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A Deeper Insight into the Supramolecular Activation of
Oxidative Addition Reactions Involving Pincer-Rhodium(l)

Complexes

Tiago Vinicius Alves,®®

The factors governing the acceleration of the oxidative addition
of methyl iodide to pincer rhodium(l)-complexes induced by
coronene have been computationally explored in detail using
quantum chemical methods. Both the parent reaction and the
coronene-mediated process proceed via a stepwise S\2-type
mechanism. It is found that the acceleration of the process
derives from the formation of an initial supramolecular
complex, mainly stabilized by electrostatic and n-n interactions,

Introduction

The oxidative addition (OA) reaction involving transition-metal
complexes is arguably one of the most fundamental processes
in organometallic chemistry.? This transformation typically
involves the rupture of an E-X bond (where X is usually a
halogen atom) with the concomitant formation of two new
bonds within the transition metal (TM), which in turn increases
its oxidation state by two units. Due to its ubiquity in a good
number of TM-catalysed reactions, this fundamental process
has been extensively investigated from both experimental and
theoretical points of view.?' From a mechanistic point of view,
the oxidative addition reaction may proceed through two
alternative reaction mechanisms, namely a concerted pathway
involving the simultaneous formation of the TM—E and TM—X
bonds in the corresponding transition state, or an Sy2-type
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which significantly increases the electron richness of the
complex. The impact of this effect on the reaction barrier has
been quantitatively analyzed by applying the activation strain
model in combination with the energy decomposition analysis
method. In addition, the influence of other polycyclic aromatic
hydrocarbons on the oxidative reaction has been also consid-
ered.

mechanism involving a stepwise process with the formation of
a cationic intermediate upon nucleophilic addition of the TM to
the E=X bond.”’

Much progress has been made towards the improvement of
the OA reaction either by modifying the TM fragment or the
E—X substrate. For instance, it is widely accepted that the
process is favored when using electron-rich metal centers, that
is by using TMs in low oxidation states bound to ligands that
are strongly electron-donating.”” In addition, steric effects and
the bite angle of ancillary ligands also influence the rate of the
OA reaction.” In this regard, some of us recently used a
different approach to enhance the reaction rate of the OA
reaction. It was found that the process involving the OA of
methyl iodide to the pincer-rhodium(l) complex 1 becomes
substantially accelerated in the presence of coronene
(Scheme 1a)."” Indeed, a 2.6-fold increase in the reaction rate
was observed along with a clear reduction of the activation
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Scheme 1. Oxidative addition reactions involving pincer-Rh(l) complexes 1
and 2.
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enthalpy of the process (AAH? =2.2 kcal/mol). According to
titration and IR experiments, it was suggested that the observed
acceleration mainly derives from the formation of a
supramolecular complex between the planar n-core of 1 and
coronene, which increases the electron richness at the metal
fragment thus facilitating the OA reaction. This was supported
by the fact that the analogous reaction involving the strongly
related non-planar complex 2, did not exhibit any measurable
effect on the reaction rate upon addition of coronene
(Scheme 1b). Moreover, this activation strategy has proven to
enhance the catalytic efficiency of complex 1 compared to
other related pincer-Rh(l) complexes.*”

Despite the above findings, the ultimate physical factors
controlling the rate enhancement of the process are not
completely understood so far, thus limiting future develop-
ments of this activation strategy. Built on these grounds, we
decided to investigate computationally the physical factors
governing the acceleration of the OA reaction of methyl iodide
to the Rh(l) complex 1 in the presence of coronene. To this end,
we applied the Activation Strain Model (ASM) of reactivity® in
combination with the Energy Decomposition Analysis (EDA)
method,” an approach that has greatly contributed to our
current understanding of fundamental transformations in
chemistry,"” and particularly, of oxidative additions mediated
by transition metal complexes and related systems.' In
addition, the influence of the nature of the polycyclic aromatic
hydrocarbon (PAH) on the process shall be discussed as well.

Results and Discussion

We first studied the mechanism involved in this particular OA
reaction. According to the experimentally measured large
negative activation entropy (AS” ca. —61 cal/molK),® the
process is suggested to follow an associative mechanism, which
is compatible with a Sy2 mechanism, as reported in previous
computational and experimental studies on related OA reac-
tions involving Rh(l)-complexes.'? To further confirm this point,
we compared the two possible OA mechanisms for the parent
reaction between 1’ (a model system of 1 where the butyl
groups were replaced by methyl groups) and CH;—l. From the
data displayed in Figure 1, which shows the reaction profiles for
both alternative pathways, it becomes clear that the S\2-like
mechanism (leading to the dicationic intermediate 3’ via TS1) is
strongly favored over the concerted pathway (via TS2) from
both kinetic (AAG” =23.6 kcal/mol) and thermodynamic
(AAG=10.8 kcal/mol) points of view, in clear agreement with
the experimental findings.” In addition, we found a large
negative activation entropy for the transition state associated
with the S 2 mechanism (AS” =—-34.2 cal/molK) whereas a
positive value was found for the alternative process involving
TS2 (AS” = 439.9 cal/molK).

Once the S\2-type route reaction was established as the
most plausible pathway for this particular OA reaction, we
focused on the influence of the coronene on the trans-
formation. As shown in Figure 1, the process in the presence of
coronene begins with the exergonic formation (AG=

ChemPhysChem 2024, 25, e202400022 (2 of 7)

TS2 ) 2.936
e,
131.0 (43.1) wSE >
i /“.‘

y / . S
\:{\‘\ i} v\ TS1'-cor P >
Me 1/ \ ‘,—\ P
" L -15.0 (8.4) 5 /
+ i/ 3 & X .

/
CHaz-l ¥

—_— /N 105 (2.2) :
0.0(0.0) SN -

/ =

\\\ ,/ \‘ 3'
( N ; / — . 3'-cor
O‘ y leor 4 2207 (-8.6) ocor
Seel SN
ZN
O e
</__\N7Rh—co
N
NN
Me

Figure 1. Computed reaction profile for the parent reaction between 1’ and
methyl iodide and the analogous transformation in the presence of
coronene. Plain values refer to the relative electronic energies, including
zero-point corrections, whereas values within parentheses refer to relative
free energies (AG, at 298 K). Energies and bond distances are given in kcal/
mol and angstroms, respectively. All data were computed at the
PCM(CH,Cl,)-B3LYP-D3/def2-TZVPP//PCM(CH,Cl,)-B3LYP-D3/def2-SVP level.

—10.7 kcal/mol) of an initial intermediate 1'-cor featuring a clear
n-n interaction between the molecule of coronene and the
Rh(l)-complex. From 1'-cor, the S,2-oxidative addition takes
place through TS1’-cor affording the corresponding dicationic
intermediate 3'-cor (an analogous species to 3’ interacting with
coronene). According to the computed energies shown in
Figure 1, it becomes clear that the addition of coronene renders
a much more favored AO reaction than the parent reaction
without coronene, all along the entire reaction coordinate. In
particular, the computed activation enthalpy difference (at 313
K, i.e. the temperature used in the kinetics experiments)
between the parent reaction and the analogous reaction
mediated by coronene of AAH” =1.9 kcal/mol, is nearly identi-
cal to that measured experimentally (AAH? =2.2 kcal/mol),®®
and thus justifies the same acceleration of the process. In fact,
by applying the Transition State Theory (TST), the computed
reaction rate ratio K gonene/Knone Of 2.8 nearly matches perfectly
the experimental one (K.yronene/Knone =2.6), thus further support-
ing the accuracy of the selected computational method for this
study. Nevertheless, it should be noted that in the calculations
complete formation of the supramolecular complex is assumed,
while under the experimental conditions, only a ca. 50% of the
supramolecular adduct may have been formed according to the
measured equilibrium constant (K=2704+9 M)

The structure and bonding situation of the key initial
supramolecular complex deserve further analysis. Besides
coronene, we also considered other smaller polycyclic aromatic
molecules (PAH) such as anthracene and pyrene (also consid-
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ered in the experiments),® as well as the bowl-shaped

corannulene to better understand the interaction between the
PAH and the rhodium complex. The n-n interaction between
the PAH and the planar n-core of the pincer ligand was clearly
confirmed by means of the NCIPlot method, as shown in
Figure 2 (greenish surfaces). Interestingly, this n-n interaction
does not only involve the n-core of the pincer ligand but also
the carbonyl ligand. For this reason, the corresponding v(CO)
stretching frequencies may not univocally correlate with the
intrinsic backdonation from the metal, as observed in related
carbonyl complexes.™ From our analysis, it becomes evident

2'-cor (0.123 a.u.)

Figure 2. Contour plots of the reduced density gradient isosurfaces (density
cutoff of 0.04 a.u.) in the initial supramolecular complexes 1’-PHA (ant=an-
thracene, pyr = pyrene, cor = coronene and cora = corannulene) and 2’-cor.

The greenish surfaces indicate attractive non-covalent interactions and the

numbers correspond to the magnitude of the integration of the real space

functions within the reduced density gradient isosurface.

that the stronger interaction between the PAH and 1’ occurs in
the 1’-cor complex (0.224 a.u.), as a consequence of the larger
n-surface of coronene when compared to its smaller planar
analogs anthracene (0.156 a.u.) and pyrene (0.182 a.u.). Not
surprisingly, the smaller available n-surface of the curved
corannulene system (1’-cora) also results in a weaker m-=n
interaction (i.e. smaller greenish surface, 0.152 a.u.) as com-
pared to 1’-cor. The situation is similar in complex 2’ (a model
of complex 2 where the butyl groups were replaced again by
methyl groups) because its non-planar structure hampers the -
7 interaction with coronene leading to a weaker interaction
(0.123 a.u., despite the occurrence of CH--x interactions in this
particular supramolecular complex). For this reason, no signifi-
cant acceleration of the oxidative addition reaction was found
experimentally in the analogous process involving complex 2
(see above), which is confirmed by the negligible activation
barrier difference computed for the process involving 2’ in the
absence (AG” =20.8 kcal/mol) and presence (AG” =20.4 kcal/
mol) of coronene.

Further quantitative insight into the interaction between
the PAHs and 1’ in the supramolecular complexes can be
gained by applying the Energy Decomposition Analysis (EDA).”’
This method was selected because it is particularly useful to
quantitatively analyze the nature of non-covalent interactions
From the data in Table 1, it is confirmed that the interaction
between the PAH molecule and 1’ becomes stronger as the zn-
surface of the PAH increases. This is why the m-complex
involving coronene, 1’-cor, which has the largest n-surface and
higher electron-richness than pyrene or anthracene, exhibits
the strongest interaction (AE,,=—27.5 kcal/mol) of the entire
series. This result is consistent with the much higher binding
constant measured experimentally for the association of
coronene with 1 (K=2704+9 M) as compared to that involv-
ing pyrene (K=4.3940.01 M™").”! Not surprisingly, the interac-
tion between 1’ and corannulene is comparatively weaker than
that of coronene, and similar to that computed for the pyrene
complexes (AE;,, ~ —22 kcal/mol). Strikingly, the strength of the
interaction between the PAH and complex 1, measured by
AE,,, correlates with the activation barrier of the corresponding
OA reaction:" AG”=15.1 kcal/mol (anthracene) >AG” =
14.1 kcal/mol  (corannulene) >AG” =12.6 kcal/mol (pyrene) >

D3/TZ2P//PCM(CH,Cl,)-B3LYP-D3/def2-SVP level.

Table 1. Energy Decomposition Analysis (energy values in kcal/mol) of the supramolecular complexes 1’-PAH.” All data were computed at the ZORA-B3LYP-

Complex AEint AEPauli AEeIstat[b] AEorb[b] AEdisp[b]
1"-ant —-19.2 28.6 —15.8 —7.8 —24.2
(33.1%) (16.3%) (50.6 %)
1-pyr —224 314 —-17.5 -89 —274
(32.6%) (16.5%) (50.9%)
1'-cor —27.5 371 -21.1 -9.3 —34.2
(32.7%) (14.4%) (52.9%)
1’-cora —22.8 346 —225 -9.9 -25.0
(39.2%) (17.2%) (43.6%)

AEe\stat + AEorb + AEd\'sp'

Bl Using 1’ and the corresponding PAH as fragments. ™ The percentage values in parentheses give the contribution to the total attractive interactions
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AG” =8.4 kcal/mol (coronene). This finding confirms the critical
role of the nature of the PAH in the transformation.

The partitioning of the interaction energy into its different
energy contributors indicates that in all cases the bonding
between the PAH and the Rh(l)-complex is dominated by a
combination of dispersion forces (ca. 52% to the total
interaction) and electrostatic interactions (ca. 33 %), confirming
the non-covalent nature of the interaction. At variance, the
orbital interaction is comparatively much weaker and contrib-
utes only ca. 15% to the total attractions. Interestingly, the
coronene complex 1’-cor benefits from the strongest attractive
terms of the entire series. These favorable interactions not only
offset the highest Pauli repulsion computed for this system (as
a consequence of the high electron-richness of the coronene)
but are also responsible for the strongest AE,, value computed
for this particular supramolecular complex.

We next analyzed quantitatively the reasons behind the
observed acceleration of the OA involving the pincer Rh(l)-
complex and methyl iodide in the presence of coronene with
the help of the Activation Strain Model (ASM) of reactivity.”
Figure 3 shows the corresponding activation strain diagrams
(ASDs) for the parent reaction involving 1’4 CH;l (black curves)
and the analogous process in the presence of coronene 1’-cor
+ CH;l (red curves), from the early stages of the transformation
up to the corresponding transition states and projected onto
the Rh--C bond-forming distance. From the data in Figure 3, it
becomes evident that the lower barrier computed for the AO
reaction occurring in the presence of coronene is not at all due
to the AE.;, term, which is actually slightly less destabilizing
for the parent reaction practically along the entire reaction
coordinate. This can be ascribed to the presence of coronone,
which makes the distortion of the Rh(l)-complex more difficult.
At variance, the process involving 1’-cor benefits from a
stronger interaction between the deformed reactants (AE,,),

25+
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—— 1'cor + CH;| AE
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AE / keal mol !
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Figure 3. Comparative activation strain analyses of the oxidative addition
reactions between CH;l and 1’ (black lines) and coronene complex 1’-cor
(red lines) projected onto the Rh--C bond-forming distance. All data have
been computed at the PCM(CH,Cl,)-B3LYP-D3/def2-TZVPP//PCM(CH,Cl,)-
B3LYP-D3/def2-SVP level.
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particularly at the transition state region. Therefore, it can be
concluded that the supramolecular activation of the AO
reaction, occurring upon addition of coronene, finds its origin
exclusively in a stronger interaction between the reactants
along the transformation. Similar ASDs were computed for the
related reactions involving the other considered PAHs (see
Figure S2 in the Supporting Information).

The origin of the above-mentioned stronger interaction
computed for the process involving 1’-cor can be found by
applying the EDA method. Figure 4 graphically shows the
evolution of the EDA terms along the reaction coordinate once
again from the beginning of the processes up to the
corresponding transition states and projected onto the Rh--C
bond-forming distance (see Figure S3 for the corresponding
EDAs for the process involving the other PAHSs). As depicted in
Figure 4, the parent reaction benefits from a less stabilizing
reaction Pauli repulsion along the entire transformation, which
clearly indicates that the electron-richness of the
supramolecular complex 1’-cor is higher than that of the parent
complex 1" as a consequence of the interaction with coronene.
This more destabilizing Pauli repulsion computed for the 1’-cor
+ CH;l reaction is nevertheless compensated by both stronger
electrostatic and orbital interactions, particularly at the tran-
sition state region, as compared to the parent reaction
involving 1’ (the contribution from dispersion interactions is
nearly identical for both processes). For instance, at the same
consistent Rh--C bond-forming distance of 2.5 A" AAE,, ;=
2.6 kcal/mol favoring the process involving 1/, whereas AAE,, =
1.7 kcal/mol and AAE,,.=2.4 kcal/mol favoring the coronene
mediated reaction and AAEg,=0.4 kcal/mol. Therefore, the
combination of both more stabilizing electrostatic attractions
and orbital interactions renders the total interaction between
the reactants stronger for the coronene reaction which

60
— 1"+ CHyl
--- 1-cor + CH,l
40 -
T
o
E 59
o L
[&]
.
W oo e By
,20_
AE
40 : : : elstat ,
3.0 2.8 26 2.4

r(Rh-—-C)/A

Figure 4. Comparative energy decomposition analyses of the oxidative
addition reactions between CH;l and 1’ (solid lines) and coronene complex
1'-cor (dotted lines) projected onto the Rh--C bond-forming distance. All
data have been computed at the ZORA-B3LYP-D3/TZ2P//PCM(CH,Cl,)-B3LYP-
D3/def2-SVP level.
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ultimately is translated into the lower barrier computed for this
process.

The Natural Orbital for Chemical Valence (NOCV)™ exten-
sion of the EDA method was applied next to not only visualize
but also quantify the main orbital interactions involved in these
OA reactions. This approach indicates that the reaction is mainly
dominated by the charge flow from a doubly occupied d-
atomic orbital of rhodium to the o*(C—l) of methyl iodide
(Figure 5). Interestingly, according to the associated stabilizing
energies (AE(p1)), this d(Rh)—c*(C—l) orbital interaction is
stronger for the process mediated by coronene as compared to
the parent reaction (see values computed at the same
consistent Rh--C bond-forming distance of 2.46 A), which is
translated into the stronger total orbital interactions computed
for the 1’-cor + CH;l reaction commented above.

In addition, the NOCV method also shows that the total
electronic charge transferred from the d-atomic orbital of
rhodium to the o*(C—l) molecular orbital is markedly higher for
the process involving 1’-cor (0.63e vs 0.58e, at the same
consistent Rh--C distance),”"® which is mainly responsible for the
stronger electrostatic attractions between the reactants. Results
above therefore indicate that the PHA induces a significant
increase in the electron-richness of the Rh(l)-complex which is
translated into stronger electrostatic and orbital interactions
with methyl iodide and ultimately, into the observed accel-
eration of the OA reaction.

Conclusions

From the computational study reported herein, the following
conclusions can be drawn: (1) the oxidative addition reaction of
methyl iodide to pincer-Rh(l) complexes proceeds via a stepwise
Sx2-mechanism which is both kinetically and thermodynami-
cally favored over the alternative concerted mechanism. (2) This
process can be significantly accelerated upon the addition of a

AE(p4) = —25.6 kcal/mol
1’-cor + CHj4l

AE(pq) = —22.8 kcal/mol
1’ + CH,l

Figure 5. Contour plots of the NOCV deformation densities p (isosurface
value of 0.001 a.u.) and the associated energies AE(p) for the main orbital
interaction present at the initial oxidative addition reaction involving methyl
iodide and 1’ (left) and 1'-cor (right). The electronic charge flows from red to
blue. All data have been computed at the ZORA-B3LYP-D3/TZ2P//
PCM(CH,Cl,)-B3LYP-D3/def2-SVP level.
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polycyclic aromatic hydrocarbon, in particular, coronene. (3)
This is due to the formation of an initial supramolecular
complex between the PAH and the Rh(l)-compound, which is
mainly stabilized by non-covalent electrostatic and dispersion
(m-m) interactions. (4) The nature of the PAH dramatically
influences its interaction with the Rh(l)-complex in such a way
that PAH molecules with larger available zn-surfaces lead to
stronger interactions. (5) This supramolecular interaction in-
creases the electron-richness of the Rh(l)-species leading to a
stronger interaction with methyl iodide, which, in turn, derives
from stronger electrostatic attractions together with more
stabilizing orbital interactions, mainly involving the d(Rh)—oc*-
(C-I) orbital interaction. In summary, the results presented
herein not only support the previously suggested
supramolecular activation of the process but also rationalize, in
a quantitative manner, the reasons behind the observed
acceleration of the OA reaction. Further work is underway to
confirm the generality of this activation mode to related
transition metal pincer-type complexes.

Supporting Information

Figures S1-S3 and Cartesian coordinates and energies of all
species discussed in the text.

Computational Details

Geometry optimizations of the molecules were performed without
symmetry constraints using the Gaussian09 (RevD.01) suite of
programs”® at the dispersion-corrected B3LYP®?-D3%"/def2-SVP?!
level (which includes the corresponding pseudopotentials for
rhodium and iodine atoms) including solvent effects (solvent=
dichloromethane) with the Polarization Continuum Model (PCM)
method.”® Reactants and adducts were characterized by frequency
calculations and have positive definite Hessian matrices. Transition
states show only one negative eigenvalue in their diagonalized
force constant matrices, and their associated eigenvectors were
confirmed to correspond to the motion along the reaction
coordinate under consideration using the Intrinsic Reaction Coor-
dinate (IRC) method.*” Energy refinements were carried out by
means of single-point calculations at the same DFT level using the
much larger triple-{ basis set def2-TZVPP.”? This level is denoted
PCM(CH,Cl,)-B3LYP-D3/def2-TZVPP//PCM(CH,Cl,)-B3LYP-D3/def2-
SVP.

Activation Strain Model of Reactivity and Energy
Decomposition Analysis

Within the ASM method,”® also known as the distortion/interaction
model,®? the potential energy surface AE(() is decomposed along
the reaction coordinate, ¢, into two contributions, namely the strain
AE,;.in(€) associated with the deformation (or distortion) required by
the individual reactants during the process and the interaction
AE;«(C) between these increasingly deformed reactants:

AE(C) = AEgain (C) + AEint(C)

Within the EDA method,” the interaction energy can be further
decomposed into the following chemically meaningful terms:

© 2024 The Authors. ChemPhysChem published by Wiley-VCH GmbH

85UB01 7 SUOWIWOD SAIIER.D 3(qedldde ay) Aq peusencb a.e sojole VO ‘88N JO S9INJ 10} ARiqiT8UIIUQ AB]1/ UO (SUONIPUOD-pUR-SWRI/LID" AB 1M Alelq 1 Ul |Uo//Sd1y) SUONIPUOD pue WIS 1 8Y) 88S *[202/#0/LT] U0 Akeiqiauluo A8|im ‘(-ouleAnde 1) agnopesd Aq 2z000t20z 2udo/z00T 0T/10p/woo A (1M Areiqieuljuo-adoine-Alis iweyo//sdny wouy pepeojumod ‘. ‘v40z ‘Tv9.6ErT



ChemPhysChem

Research Article

doi.org/10.1002/cphc.202400022

Chemistry
Europe

European Chemical
Societies Publishing

AEint(l) = AEPauIi(Z) + AEeIstat(C) + AEorb(C) + AEdisp(C)

The term AV 4. corresponds to the classical electrostatic inter-
action between the unperturbed charge distributions of the
deformed reactants and is usually attractive. The Pauli repulsion
AE,,,; comprises the destabilizing interactions between occupied
orbitals and is responsible for any steric repulsion. The orbital
interaction AE,,, accounts for bond pair formation, charge transfer
(interaction between occupied orbitals on one moiety with
unoccupied orbitals on the other, including HOMO-LUMO inter-
actions), and polarization (empty-occupied orbital mixing on one
fragment due to the presence of another fragment). Moreover, the
NOCV (Natural Orbital for Chemical Valence)'® extension of the
EDA method has been also used to further partition the AE,,, term.
The EDA-NOCV approach provides pairwise energy contributions
for each pair of interacting orbitals to the total bond energy.

The program package ADF*' was used for EDA calculations using
the optimized PCM(CH,Cl,)-B3LYP-D3/def2-SVP geometries at the
same B3LYP-D3 level in conjunction with a triple-C-quality basis set
using uncontracted Slater-type orbitals (STOs) augmented by two
sets of polarization functions with a frozen-core approximation for
the core electrons.” Auxiliary sets of s, p, d, f, and g STOs were
used to fit the molecular densities and to represent the Coulomb
and exchange potentials accurately in each SCF cycle.”” Scalar
relativistic effects were incorporated by applying the zeroth-order
regular approximation (ZORA).”® This level of theory is denoted
ZORA-B3LYP-D3/TZ2P//PCM(CH,Cl,)-B3LYP-D3/def2-SVP.
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