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Density functional theory calculations modelling selective exo-H/D exchange observed in the Rh o-alkane
complex [(Cy,PCH,CH,PCy,)Rh(n*n*endo-NBA)I[BAr ], [1-NBAIIBAr',], are reported, where Arf =3,5-C¢Hs(CFs),
and NBA =norbornane, C;H;,. Two models were considered 1) an isolated molecular cation, [1-NBA]* and 2) a
full model in which [1-NBA][BAr",] is treated in the solid state through periodic DFT. After an initial endo-exo
rearrangement, both models predict H/D exchange to proceed through D, addition and oxidative cleavage
followed by a rate-limiting C—H activation of the norbornane through a o-CAM step to form a [1-Rh(D)(n*-
HD)(norbornyl)]™ intermediate. HD rotation followed by a 0-CAM C-D bond formation, HD reductive coupling
and HD loss then complete the H/D exchange process. exo-H/D exchange is facilitated by a supporting agostic
interaction and is consistently more accessible kinetically than the potentially competing endo-H/D exchange
(isolated cation: AG¥,,= +159 kcal/mol, AG*,,5= +18.4 kcal/mol; solid state: AG™,,= +22.1 kcal/mol,
AG™ pgo= +25.1 kcal/mol). The solid-state environment has a significant impact on the computed energetics,
with barriers increasing by ca. 7 kcal/mol, while only the solid-state model correctly predicts the endo-bound
NBA complex to be the resting state of the system. These outcomes reflect solid-state confinement effects within
the pocket occupied by the [1-NBA]* cation and defined by the pseudo-octahedral array of neighbouring
[BArF,]~ anions. The asymmetry of the solid-state environment also requires a second H/D exchange pathway to
be defined to account for reaction at all four exo-C—H bonds. These entail slightly higher barriers (AG™,,, =
+24.8 kcal/mol, AG™ 4, = +27.5 kcal/mol) but retain a distinct preference for exo- over endo-H/D exchange.

Keywords: C—H activation, confinement, H/D exchange, density functional theory calculations, mechanism,
periodic-DFT, rhodium, o-alkane complexes.

Introduction

o-Alkane complexes are key intermediates in C—H
activation processes,"’ and, as a result, much effort has
- been dedicated to characterising these species.*! In
Supporting information for this article is available on the  solution, the low polarizability and sterically hindered
WWW under https://doi.org/10.1002/hlca.202200154 nature of aliphatic C—H bonds means that alkanes are
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poor ligands at transition metal centres, and are
readily displaced by solvent, counterions or entropi-
cally favoured agostic interactions. Thus, although o-
alkane complexes have been observed directly in
solution, produced through photolysis of metal-
carbonyl precursors, or protonation of metal-alkyls,
they are generally of limited stability, with short half-
lives even at the very low temperatures used for their
spectroscopic characterisation (see Scheme 1,A).4~8
These factors have frustrated attempts to isolate o-
alkane complexes in the solid state and their
definitive!® crystallographic characterisation through
recrystallization from solution has so far proved
elusive. Indirect evidence for the existence of o-alkane
complexes is also seen in the observation of H/D
exchange processes at the metal-bound carbon in
alkyl deuterides, L,M(CH,R)(D).'"% This implies the
intermediacy of o-alkane complexes formed through
C—D reductive coupling, that, upon rearrangement,
allow C—H oxidative cleavage to give the exchanged
L,M(CHDR)(H) product (Scheme 1,B). The a-selectivity
signals that the transient alkane ligand remains bound
to the metal centre throughout and rules out alter-
native reductive elimination/oxidative addition mecha-

HELVETICA

nisms. Related to this, the observation of inverse
kinetic isotope effects for alkane reductive elimination
can be understood in terms of an initial C—H/C-D
reductive coupling to form an intermediate alkane
complex. This relatively favours the perdeuterated
alkane, providing an inverse equilibrium isotope effect
prior to rate limiting, but isotopically less sensitive,
alkane elimination.!"”

Over the last decade the Weller group have
developed alternative strategies to generate c-alkane
complexes directly in the solid state using solid-state
molecular organometallic (SMOM) chemistry.!"""'?! This
exploits the reaction of H, gas with crystalline samples
of cationic Rh-alkene precursor complexes, [L,Rh-
(alkene)][BAr",], where L, is a bidentate phosphine and
ArF =3,5-C4H;(CF5),. When such reactions proceed as a
single-crystal to single-crystal (SC-SQ)
transformation’® they produce the corresponding
alkane complexes directly in a form amenable to
crystallographic characterisation.'¥ The most robust
Rh o-alkane complex produced to date through this
route is [(Cy,PCH,CH,PCy,)Rh(n>n*-NBA)I[BArf,] ([1-
NBAI[BArf,]; NBA=norbornane, C,H,,) formed by
hydrogenation of its [(Cy,PCH,CH,PCy,)Rh(n*n*

A. Direct Observation

|
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OC‘“y \:\H OC\\\y ‘\:“‘H
ocC C... ocC Y
H/ \I/CH3 /C‘I’H
H H H
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(i) via Protonation of an Alkyl
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Scheme 1. A) Recent examples of direct observation of g-alkane complexes in solution formed through (i) photolysis and (ii) alkyl
protonation (anions omitted).*~”! B) Indirect evidence for o-alkane complexes: (iii) selective o-H/D via c-alkane complex

intermediates and (iv) inverse ky/kp isotope effects on alkane reductive elimination.

[10]
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NBD)I[BAr",] precursor ([1-NBDI[BAr",]; NBD = norbor-
nadiene, C;Hg, Figure 1,A)."™ This SC-SC transforma-
tion is complete within five minutes and forms a
o-complex in which the NBA ligand is bound through
two adjacent endo-C—H bonds that both interact in an
n>-C—H fashion. [1-NBA][BArf,] is stable for months
under an inert atmosphere. Key to this stability is the
rigid network of [BArf,]” anions that form a pseudo-
octahedral array around the Rh cation (Figure 1,B).
Within this the NBA ligand lies confined in a V-shaped
cavity defined by the neighbouring [BAr,]~ anion
(Figure 1,C). Analogous SC-SC reactivity has been
extended to form o-complexes of other cyclic alkanes
(cyclohexane,!'® cyclooctane!'”)) and an array of linear
and branched alkanes.'® Variations of the anion,'9?%
chelating phosphinel’>172221 and extension to a para-
magnetic Co-NBA complex!?*! have also been reported.
The CFs-groups in the [BAr",]~ anions are also
suggested to play an important role in the ingress of
gaseous reactants, and the egress of products, through
the crystalline lattice, by providing hydrophobic non-
porous channels.?*

The SMOM chemistry of c-alkane complexes has
also been extended to reactivity studies in the solid
state and these have also been supported by
computational studies.?®! Examples include alkane
fluxionality'®2%27! and substitution,!'? as well as room
temperature alkane dehydrogenation!™® and H/D ex-
change reactions."®?”! These last two processes
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Figure 1. A) Synthesis of [1-NBAJ[BAr",] by hydrogenation of
[1-NBD][BArF4] through a solid/gas single-crystal to single-
crystal (SC-SC) methodology. B) Packing diagram showing
arrangement of the six closest [BAr,]~ anions to the [1-NBA] ™"
cation. Q) [1-NBA][BArF4] ion-pair showing the position of the
NBA ligand within the cavity defined by the proximate [BAr",]~
anion.
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directly link o-alkane complexes to C—H bond activa-
tion events. For [1-NBAI[BArf,] a particularly well-
defined set of H/D exchange processes was charac-
terised in the crystalline solid state, with neutron
diffraction studies showing both the initial hydro-
genation and subsequent H/D exchange to be highly
selective  (Scheme 2)? Thus exposure of [1-
NBDI[BAr",] to D, forms [1-(endo-D,-NBA)I[BAr",]
showing both D, molecules are installed on the endo
face of the alkane. Prolonged exposure to D, then
forms [1-(exo,endo-Dg-NBA)I[BAr",] where H/D ex-
change has occurred at all four exo-C—H bonds.
Exposure of this species to H, then selectively
regenerates the endo-D, complex. These H/D ex-
change reactions complement, and provide a counter-
point to, the equivalent solution phase reactivity. In
particular, in the solid state it is the o-alkane complex
that has been directly observed with alkyl hydride
intermediates being inferred through H/D exchange,
whereas in solution the reverse is usually the case,
with the alkyl hydrides being observed.

This selectivity for H/D exchange at all four exo-
C—H positions in [1-NBA][BArF4] was puzzling, given
the initial formation of the w?n>bis-endo bound
isomer in which there are only two Rh--H—C inter-
actions. In previous work the rearrangements of the
bound NBA required for this selectivity, and to account
for H/D exchange occurring at all four exo-C—H bonds,
were modelled (see Scheme 3), and these studies
highlighted the remarkable mobility of this ligand in
the solid state.?”) Starting from the observed endo-
bound isomer, 1,,4,, @ ‘rock’ motion gives 1,,, where
Rh is bound to the C;—H,;, and C,—H,, exo-C—H bonds.
An alternative exo-bound structure, 1,,,.5, can then be
accessed through a ‘tumble/wag’ motion that moves
the C; bridge from below to above the Rh coordina-
tion plane, whilst keeping the bridging methylene
hydrogens intact. The lowest energy pathway to
access the two remaining exo-C—H bonds proceeds
through initial C, rotation of the NBA ligand to give
Tendo* (i-e., isostructural with 1.,4,, but now bound
through the C,—H,; and Cs—Hs; endo-C—H bonds) from

Cy, b
D, P2 D D,

[1-NBD]* ——> P/“Rh*;D
Cy, H,

[1-(exo,endo-Dg-NBA)]*

[1-(endo-D,-NBA)]*

Scheme 2. Selective deuteration and H/D exchange processes
in the [1-NBD/NBAI[BAr" ;] system (anions omitted).
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Scheme 3. Key rearrangements of the NBA ligand in [1-NBAI[BAr",] to access different exo-bound isomers, with computed relative
free energies in kcal/mol and transition state energies in square brackets. Data in black are for the isolated cation model, [1-NBA] ™,
and those in red are for [1-NBAJ[BArf,] computed in the solid state through periodic DFT. The H-atom labelling scheme is also
shown; [Rh ™1 =[(Cy,PCH,CH,PCy,)Rh] . 2 C, rotation transition state could not be located with the isolated cation model.

which the ‘rock’ motion forms 1,,,+ bound through
the C,—H,4; and Cs—Hs, exo-C—H bonds. A ‘tumble/wag’
motion can then access 1,5+ Calculations on both
the isolated [1-NBA]* cation (the ‘gas-phase’) and
periodic DFT calculations on [1-NBA][BArf,] that
include the extended crystal lattice highlighted the
importance of the solid-state environment on the
energetics of these processes.?” Thus, for the isolated
cation the exo-isomer is 1.5 kcal/mol more stable than
the endo-form and the precise orientation of the NBA
ligand relative to the [(Cy,PCH,CH,PCy,)Rh]" fragment
has no effect on the energy with 1., (with the G,
bridge being ‘down’) and 1,,,., (C; bridge ‘up’) being
coincidentally degenerate. In contrast, with periodic
DFT 1,40 is computed to be the most stable form,
consistent with the crystal structure, and the degener-
acy of 1., and 1,5 is lifted. These differences reflect
the confinement of the NBA ligand within the array of
adjacent [BArf,]~ anions that are now included in the
periodic DFT model (cf. Figure 1,B, C).

While the above studies provide the necessary
landscape of NBA rearrangements for the selective
exo-H/D exchange in [1-NBA][BArf,] to occur, the
subsequent C—H activation processes have not yet
been modelled, and it is this aspect that we address
here. Several mechanistic possibilities can be envis-
aged for H/D exchange in this system, however, some
additional experimental observations serve to narrow
the field: 7) exposure of single-crystals of [1-(exo,en-
do-Dg-NBA)I[BAr",] to H, results in the formation of
HD; 2) addition of HD to [1-(exo,endo-Hg-NBA)]
[BArF,] leads to the formation of both the D; and D,
isotopologues of the NBA ligand. Both observations

imply Rh(lll)-hydride/deuteride intermediates, while
the latter outcome indicates H/D exchange must occur
in a stepwise rather than a pairwise fashion, most
likely through o-complex-assisted metathesis (0-CAM)
processes.[282

Two general mechanisms consistent with these
observations are shown in Scheme 4. Starting from the
exo-bound isomer, 1., Pathway 1 involves norbor-
nene intermediates such as B formed through activa-
tion of both exo-C—H bonds through C—H oxidative
cleavage and (3-H transfer. Addition of D, followed by
H/D exchange, HD loss, migratory insertion and
reductive coupling then generate the mono-deuter-
ated product 1',,, (throughout, a prime (or double
prime) will indicate an isotopologue formed through
one (or more) H/D exchange processes). H,/D,
exchange at B through H, reductive elimination
followed by D, oxidative addition can be ruled out as
it would involve a pairwise H/D exchange. Alterna-
tively, Pathway 2 can be accessed via initial norbornyl
intermediates such as A formed by a single C—H bond
activation. A can then be intercepted by D, to form D
which then undergoes H/D exchange to form D'. HD
loss and C—H reductive coupling then leads to 1',,.
An equivalent set of pathways is possible for H/D
exchange in 1,40

Several factors can serve to complicate Pathways 1
and 2 in Scheme 4. The sequence of events may vary;
for example, D could be formed through E (D,
addition then C—H activation). The exo- and endo-faces
of the norbornane (or norbornyl/norbornene) ligands
also give rise to several distinct geometries; for
example, the addition of H, to 1,,, can occur at either

www.helv.wiley.com (4 of 13) e202200154 © 2022 The Authors. Helvetica Chimica Acta published by Wiley-VHCA AG

ASUDOI SUOWIOY) AATEAID) d[qear[dde o) £q PAUIIAOS QI SAOILE V() SN JO SA[NI 10} AIRIGIT AUI[UQ AI[IAY UO (SUONIPUOI-PUB-SULIN)/ WO K[1m" KIeIqI[auI[uo//:sdy) SUONIPUOD) PUE SWIAL, 3y} 39S “[£20Z/€0/€0] U0 AIeiqry auruQ A[Im IS9L Aq $S100ZZ0T BIIU/Z001 0 1/10p/wod: K[im Kreiqrauruoy/:sdny woiy papeojumod Z “€20T ‘SL9TTTST


www.helv.wiley.com

0

scs
Swiss Chemical
Society

H” | Y
. ] 1
Pathway 1 | + y c
[Rh*]
[ 4 \/

(norbornene
intermediates) H

Pathway 2

(norbornyl

Rh* Hﬁj
Rh7..

1exo

+ D-D

|
Rh*
D ,[ ] E
intermediates) D H
D

Helv. Chim. Acta 2023, 106, €202200154

HELVETICA

H

H/D Exchange |

—> _[Rh]
D" | "/

H

H A
/D Exchange | \
—_— Rh*
D RN
H b

c -wp *
[Rh7]
D” ‘Lb

-H
D’ Rh*]
[ ].._D

Scheme 4. General mechanisms for H/D exchange in [1-NBA][BAr",].

the exo- or endo-face of the NBA ligand, and with
displacement of either the ‘front’ or ‘back’ C—H bond
as viewed in Scheme 4. There are therefore four
possibilities: in Scheme 4, the geometry of E reflects H,
addition at the exo-face with displacement of the
‘front’ C—H bond. Addition to the exo-face is generally
favoured as it rotates the C; methylene bridge of the
NBA ligand away from the Cy substituents of the
phosphine backbone. The H/D exchange steps also
present different variations; for example, D, activation
through a

0-CAM in D may occur with either the hydride or the
alkyl ligand. All these possibilities were explored to
define the most accessible H/D exchange pathways in
both 1,,, and 1,4, With the aim of accounting for the
exo-selectivity seen experimentally.

Results and Discussion
Isolated Cation Model, [1-NBA]™

Initial calculations considered H/D exchange in the
isolated cation. Calculations on this model are useful
to explore the intrinsic behaviour of the system and so

focus the computationally more demanding periodic
DFT calculations on the most relevant pathways. A
comparison of the isolated cation and the extended
periodic models also allows the effects of the solid-
state environment to be quantified. The PBE-D3
functional in conjunction with double-C plus polar-
ization-quality basis sets were employed throughout
for both the molecular and the periodic DFT calcu-
lations; we have shown this approach reproduces the
structures of o-alkane complexes in the solid state, as
well as experimental barriers for fluxional and alkane
dehydrogenation processes'®® (see the Supporting
Information for full details of methodology). In the
following the isolated cation model will be signalled
by a positive charge in the labelling of stationary
points (€.9., 1% exor 11 endo €tC.), Whereas neutral labels
will signify the full model computed in the solid state
with periodic DFT that fully represents the extended
crystalline environment (€. g., 1exor Tendor €1C.)

The most accessible H/D exchange processes for
1%, are shown in Scheme 5 (details of alternative
mechanisms are given in the Supporting Information,
see Figures S1-S4). Along Pathway 1, 1%, readily
undergoes C—H oxidative cleavage and f3-H transfer to
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Scheme 5. Computed lowest energy pathways for exo-C—H H/D exchange in 17,,. Free energies are indicated in kcal/mol with

transition state energies in square brackets.

give square-pyramidal [1-Rh(H),(NBE)]*, B*,,, at
+8.4 kcal/mol. D, addition then forms C*,,, from
which Pathway 1A proceeds with D, activation
through a 0-CAM to form [1-Rh(1?-HD)(D)(H)(NBE)1*,
D%, (+18.0 kcal/mol), with trans H and D ligands.

HD rotation then gives D*’,,, from which the micro-
scopic reverse steps (0-CAM, HD loss, migratory
insertion, and C—H reductive coupling) lead to the H/D
exchanged product 1%',,,. The rate-limiting transition
state along Pathway 1A is the HD rotation step
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(Dt exo—D T exo) at +22.3 kcal/mol, the high energy of
which reflects the trans-dihydride arrangement in
these species. Alternatively, C*,,, can also react along
Pathway 1B through D-transfer from the n>D, ligand
onto the norbornene. This was found to induce C—H
reductive coupling with one of the hydride ligands to
form G*",,, that was then shown to be an intermedi-
ate along Pathway 2B. As the subsequent steps
involving G1”,, are facile (see below) Pathway 1B is
the most accessible route involving a norbornene
intermediate with an overall barrier relative to 1,,," of
21.0 kcal/mol.

Along Pathway 2, D, addition displaces one
Rh--H—C  o-interaction to  form  [1-Rh(n*
D,)(norbornane)l™ (E*,,, +2.3 kcal/mol). Pathway
2A then proceeds through C—H oxidative cleavage to
give Ft,,, followed by a 0-CAM D, activation to form
G*',,, HD reductive elimination through E*’,,, forms
1% 0 Alternatively, Pathway 2B involves oxidative
cleavage of D, in ET,,, to give G*,,,. H/D exchange
then occurs through a 0-CAM C—H activation to F*',,,,
HD rotation to F*”,, and a 0-CAM to generate
G1" o HD reductive elimination through E*’,,, again
forms 1',,, The rate-limiting transition states along
both Pathways 2A and 2B correspond to D, activation
through a 0-CAM step with an energy of +13.7 kcal/
mol (i.e., F*o,,—G%' ¢ along Pathway 2A or G*,,—
F* oo (@nd F*" ,—G*",,.) along Pathway 2B). Thus,
for the isolated cation model Pathway 2 involving
norbornyl intermediates is clearly favoured over Path-
way 1 with norbornene intermediates. In all cases, the
most energetically demanding steps involve Rh(lll)
species, either HD rotation in DT, (Pathway 1A), D,
activation in C*,,, (Pathway 1B), or D, activation in
F* ..o (Pathways 2A/2B).

Repeating these calculations for H/D exchange in
the endo isomer, 17,4, provided an analogous set of
Pathways 1A/1B and 2A/2B (see Figures S5-58). In each
case, the highest lying transition state is equivalent to
that characterised for H/D exchange in 1%, How-
ever, the endo structures are consistently higher in
energy than their exo-analogues: Pathway 1A,
D% endo—D " endo (+26.3 kcal/mol); Pathway 1B, C*
endo—G endo (+27.2 kcal/mol); Pathways 2A and 28,
GF endo—F endo’F T endo—G "endo (+17.1 kcal/mol).
The kinetic preference for exo-H/D exchange in the
norbornane ligand is therefore already present in the
isolated cation model. Figure 2,A compares Pathway 2B
for the exo- and endo-isomers and shows these
diverge at the C—H activation step (G* —F™) for which
the transition state is 3.4 kcal/mol lower along the exo-
pathway. A similar difference is maintained in the

HELVETICA

isomers of F* and the H, rotation transition state
before the pathways return to near parity after C—H
coupling (F*'—G*’). Comparison of the C—H activa-
tion transition state structures (Figure 2,B) shows the
exo form, TS(G*,,—Ft.,) features a somewhat
stronger agostic interaction (Rh--H;,=1.97 A; C,—H,,=
1.17 A) than in TS(G" ongo—F Tendo) (Rh--Hy;=2.05 A;
C,—H;;=1.15A). In addition, a short H,;--H,; contact
of 1.89 A is seen in TS(G ™ opgo—F T endo), Well below the
sum of the van der Waals radii (2.42 AB%). The shortest
such contact involving the transferring H in

TS(GY o—F texo) is 242 A (H,y-H5,). Similar 0-CAM
C—H activation transition states' have also been
reported recently as part of a study of norbornene
hydrogenation at a pincer-type [P,Si]Rh complex.B"

For both H/D exchange processes the isomers of
[1-Rh(D),(NBA)]I*, G*,,, and G*,,4, are the most
stable species and the overall barriers relative to these
are 15.9 kcal/mol and 19.4 kcal/mol for exo- and endo-
H/D exchange, respectively. This trend therefore
captures the preference for exo-H/D exchange, how-
ever, the size of these barriers would suggest both
processes should be accessible at room temperature,
while only exo-H/D exchange is seen experimentally.
Moreover, the computed stability of Rh(lll) dihydrides
G*,, and G*_,4, contradicts experiment where only
the endo-bound form of Rh(l) [1-NBA][BArf,] is
observed. The isolated cation model therefore does
not capture the full experimental behaviour and so we
turned to periodic DFT to take the effects of the solid-
state environment into account.

Solid-State Model

In addition to the various mechanistic possibilities
described above, another key factor in the solid state
is the orientation of the NBA moiety within the pocket
defined by the framework of [BAr",]~ anions. Figure 3
shows the adjacent ion-pairs computed for 1.p40: Texo

'The transition state for migratory insertion in [(P,Si)Rh-
(H),(NBE)] " is 11.2 kcal/mol lower for the exo-isomer. This
is equivalent to TS(B¥,,,-AT ) in the present study
which is more stable than the endo equivalent by 7 kcal/
mol. This preference is likely due to the proximity of the
endo-C—H bonds to the bulky P,Si and dcype ligands that
are enforced by the more rigid binding mode of the
norbornene ligand. In contrast, the rate limiting transition
states here — TS(G™ op—F T oxo) and TS(G™ ¢pio—F T endo) -
show similar short contacts between the norbornyl and
substituents of the supporting phosphine ligand and so
steric effects do not seem to be a distinguishing factor.
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+17.1
A +14.2 3
#1215 H
+8.6
= 432 %
+2.0
) S R TTTTTTTT T S S POy L
- D, oxidative C-H activation i C-H coupling H-D
D, addition cleavage (c-CAM) HD rotation (6-CAM) reductive H-D loss
coupling

TS(G+exo' F*exo)
+13.7 kcal/mol

TS(G’endo' F.’endo)
+17.1 kcal/mol

Figure 2. A). Computed free energy profiles comparing H/D exchange in 17, and 1%*,,4,. B) Details of the computed ¢-CAM
transition state structures, TS(GT—F 1), for exo- and endo-C—H bond activation with selected distances in A.

and 1., as defined in Scheme 3. In 1,40, the [1-
NBA]™* cation is slightly skewed relative to the anion
such that the distance of the B-atom from the PRhP
plane, d, is 1.50 A and the PRhP/C,,BC,; interplane
angle, ¢, is 4.0°. Rearrangement to 1,,., is accom-
modated with little change in these metrics (d=
148 A; $=2.9°. In contrast, for 1,,, the B-atom lies
slightly below the PRhP plane (d=0.05, $ =—5.4°) and
this change reflects a tilting of the [1-NBA]™ to avoid
a steric clash with the lower half of the anion. This
then comes at an energetic cost such that 1., is
6.3 kcal/mol less stable than 1.,.,. More generally,
structures that involve moving the NBA moiety into
the lower sector of the ion-pair pocket are found to be
disfavoured.

Exo-H/D exchange can initiate from either 1,,, or
1ex0-2 (Scheme 6) and will proceed through displace-
ment of either the ‘front’ or the ‘back’ Rh--H—C o-
interaction by D, such that the NBA rotates to move
the C; methylene bridge away from the Cy substitu-

ents of the diphosphine ligand.? This gives rise to four
possibilities and in each case a mechanism corre-
sponding to Pathway 2B was characterised in which
the rate-limiting transition state is associated with the
0-CAM C—H activation step, G to F. The two most
accessible  pathways (AGT=22.1 kcal/mol  and
24.8 kcal/mol) both originate from 1,,, despite the
higher energy of that species (+9.3 kcal/mol) com-
pared to 1.,, (+3.0 kcal/mol). The corresponding
transition states are accessible as they involve rotation
of the NBA moiety into the space above the Rh
coordination plane (i.e., the resulting ¢ values are
positive). In contrast, H/D exchange pathways from
Texo-2 have significantly higher barriers of 35.9 kcal/
mol and 39.6 kcal/mol as D, addition to the exo-face

2D, addition at the endo-face of either 1,,, or 1.,4, forces
rotation of the NBA towards the Cy substituents and
gives structures that are either very high in energy or do
not correspond to local minima.
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Definition of d and ¢ v
P
1endo j
0.0 kcal/mol
(d=1.50 A, ¢ =4.0°)
' J
9
9
&»
1exo N4 1exo-2 .)
+9.3 kcal/mol > +3.0 kcal/mol

(d=0.05 A, ¢ =-5.4°) (d=1.48 A, $=2.9°)

Figure 3. Computed structures, relative free energies and metrics, (d and ¢, as defined) for adjacent ion-pairs in Tepgor Texo @Nd
1 ex0-2- Non-NBA H-atoms are omitted for clarity.

+-H = H
[Rh]: [RAI"....y
'H
exo, from.'.,."' loro ‘.,..,.‘exo, back exo, front',.-"" 1exo-2 ""-.__exo, back
#  +9.3kcal/mol A #  +3.0kcal/mol A
(d=0.05A ¢ =-5.4°) (d=1.48A $=2.9°)
B D
\ \\\D‘. | | an D‘
T T H ot Rh* H
[Rh*]" H [Rh*] Q& [RhT AN
~ | \ |
| D D
D D
TS(Gexo'Fexo)1 TS(Gexo'Fexo)2 TS(Gexo'Fexo)3 TS(Gexo'Fexo)4
+22.1 kcal/mol +24.8 kcal/mol +35.9 kcal/mol +39.6 kcal/mol
(d=1.72A¢=5.7°) (d=2.37A¢=7.1°) (d=1.45A¢=-12.3°) (d=152A ¢ =-11.3°)

Scheme 6. Schematic representation of the fours variants of the rate-limiting transition state, TS(Ggy,—Fexo), formed through
addition of D, to the exo-faces of 1,,, and 1,,,.>- Relative free energies computed with periodic DFT in the solid state and the key
metrics, d and ¢, are also provided.
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rotates the NBA moiety below the Rh coordination
plane, forcing an upward tilt of the Rh cation within
the pocket (¢ values are negative). Similar consider-
ations for the endo-isomer showed the most accessible
pathway originated from the crystallographically ob-
served structure, 1,4, (0.0 kcal/mol) with an overall
barrier of 25.1 kcal/mol (see Figure S10).

The lowest energy mechanisms for both exo- and
endo-H/D exchange in the solid state are compared in
Figure 4,A. In each case rate-limiting C—H activation in
G forms [1-Rh(H)(n?*-HD)(C,H,,)I[BArf,], F, which
upon HD rotation, accesses the microscopic reverse
C-D coupling to form [1-Rh(H)(D)(C;H,,D)I[BAr",], G'.
exo-H/D exchange therefore follows Curtin—-Hammett
kinetics with an initial ‘rock’ rearrangement from the
Tendo resting state to form 1., at +9.3 kcal/mol
(Scheme 3) preceding rate-limiting H/D exchange. The
overall barriers of 22.1 kcal/mol for exo-H/D exchange
and 25.1 kcal/mol for endo-H/D exchange in the solid
state are both ca. 7 kcal/mol higher than in the

HELVETICA

isolated cation model and are therefore more in line
with the experimentally observed reactivity. The
periodic DFT calculations therefore capture the exo-
selectivity for H/D exchange; moreover, 1,40 iS NOW
computed to be the most stable species in the system,
consistent with this being the sole species observed
experimentally.

The computed distances associated with the o-
CAM process in TS(G,,,—Fexo)1 are very similar to
those computed with the isolated cation (compare
Figures 2,B and 4,B). The increased barriers in the solid
state are therefore likely to arise from the steric impact
of the neighbouring [BAr",]~ anions. This can be seen
in the close approach of the C,—C; ethylene unit of
the norbornyl ligand towards one of the aryl sub-
stituents of the neighbouring [BAr",]~ anion. Further
support for this is seen in the Hirshfeld surface
(Figure 4,C) where the red areas signify short
Hnorbornyi*Caryl cONtacts below the sum of the van der
Waals radii. The reasons for the exo-selectivity being

Ts(Gexo' exo)1
+22.1 kcal/mol

A
+20.2
§ ‘-."
—— )
Y +11.4 +11.4 RSN
AR —t9T i 11493
[RhJ*; 04 X o\ et
" — — ~H
Toxo +6.6 +6.6 i“» HD oo
0.0 0.0
D
(R Ry 2
Tondo H qeccnnncnnnnnnn S ) R P G cececricanneannnnannns I [ sessssssassssssensased Dy PP » G S S L PORRRPRRR » 1 H 1endo
- D oxidative C-H activation ) C-H coupling H-D
D, addition cleavage (c-CAM) HD rotation (c-CAM) reductive H-D loss
coupling
B

Figure 4. A) Computed free energy profiles comparing H/D exchange in 1gpgo @nd 1.,. B) Details of the computed o-CAM
transition state structures, TS(Ggy,—Feyo)1 showing the reacting Rh cation and the adjacent [BAr",]~ anion. C) Hirshfeld surface for
TS(Gyo—Fexo)1 Mapped over d,.,, for the reacting Rh cation placed within the surrounding pseudo-octahedron of [BArf,]~ anions.

The surface is viewed down the Rh;--B; vector.
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maintained in the solid state are more subtle. This
arises in part from the easier C—H activation step, as
noted above for the isolated cation, and the computed
transition states again show a greater agostic inter-
action involving the C,—H,; bond in the exo-isomer.
However, this effect is smaller in the solid state
(AAG"g_g=1.3 kcal/mol) and an additional contribu-
tion comes from the greater stability of G,,, over G,,40
(AG=1.7 kcal/mol).

Experimentally, H/D exchange occurs at all four
exo-C—H bonds: both the C;—H;, bond (as shown
above) and the C,—H,, bond interact with the Rh
centre in 1., and access to the C,—H,, and Cs;—Hs,
bonds is possible through rearrangement from 1,,, to
10+ This entails a C, rotation to interconvert the
degenerate 1.,4, and 1,40+ Structures (see Scheme 3)
meaning that the NBA ligand reacts with local G,
symmetry such that the pairs of diagonally related
C—H bonds are equivalent. C;—H;, and C,—H,, there-
fore both react through TS(G,,,—Feyxo)1 at +22.1 kcal/
mol, while the C;—H,, and Cs—Hs, bonds both react
through TS(G,,,—F.0)2 at —+24.8 kcal/mol. Similar
considerations for endo-H/D exchange provide higher
computed barriers for the C;—H;;/Cs—Hs; and Cy—H,q/
C4—Hj4; bond pairs of +25.1 kcal/mol and +27.5 kcal/
mol respectively. A summary of all these H/D exchange
processes for 1,.,4, is shown in Figure 5, where the

Figure 5. Summary of overall free energy barriers (kcal/mol) for
H/D exchange at all four exo- and endo-C—H bonds in 1,,40- The
NBA ligand is shown within the cavity formed by the
surrounding anions (in space filling mode) and is viewed from
the Rh atom (blue). Other atoms: B; pink; F: green; C: grey; H:
white.

HELVETICA

NBA ligand is viewed from the Rh centre with the
surrounding [BAr ]~ anions shown in space-filling
mode. Overall exo-H/D exchange is always favoured,
although the similar barriers to exo-H/D exchange in
the C,—H,,/Cs—Hs; bond pair and endo-H/D exchange
in the C;—H,,/Cs—H,4; pair are not consistent with the
exclusive exo-H/D exchange seen experimentally. How-
ever, for a given methylene group the barrier to H/D
exchange is always approximately 3 kcal/mol lower for
the exo-C—H bond, consistent with a preference for
reaction at the exo-position.

Conclusions

H/D exchange pathways for the Rh o-alkane complex
[1-NBAI[BArF,], 1,40, have been computed to model
the selective exo-H/D exchange seen experimentally.
Both an isolated cation model, [1-NBA]*, and a full
solid-state model computed through periodic DFT
have been considered. For both models the lowest
energy H/D exchange pathways proceed through
initial D, addition and oxidative cleavage followed by
rate-limiting C—H activation of the norbornane ligand
through a o-CAM process to give a [1-(norbor-
nyl)(D)(n?>-HD)]* intermediate. After HD rotation the
microscopic reverse steps (0-CAM C-D bond forma-
tion, HD reductive coupling and HD loss) complete the
H/D exchange process. In both models the lowest
energy exo-H/D exchange is more accessible than the
competing endo-H/D exchange (isolated cation:
AG*, .= +159kcal/mol, AG",,4,= + 18.4 kcal/mol;
solid state: AG™,,= +22.1kcal/mol, AG", =+
25.1 kcal/mol). We propose that a stronger supporting
agostic interaction contributes to the lower energy of
the rate-limiting 0-CAM transition state along the exo-
H/D exchange pathways.

Although both models predict the same H/D
exchange mechanism, the associated energetics differ
significantly. Thus, the isolated cation model incor-
rectly predicts that the exo-bound form of c-alkane
complex is more stable than the observed endo-bound
structure, and that the resting state of the system is
the [1-(NBA)(D),]* cation. These inconsistencies are
corrected in the periodic DFT calculations that also
give overall barriers to H/D exchange that are ca.
7 kcal/mol higher in energy. The larger barriers in the
solid state reflect confinement effects within the
pocket defined by the neighbouring [BAr",]~ anions,
with several short contacts between the norbornyl
ligand and an aryl ring of an adjacent anion being
identified in the rate-limiting 0-CAM transition states.
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The asymmetry of the solid-state pocket also adds
significant complexity to the modelling of these
systems with two separate pathways being required to
account fully for H/D exchange at all four exo-C—H
bonds. As seen in previous examples,’** confinement
effects play a key role in defining the structure and
reactivity of these SMOM systems. This in turn offers
the prospect of controlling reactivity through judicious
design of the solid-state environment, a goal we are
pursuing in current and future work.
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Supporting information for this article (computational
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