Full details of all calculations are provided in the cited references and the associated
supporting information, with the exception of the unit cell optimisations of [2-NBA]
[BArF4] and [2-pentane][BArF4] reported in Sect. 3. These are original to this work
and employed the CP2K code with the protocols stipulated in References [27, 52],
respectively. Unit cell parameters were fully optimised with the
DIRECT_CELL_OPT option, an external pressure of 100 bar and a maximum
force convergence criterion of 4.5 x 10~* a.u./bohr. The analytical stress tensor
was computed at each step.
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