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ABSTRACT: The base-assisted cyclometallation of 2-phenylpyridine (2-phpyH) by Cp*Co(IIlI) was holistically addressed
both theoretically and experimentally. Combined DFT and DLPNO-CCSD(T) methods assisted by QTAIM-based noncovalent
interactions plots (NCI plots), interacting quantum atoms (IQA), and local energy decomposition (LED) analyses have been
used for a comparative study of the CMD-promoted cyclocobaltation and the parent cycloiridation of the 2-phpyH. Results
suggest a remarkable contribution of noncovalent interactions, especially local electrostatic interactions, in the evolution of
the reactive site giving a rational for the optimization of cyclocobaltation. The theoretically predicted benefits of using the
acetamidate anion as a base is rationalized and verified experimentally. Cobaltacycle [Cp*Co(2-phpy-«C, kN)I] was efficient-
ly synthesized from the air-stable [Cp*Colz]z and 2-phpyH, in the presence of LINHAc as base in 83% yield whereas with
anhydrous NaOAc as base only 12% yield were achieved under similar conditions. By applying the [NHAc] -promoted cy-
clometallation various cobaltacycles were synthesized, analytically characterized and their structures resolved by X-ray
crystallization analysis, confirming the importance of the acetamidate in the base-assisted cyclometallation. Experimental
kinetic isotope effect (KIE) studies validated by Bigeleisen equation-based KIE computations confirm that the formation of
the agostic transient is indeed the kinetic determining step of the CMD mechanism in dichloromethane. Application of the
[Cp*Colz]2/LiNHAc mixture to the catalysis of the condensation of 1,2-diphenyacetylene to various aromatics reveals the
coexistence of two mechanisms, i.e. CMD and electrophilic C-H activation.

INTRODUCTION al.3*+45 and followed by a number of other reports.*47 In

Transition metal-catalyzed C-H bond functionalization many reported cases this powerful class of cobalt cata-
reactions are powerful and potentially superior to tradi- lysts!! presents reactivity profiles that differ from their
tional organic reactions using stoichiometric activating rhodium and iridium analogues. It has been argued that
reagents.3 After several decades of development of late this difference is likely due to the lower electronegativity
transition metal promoted C-H bond activation catalysis and increased Lewis acidity of cobalt compared to rhodium
new efforts are now being focused on the challenging use and iridium.*® Up to recently there has been seldom*?

of 3d transition metal complexes, the chemistry of which attempts to construct a rational around the key problem of
has mostly been studied at higher oxidation states.*5 Re- C-H bond activation using 3d metals*#° that would connect
producing the well documented metal-induced C-H bond all the dimensions of chemical bonding, including the role

of noncovalent interactions. In a recent report, 4 we have

activation chemistry of 4-5d transition metals with 3d
attempted to rationalize the differences existing between

ones® requires thorough knowledge of the intimate nature

of the physical and chemical effect that enable C-H bond the well established Pd(II)-acetate and the less document-
metallation. Among the various transition metal catalysts ed Ni(ll)-acetate cyclometallation by focusing mainly on
developed for C-H bond functionalization catalysis, cation- the role of noncovalent interactions in the so-called Con-
ic Cp*Rh(III) and Cp*Ir(Ill) complexes have been widely certed-Metallation-Deprotonation mechanism (abbr. CMD)
applied to various C-C, C-N, and many other C-X bond- also assimilated to the Ambiphilic Metal Ligand Activation
forming reactions and have already proven successful.”-10 (AMLA) mechanism,*52 which is central to the now widely
In contrast, the catalytic activity of Cp*Co(III) complexes studied catalytic applications of Pd(II) systems to C-H bond

has long been ignored and remained mostly unexplored functionalization.?* From this study, that was carried out
until recently. The recent upsurge of publications dealing using state-of-the-art ab initio as well as DFT-based QTAIM
with the use of Cp*Co(IlI)-catalysts in C-H bond function- analysis, it appeared that the key kinetic determining step,
alizations!'16 was triggered by the remarkable reports by i.e the formation of an agostic intermediate, was centrally
Kanai and Matsunaga'”-33 (scheme 1) and by Ackerman et depending on the electrostatic repulsion existing between



the metal center and the target C-H bond of the aromatic
substrate; the main consequence being for Ni(II) that elec-
trostatic repulsions were inducing activation barriers
about twice higher than those with Pd(II).#°

C-H functionalization catalysis with Cp*Co(lll)
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Scheme 1. Examples of high-valent catalytic C-H function-
alization protocols using cobalt as catalyst. (a) First example
of Cp*Co(lII)-type catalytic protocol.17 (b) First example of the
use of [Cp*Co(CO)Iz] as catalyst.18 (¢)°3 and (d)5* examples of
preparative syntheses of cobaltacycles.

Zhu et al. (2017)

It was found that one way to reduce this barrier with Ni(II)
was to replace the auxiliary base and ligand, i.e the acetato,
by a more basic one, i.e an acetamidato, which abates the
repulsive C-H-to-metal electrostatic burden.*®> We now
decided to test experimentally the conclusions drawn from
the theoretical study of the Ni(II)/Pd(II) model dyad to the
CMD mechanism-promoted cyclometallation reaction by
focussing our interest on the Cp*Co(IIl) system, having in
scope that a good part of the recent applications of
Cp*Co(IIT) catalystsizssss to C-H bond functionalization
apparently proceed by a different mechanism, i.e via the
electrophilic activation5? of the C-H bond. Recent reports
tend indeed to priviledge the electrophilic pathway585°
even though in some cases the formal formulation of the
mechanism makes the distinction with the CMD166061 one
rather difficult. It is important to mention that known
syntheses (scheme 1) of Cp*Co(Ill)-metallacycles are
based on the use of sensitive Cp*Co(I)Lz (L=CO;
MesSiCH=CH2) complexes and rely on an oxidative addition
step requiring expensive iodo-arene substrates such as 2-
(2-iodophenyl)pyridine (oxidative addition).>® A variant
operating via electrophilic metallation inspired from the
early applications to catalysis of Matsunaga and Kanail”-
3348 makes use of [Cp*Co(III)(MeCN)s](BF4)2°¢ and excess
of 2-phenylpyridine, i.e 2-phpyH (scheme 1c). Another one
proposed by Zhu et al.1654 with Cp*Co(CO)I2 requires 2 eq
of silver acetate to promote the formation of cobaltacycles
(scheme 1d) with no evidence of the dominance of the
CMD mechanism.

In this report we address the cyclometallation
reaction by Cp*Co(IIl) species by adapting the procedure
commonly used for cycloiridation and cyclorhodation
promoted by the base assisted CMD mechanism, that is by
considering the use of the stable g-iodo dimer [Cp*Colz]2

and demonstrate that such metallacycles are far from be-
ing “elusive”.>3 This study is enlightened in a unique way
by a complete theoretical comparative investigation of the
cyclocobaltation and cycloiridation reactions that includes
considerations on the central role of noncovalent interac-
tions in the C-H bond activation and a comparative probe
of the effect of the auxiliary base on a model alkyne-arene
condensation reaction that stages [Cp*Colz]: as catalyst.
The CMD cyclorhodation was not addressed being basical-
ly not qualitatively different in its mechanism from the
CMD cycloiridation.

Cp*
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A
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Scheme 2. The Concerted Metallation Deprotonation
mechanism applied to group 9 transition metal Cp*M(III)
complexes?9: anag, the reactive complex precursor of the
agostic intermediate ag, via TS-ag; MCH, the immediate cy-
clometallation product arising from the proton transfer reac-
tion occurring via TS-CH from ag.
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Figure 1. GGA-DFT-D energy profiles for the cyclometallations
of 2-phpyH assisted by acetato (black lines) or by acetamidato
(cyan lines) bases: a) Cp*Co(11I) system, b) Cp*Ir(III) system.
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RESULTS AND DISCUSSION

1. Predictive DFT Energy Profile Study and the Role of
Noncovalent Interactions

DFT-D Reaction Energy Profile. The CMD (or AMLA)
mechanism is a simplified scenario that implies the for-
mation of a reactive complex anag , i.e. [Cp*M(&N-2-
phpyH)(x3-YAc)]*, established between the ligand to be
metallated and a coordinatively unsaturated metal com-
plex that undergoes a series of intramolecular transfor-
mations, namely (scheme 2): the formation of the C-
H...metal agostic®2-%¢ intermediate ag via transition state
TS-ag, the C-H bond breaking by metallation and concert-
ed proton abstraction by an intramolecular base via transi-
tion state TS-CH to form intermediate MCH, i.e. [Cp*M(&2-
2-phpy)(AcYH)]*, the release of the protonated base and
eventually the coordination of any anionic ligand (halogen,
or anionic base) to the metal centre, which was not consid-
ered here. It is worth mentioning that a variant®’ to this
mechanism considers the external capture of the proton
Har* in the bond-breaking step. In the case studied here,
implicit solvation was accounted for by a continuum
screening model (COSMO%7-69) assuming a fully intramo-
lecular process. Another variant was also put forward by
Jones et al.>? for cycloiridation and cyclorhodation based
on the determination of kinetic isotopic effects which sug-
gested by their rather high value of KIE ~3 a base (namely
acetate)-assisted electrophilic C-H bond activation, the
proposed formulation of which ressembles that of the CMD
mechanism, though. The anionic base-devoid electrophilic
activation option is also addressed farther.

It is worthy to note that most theoretical studies on the
Cp*Co(Ill)-catalysed C-H activation did not investigate
thoroughly the mechanism of cyclometallation, and fo-
cussed on the influence of different substitutions on the
reactive species.®13-166061 Most of them simplified the cy-
clometallation step. To the best of our knowledge no other
DFT study followed a thorough NCI-inclusive approach of
the cyclometallation part of the mechanism.

Figure 1 depicts the Gibbs enthalpy profiles for the cy-
clocobaltation (Co-OAc, Co-NHAc) and cycloiridation (Ir-
OAc, Ir-NHAC) of 2-phpyH assisted by acetate and acetam-
idate. The singlet ground state intermediates and transi-
tion states, which where built based on existing structures
of metallacycles, were all optimized at the COSMQ67-6%-
ZORA-PBE70-D3(BJ])7-73/all electron TZP level. It is im-
portant to stress that the choice of the DFT functional was
guided by repeated failure to localize TS-CH by using the
dispersion corrected’’73 version of the functional that was
initially used by Macgregor et al.>5274 in their early inves-
tigations of the cycloiridation of N,N-dimethylbenzylamine.
The dispersion-inclusive hybrid functional PBE075-ddsc7¢,
which performed well in localizing all stationary points,
was nonetheless found too costly and of low benefit in
terms of computational time and accuracy owing to the
calculation of statistical thermodynamic data from vibra-
tional data accessible only by numerical differentiation,
which presented a risk of inaccuracy arising from the
COSMO¢97-6? solvation treatment. We therefore used the

dispersion corrected generalized gradient approximation
(GGA) PBE7°-D3(BJ)7*-73 functional and applied analytical
frequency calculations throughout the study. Worthy to
note, in terms of geometry convergence PBE-D3(B]) and
PBEO-ddsc were rather equivalent for all stationary points.
However, even though the localization of TS-CH succeeded
in all four systems, i.e Co-OAc, Co-NHACc, Ir-OAc, Ir-NHAc,
it was noticed with both functionals that the potential
surface between ag and TS-CH was relatively shallow with
a clear functional dependency emerging for the geometry
of ag. In most cases at the GGA level ag was localized at a
local minimum with the carboxy base plane almost parallel
with that of the phenyl moiety of the 2-phpyH ligand. In
the case of Ir-NHAc only, was the rotamer with the car-
boxy oxygen atom aligned with the C-H bond axis, i.e ag-
col, isolated around 2.5-3 kcal/mol below both ag and TS-
CH in a local shallow potential well. Intermediate ag-col is
the actual reactive complex leading to TS-CH. Test linear
transit computations considering the rotation of the metal-
bound base following the excursion of dihedral angle Ca:-
M(Co or Ir)-Od(or Ng in Co-NHAC)-Cspz-base suggest that
geometries similar to ag-col in Co-Ac and Ir-OAc systems
are of high energy, offering no chance of being localized at
this level of theory. Like shown farther in this study, ex-
tending the investigation of the reaction energy profile
with the ab initio DLPNO-CCSD(T)77-83 method provided a
qualitative estimate of the reliability of the DFT method
used here particularly for the kinetic determining step and
for the critical proton transfer step.

The Ir and Co systems display analogous energy profiles
(Figure 1). The common feature shared by the two metal
systems is the activation barrier for the formation of ag,
which is about two fold higher when the auxiliary base is
the acetate instead of the acetamidate. Similarly to the
Ni/Pd case,* the kinetic determining step is the formation
of ag and the overall exothermicity of the anag-to-MCH
process is higher with the acetamidato as a base. Quite
interestingly anag-to-ag activation barriers with the same
base (AcO- or AcNH-) are only slightly lower for the Ir sys-
tem as compared to the Co one by ca. 1.5 and 3 kcal/mol .

In the case of Co-OAc, ag is localized in a significant energy
well at almost equal energy distance from TS-ag and TS-
CH, whereas in Co-NHACc the ag-to-MCH barrier is virtually
inexistent at the GGA level. If one considers the endother-
micity of the anag-MCH process of about AG~+3 kcal/mol
in Co-OAc at 298.15 K it can be inferred that on the
grounds of thermochemistry alone the cyclometallation
with AcO- as auxiliary base is to be less efficient than that
with AcNH-, which was indeed verified experimentally
(vide infra).

Noncovalent Interactions. Noncovalent interactions
(abbr. NCI) can be addressed with several state-of-the-art
tools. NCIplot,848>a Quantum Theory of Atoms in Molecule
(QTAIM)-based treatment of the electron density topology
provides an intuitive spatial map of local repulsive, non-
bonding and attractive NCI materialized by isosurfaces of
the signed reduced density gradient. The QTAIM-
Interacting Quantum Atoms (QTAIM-IQA) method com-
putes and decomposes in a basis-set independent way
interatomic interaction energies into covalent and ionic
contributions.#986-88 Also relevant are the so-called QTAIM
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-or Bader- charges that have proven reliable in expressing
the local charge density distribution.8?
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Figure 2 a) scheme of the reactive site during the cyclocobal-
tation of 2-phpyH via the CMD mechanism. b) evolution of the
ionic and covalent character of the Op-Co interaction in the
course of the CMD process expressed as a percentage of the
associated interatomic QTAIM-IQA energy of interaction Eint.
c) evolution of the QTAIM-IQA AEint(Op-M)NHAc-OAc yalue (in
kcal/mol) in the course of the CMD process where AEint(Op-
M)NHAC-0AC = Ejpy(Op-M)NHAC — i (0p-M)OAc,

The analysis of NCI was essentially focused on the “reac-
tive site” of the molecule where the C-H bond disruption
occurs during the anag—TS-ag—ag—>TS-CH—-MCH se-
quence. This reactive site is the group of atoms comprising
Co or Ir, Car, Har, Op (proximal to Har), O4 or Nq (distal to
Har), which undergoes various phenomena that are illus-
trated by Figure 2a and were already outlined with the
Ni/Pd dyad previously. Restricting our reasoning to this
reactive site does not discard the role of the ligand retinue,
i.e here the pentamethylcyclopentadienyl and the pyridyl
fragment of 2-phpyH that respond in benign ways as the
reactive site evolves (vide infra the DLPNO-CCSD(T)/LED
analysis).

As a chemical event, the Car-Har bond cleavage can be con-
sidered as an evolution of the precarious balance between
the agostic interaction of the Car-Har bond in question with
the metal centre and the buildup of H-bonds mainly with
Op and to a lesser extent with Oq or Na (Figure 2a). Within
the term “agostic interaction” that we use here we include
the attractive and repulsive components that are constitu-
tive of the Car-Har...metal interaction.

Interacting Quantum Atoms. [QA-data (cf. Supporting
Information) show clearly that in all ag intermediates the
Car-metal interaction is attractive with a dominating cova-
lent character. The Har-metal interactions are more con-
trasted. In both Ir-OAc and Ir-NHAc systems the interac-
tion is always repulsive and climbs to a maximum of repul-
sion at TS-CH. In Co-OAc and Co-NHAc the Har-metal in-
teraction is significantly attractive only in ag (Ei: ~-9
kcal/mol) and becomes repulsive at TS-CH. In such a re-

duced space around the metal, the existence of a residual
«2 chelation of the metal centre by the base is evident from
the values of the Eint for the Op-metal interaction that vary
approximately from ~-220 kcal/mol in anag to ~-100
kcal/mol in TS-CH. For reference, the Eincvalue of the in-
teraction of the distal heteroatom with the metal centre,
i.e. 0a-M and N4-M (where M= Co or Ir) is ~-200 kcal/mol
throughout the anag -to- TS-CH process in all four sys-
tems, Co-OAc/NHAc and Ir-OAc/NHAc. The value of Eint
(Op-metal) is higher than that of the H-bonding interaction
Op-Har (~-30 kcal/mol) in all stages of the reaction except
TS-CH where Eint (Op-Har) equals or slightly supersedes Eint
(Op-metal) with values of ~100-120 kcal/mol. This resid-
ual chelation therefore contributes to the anag -to- ag
barrier of activation. It is a challenger of the concerted
carbometallation deprotonation when the strength of the
chelation interaction prohibits the establishment of the Oy-
Har interaction and a tighter interaction of Car with the
metal centre. In all the four systems considered here the
evolution of the Op-metal interaction shows that the cova-
lent component of the interaction recedes to the ionic
character to become residual at TS-CH (Figure 2b).

To rationalize the effect of the base on the reaction energy
profiles the difference of interaction energy Eint for the Op-
metal bond in the acetamidato and acetato systems, i.e
AEint(Op-M)NHAC-0Ac - = Eip(Op-M)NHAC — Eine(0p-M)%4¢, was
calculated and is plotted in Figure 2c. It shows that the
effect of the replacement of AcO- by AcNH- at each stage of
the CMD mechanism is in fact the highest at the agostic
intermediate ag were AEint(Op-M)NHACOAC amounts ~-11
kcal/mol, which in other terms means that the substitution
of AcO- for AcNH- favors the access to ag by reducing sig-
nificantly the residual chelation. Worthy to note the Eint
value for the H-bonding interaction in the Op-Har interac-
tions displays a low sensitivity to the change of base in
both Co and Ir systems (cf supporting information).

NCI Indexes. In order to analyse both the attractive and
the repulsive contributions to the C-H bond cleavage we
have resorted to the NCI index®485 in ag and the Ir-NHAc-
ag-col geometries. NCI provides intuitive surfaces that
identify local non covalent interactions in a system. Strong
and directional interactions are revealed as blue pellets,
delocalized weak interactions appear as long green surfac-
es, and repulsive regions are revealed in red.

Figure 3 shows the results for the ag and Ir-NHAc-ag-col
complexes in order to analyse the cleavage of the Car-Har
bond. If one first looks at the interactions with the metal
(M), one can easily see that Ir-NHAc-ag and Ir-NHAc-ag-
col stand aside from the rest. Co-NHAc-ag, Co-OAc-ag and
Ir-OAc-ag show strong interactions between the metal and
the Car-Har bond which are the deep blue surfaces in Figure
3. Slight differences are observed though within the group.
One interesting thing to note here is that whereas QTAIM
would have identified M-Har or M-Car interactions, NCI
clearly highlights the interaction with the full Car-Har frag-
ment. This is specially so for the Ir-OAc-ag complex,
where the blue region extends over a greater region of
space (see that it is formed by two deep blue regions that
have been highlighted by a discontinuous trace).
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Figure 3. a) NCI surfaces (s=0.3, -0.03<sign(42),0<0.03) for the ag and Ir-NHAc-ag-col complexes (atom color code: light
grey, C; dark blue, N; white, H; red, O; violet, Co; cyan, Ir): the circled NCI isosurface in Ir-NHAc-ag-col outlines a rather
strong repuslive Na-Har interaction. b) geometries of TS-CH in the Co and Ir- based systems with the associated imaginary
vibrational mode frequency as optimized in their singlet state at the COSMO(CH2Clz)-ZORA-PBE-D3(BJ)/all electron TZP

level.

Taking these compounds as reference, we can see that Ir-
NHAc-ag shows in general weaker interactions, whereas
Ir-NHAc-ag-col shows stronger ones.

Focusing now on the Op-Har interaction, one sees that it is
very weak both in Co-OAc-ag and in Ir-NHAc-ag.

From this information, we can analyse the density at which
these interactions are appearing from the s(p) plots (Fig-
ure S55) in order to quantify the effects of these two in-
termolecular interactions on the Car-Har strength. It is easy
to see in Figure 4 that as the interactions of Car and Har
with other atoms are strengthened, the intra-bond Car-Har
strength diminishes. Co complexes present intermediate
M-(CarHar) and Op-Har interactions, which weaken the Car-
Har bond. Ir-NHAc-ag and Ir-NHAc-ag-col complexes
show the effect of taking these interactions to the extreme:
in Ir-NHAc-ag both interactions are negligible, so that the
Car-Har bond is very strong. The conformational change to
arrive to Ir-NHAc-ag-col leads to the simultaneous
strengthening of M-(CarHar) and Op-Har, so that Car-Har
becomes much weaker.
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Figure 4. NCI peak densities for ag and Ir-NHAc-ag-col com-
plexes.

Moreover, in Ir-NHAc-ag-col the M-(CarHar) interaction is
mainly with Car: this leads to opposite forces pulling the
Car-Har atoms away from each other. M pulling from Ca;,
and simultaneously, Op pulling from Har.



In line with previous observations, we have also analysed
the overall evolution of attraction and repulsion in the non
covalent region by means of integrals on the NCI region
(Figure S56, Supporting Information).?®°? An overall in-
crease in steric repulsion is observed in Ir-NHAc-ag-col
with respect to the other ag complexes. Indeed, the atoms
becoming closer together, the repulsion between non
bonded atoms increases, which also favors atom migration.
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Figure 5. Singlet geometries of Ir-NHAc-ag, Ir-NHAc-ag-col
and Ir-NHAc-TS-CH with atom numbering, atomic QTAIM
charges (blue colored numbers) main interatomic distances
and the main QTAIM-IQA interatomic interaction energies Eint
decomposed into covalent (green colored) and ionic (red
colored) percentage of contribution. Positive and negative
values of Eint indicate repulsive and attractive interactions
respectivelly.

This is easily seen in Figure 3, where an important Har-Na
repulsion is observed. This further reinforces the weaken-
ing of the Car-Har bond, which also leads to a visible defor-
mation. Figure S57 (Supporting information) shows the
Har-Car-Cg-Hg dihedral, where the weakening is reflected in
the Har going out of the planarity of the ring to approach
Op. The most representative case being Ir-NHAc-ag-col,

where Har adopts the proper angle to form a strong hydro-
gen bond. Indeed, in this case, a very localized hydrogen
bond (deep blue and round isofurface in Figure 3) is ob-
served.

In the case of Ir-NHAc-ag-col, the attractive isosurfaces
feature a trend that was already observed in a previous
report dealing with the Ni/Pd dyad. The agostic Car-
Har..metal interaction is characterized by an attractive
ring and associated with an attractive domain materializ-
ing the C=0p...Har interaction that plays a central role in
TS-CH. It was already stated previously*%°2 that this NCI
pattern - or configuration - was the sine qua non condition
for the “internal” CMD mechanism to be effective. Analysis
of Bader charges (a.k.a. QTAIM charges) and IQA energies
support the existence of attractive Og...Har and Na...Har
interactions of dominant ionic character in all ag interme-
diates as well as in Ir-NHAc-ag-col.

Figure 5 depicts Ir-NHAc-ag and Ir-NHAc-ag-col rotamers
that differ by the orientation of the acetamidato ligand: in
ag the carbonyl lies further away from the Car-Har bond
than in other agostic intermediates, i.e Co-Ac-ag, Co-
NHAc-ag and Ir-OAc-ag.

ArTIAr
-137 kcal/mol
113 % covalent
Ha-Ng G -13 % ionic
-19 kcal/mol \
39 % covalent — U
61 % ionic — -
C,-Co
v -44 kcal/mol
~ 65 % covalent
35 % ionic
Co
18 Headimol L 2\
- cal/mol - 2 W W Nl
30 % covalent »y '1744 H> .57. _ H,-Co
70 % ionic 22363 A [ 8| -7.8 keal/mol
o, +0.08 — 292.%. covalent
-122 % ionic
Cp-Ha 1115 A
Co-NHAc-ag

AT A
-118 kcal/mol
84 % covalent

16 % ionic

C,-Co
-121 keal/mol
61 % covalent

39 % ionic

HM-Nﬂ
-49 kcal/mol
6 % covalent

94 % ionic

=

-

¥ -
+
H,-0, y;"’» 0'3<2:,,,-H,“ 1.244 A *34"":,"7'7 :
-121 keal/mol % cal/mol
37 % covalent -27 % covalent
63 % ionic %1.05 127 % ionic

Co-NHAc-TS-CH

Figure 6. Singlet geometries of Co-NHAc-ag and Co-NHAc-
TS-CH with atom numbering, atomic QTAIM charges (blue
colored numbers) main interatomic distances (red colored
numbers ) and the main QTAIM-IQA interatomic interaction
energies Eint decomposed into covalent (green colored) and
ionic (red colored) percentage of contribution. Positive and
negative values of Eint indicate repulsive and attractive inter-
actions respectivelly.

Compared to Ir-NHAc-ag-col, Ir-NHAc-ag has longer Car-
Har..Ir distances, the Car-Har bond is surrounded by closely
located N (noted Na for distal to the Car-Har bond) and O
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atoms (noted Oy, for proximal) and by positively charged Ir
and sp? carboxy carbon atoms.

The environment around the Car-Har bond is multipolar
and characterized by delocalized electrostatic interactions
of the Car-Har bond with the carboxy base and the metal.
The rotation of the acetamidato ligand around the Co-Na
axis, which places Oy nearly collinear with the Car-Har axis,
enhances the electrostatic interaction with Har leading to
an enhanced polarization’+ and slight elongation of the Car-
Har bond. A collateral effect is the increase of about all the
values of interatomic interaction energies and of the repul-
sion between Har and the Ir centre that reaches a maxi-
mum in TS-CH. Strikingly in Co-NHAc-ag (Figure 6) the
Har-Co interaction is slightly attractive with a dominant
covalent contribution. In Co-NHAc-TS-CH (Figure 6) this
situation reverses and the Har-Co interaction becomes
rather strongly electrostatically repulsive, that is by 10
kcal/mol more than in Ir-NHAc-TS-CH (Figure 5).

Worthy to note, all the computed vibrational spectra of
agostic structures, that is ag and Ir-NHAc-ag-col, show a
specific and relatively intense stretching mode of the car-
boxy base ligand in the 2300-2900 cm™ region, the lowest
wavenumber in this range being found for the C=0 stretch-
ing mode of the amidato ligand of Ir-NHAc-ag-col. This
information may be useful for tracing down agostic inter-
mediates experimentally by IR techniques, which is not
addressed here.

30 anag TS-ag ag TS-CH MCH
=~ 25 -
g
(}8 20 A Ir-OAc
3 Ir-NHAc
@ 15 ~ g CoOAc
(0]
q‘:, 10 _ Co-NHAc
c
o
5 5, \
©
s O
° o
[ - - >
-5 Reaction coordinates
-10 -

*: Ir-NHAc-ag-col

Figure 7. Total electron energy profile for Co & Ir / -OAc and
-NHAc systems computed in the gas phase at the DLPNO-
CCSD(T)/def2-TZVPP level from geometries computed at the
COSMO(CH2Cl2)-ZORA-PBE-D3(BJ)/all electron TZP level.

DLPNO-CCSD(T) Computations and Local Energy De-
composition Analysis. Recent reports have depicted
DLPNO-CCSD(T) as a computationally time-effective ab
initio method suited to the study of agostic interactions in
organometallic compounds.”’?°¢  The DLPNO-CCSD(T)
method combines the high accuracy of the coupled-cluster
theory with a computational cost similar to DFT8%9697 aris-
ing from the localisation of Hartree-Fock orbitals and the
dichotomy between “strong” and “weak” pairs with respect
to the inter-orbital distance. The DLPNO-CCSD(T) method,
when associated with the Local Energy Decomposition®?

(LED) analysis, provides a sound access to the role of NCI
(including dispersion) by assigning localized orbitals to
user-defined fragments, thus allowing the differentiation
between intra- and inter-fragment contributions to the
interaction energies. The localized orbitals being assigned
based on Mulliken charges analysis, an orbital expanding
on more than one fragment will always be assigned to the
fragment with the most electronegative involved atom. By
construction, no counterpoise correction for the BSSE is
needed for the calculation of interaction energies within
the LED framework. In the Ni/Pd dyad case reported re-
cently,* this method proved useful in outlining the weight
of electrostatics particularly in the critical process of for-
mation of the agostic transient ag.

Figure 7 displays the gas phase DLPNO-CCSD(T) total elec-
tron energy profiles for the four systems, from the DFT-
optimized structures, which illustrates in a qualitative
fashion the difficulty in accounting for the proton-transfer
step ag-to-TS-CH, in which lies the main and somewhat
expected discrepancy with the GGA-DFT investigation. In
almost all cases shown in Figure 7, the ag-to-TS-CH activa-
tion energy amounts about 4-10 kcal/mol, whereas in the
GGA-DFT study the span of values from ca. 0 up to ~6
kcal/mol suggests a symptomatic underestimation. Even
more critical is the substantial change of individual reac-
tion energy profiles, which is rather diverse at the GGA-
DFT level and more homogenous in feature in the DLPNO-
CCSD(T) computations. Quite consistently with the DFT
study though, the anag-to-ag step still requires the highest
activation energy barrier, spanning 14-17 kcal/mol; it
remains the Kkinetic determining step at the DLPNO-
CCSD(T) level. The agostic transient ag is at a local mini-
mum in three out of four systems: Co-OAc-ag is slightly
destabilized with respect to Co-OAc-TS-ag. With both Co
and Ir, the replacement of the acetate ligand by the acet-
amidato results in a lowering of the anag-to-TS-ag energy
barrier and in an energetic stabilization of ag stronger in
the Ir system than in the Co one. Quite interestingly also
the Ir-NHAc-ag-col transient is no more localized in a local
minimum like suggested by DFT but on an ascending path
towards TS-CH.

For the LED analysis, the studied systems have been sub-
divided into five chemically meaningful fragments, as
shown in Figure 8a). Fragment 1 has been defined as the
metal center, fragment 2 as Ha*, fragment 3 as the auxilia-
ry base, fragment 4 as the [2-phpy]- ligand and fragment 5
as the Cp* ligand. As in the Ni/Pd dyad case, the interac-
tion energy between all these fragments is mainly electro-
static in nature, except for the interactions involving frag-
ment 2 that are purely electrostatic. Indeed, the hydrogen
constituting fragment 2 being covalently bonded to either
Car of fragment 4 or the Oy of fragment 5 throughout the
reaction path, no orbital has been assigned to this frag-
ment, thus being considered as a proton.

Here, we mainly focus on the interaction energies between
the transferred H* and the four other fragments.
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Figure 8. Local Energy Decomposition (LED) analysis for the
Ir and Co systems along the reaction coordinates of the CMD
mechanism with plots of the inter fragment interaction ener-
gies Eij, where i and j are the considered molecular fragment
numbers: a) fragmentation scheme and numbering for the
LED analysis, b) interaction energy between fragment 2 (H+)
and the sum of fragments 3 and 4, c) interaction energy be-
tween fragments 2 and 5 (Cp* ligand), d) interaction energy
between fragments 1 and 2.

The interaction between the transferred H*,i.e fragment 2
(Figure 8a), and [2-phpy];, i.e fragment 4, (cf. Supporting
Information) decreases by 20 to 45 kcal/mol for all four
systems from anag to ag before increasing by ~500
kcal/mol from ag to MCH, while the interaction between
fragment 2 and the auxiliary basis, fragment 3, (cf Support-
ing Information) decreases by ~30-40 kcal/mol during the
formation of the agostic intermediate before decreasing
again by ~400 kcal/mol along the proton abstraction,
except for Ir-NHAc for which the interfragment 2-3 inter-
action energy increases by ~40 kcal/mol during the first
step. The interaction between the fragment 2 and the su-
perfragment "3+4", i.e. the sum of interactions between
fragments 2 and 3 and between fragments 2 and 4, is
shown in Figure 8b. For both cobalt analogues and for Ir-
OAc, this contribution stabilizes the system when forming
the agostic intermediate, the stabilization being greater by
~30 kcal/mol in the cobalt cases, before becoming repul-
sive when the proton is transferred from fragment 3 to
fragment 4. For Ir-NHAc, the contribution becomes repul-
sive when forming ag and attractive when forming ag-col.
In both the cobalt and the iridium cases, concerning the
(3+4)-2 interaction, no significant difference in stabiliza-
tion of the agostic intermediate is observed when changing
the auxiliary base. This difference in behaviour enlightens
the importance of the orientation of the base in the stabili-
zation of the agostic intermediate. The total interaction
around the reactive center, i.e. the sum of interaction ener-
gies between fragments 2, 3 and 4, still presents its mini-
mum at ag, located ~20 kcal/mol lower for the cobalt
analogues than for the iridium ones, thus defining the

agostic intermediate as the optimal interaction situation
within the reactive site.

The interaction between fragment 2 and the “spectator”
Cp* ligand, i.e fragment 5, is shown in Figure 8c. This in-
teraction energy decreases up to the ag stage and then
increases towards an almost null final gain in energy (< 5
kcal/mol). The only variation to this trend happens for Ir-
NHAc for which the interaction energy decreases from
anag to TS-ag then increases to ag, decreases to ag-col
before increasing again to MCH. When the auxiliary base is
acetamidate instead of acetate, the stabilization of the
agostic intermediate is lower in both the cobalt (~7
kcal/mol) and the iridium (~13 kcal/mol compared to the
Ir-NHAc-ag-col) cases.

The interaction between fragment 2 and the metal center,
i.e fragment 1, is shown in Figure 8d. In the case of the
cobalt analogues, in Ir-OAc, and in Ir-NHACc if considering
only ag-col instead of ag, this repulsive interaction in-
creases up to ag to decline subsequently, the interaction at
the MCH stage being 20-40 kcal/mol more repulsive than
the one at anag. The main reason for this behaviour is the
shortening of the metal-Har distance at the ag step. In the
case of Ir-NHAC, the repulsion at ag is not greater than the
one at anag, due to a relatively similar metal-Har distance
which contrasts with Ir-NH-ag-col (Adag-anag= 0.05 A vs.
Adag-col-anag= 0.84 A). Due to shorter metal-Har distances for
the cobalt analogues the maximum of repulsion is greater
in the cobalt systems than in the iridium ones by more
than 40 kcal/mol. In both cobalt and iridium systems, the
metal-Har repulsion is lower in the acetamidate case than
in the acetate case by ~14 kcal/mol for Ir (compared to
IrNH-ag-col) and by ~7 kcal/mol for Co, mainly due to a
shorter distance in the acetate case than in the acetamidate
one (Adaco-acni(C0)=0.04 A and Adaco-acnu(Ir)=0.21 A).
Overall, agostic intermediates can be described in the LED
analysis as an optimum in interaction between the “trans-
ferred H*" and other fragments. In accord with the QTAIM-
IQA analysis, the LED analysis shows that stabilizing inter-
actions with the ligands of the polarized C-H bond domi-
nate over the destabilizing contribution of the Har-metal
interaction.

2 Experimental Cyclocobaltation of 2-phpyH with Mis-
cellaneous Bases

Previous reports on the synthesis of iridacycles?® contain-
ing the Cp*Ir motive made use of a mixture of the stable
dimeric complex [Cp*IrClz]2 and sodium acetate as auxilia-
ry base,>*? which is known to operate cycloiridation via
the CMD mechanism according to the work of Davies, Mac-
gregor et al.>1100 and to a based assisted electrophilic C-H
bond activation by Jones et al..>®191 To synthesize homolo-
gous cobaltacycles such as 1a the use of the stable dimeric
cobalt (IIT) complex [Cp*Colz]2 was deemed particularly
promising: this air and temperature-tolerant compound
can readily be synthesized in two steps from commercial
Co2(CO)s and stored indefinitely away from moisture in an
oven at ca. 90°C. Therefore, the initial study of the optimal
conditions for cyclocobaltation was carried out with 2-
phpyH as a model ligand, [Cp*Colz]2 as the metal source
and various carboxy bases privileging a 3:1 base/Co ratio
in dichloromethane (abbr. DCM) at 50°C (sealed Schlenk

8



vessel) by analogy with the optimal conditions established
for Ir analogues.

Table 1. Performance of the cyclocobaltation of 2-
phpyH by [Cp*Colz]z under various conditions.

G0
= X

H Co*
[Cp*Col,], % [ N\C< ’
sealtlagdC yessel la |

Entry Base Time Yield
1 no base 17h 0%
2 NaOAc 48 h 12%
3 NH2Ac 17 h 3%
4 LiNHAc 17 h 68%
5 LiNHAc 48 h 83%
6 Na[N(Ph)Ac] 17 h 0%
7 Na[N(i-Pr)CO(t-Bu)] 17h 0%
8 Na[N(Et)Ac] 48 h 39%
9a LiNHAc 17h 60%
102 LiNHAc 48h 65%
11b NH2Ac 17h 18%
12¢ NH2Ac 17h 18%
13d NH2Ac 17h 29%

General conditions: 2-phpyH (0.2 mmol, 2 eq), [Cp*Colz]2 (0.1
mmol, 1 eq), base (0.6 mmol, 6 eq), DCM (5 mL), 50°C. @ same
conditions but at room temperature. » same conditions but
with 4 eq of 2-phpyH. ¢ same conditions but with 8 eq of 2-
phpy. 9 same conditions as » + 2 eq of Na:2€0s. 1,3,5-
Trimethoxybenzene was used as internal 1H NMR reference.

In the absence of base no trace of the desired complex 1a
was observed in 'H NMR after 17 h (Table 1, entry 1). The
first base probed for the cyclocobaltation was NaOAc,
which performed well in the iridium case, affording 2a in
~93 % yield for an overnight reaction (17 h).%° In the case
of cobalt, a maximum yield of 12 % in the brown-green-
coloured 1a complex was achieved after 2 days of reaction
(Table 1, entry 2) in the presence of dry NaOAc. Like sug-
gested by theory (Figure 1), the C-H activation in the pres-
ence of NaOAc with [Cp*Colz]2 is much less favorable than
with the [Cp*IrClz]z. Various lithium and sodium acetam-
idates were probed instead of auxiliary base. The use of
the neutral acetamide (Table 1, entry 3) surprisingly led to
3 % yield in 1a after an overnight reaction, whereas the
use of its conjugate base produced by deprotonation of the
NHz group, i.e. LINHCOCH3, yielded 1a in 68 % yield (Table
1, entry 4).

By extending the reaction time to 2 days, 1a was isolated
in 83% yield (Table 1, entry 5). Worthy to note, the latter
yield was readily reproduced when the amounts of reac-
tants and solvent were scaled up 10 times. Three other
amidate salts were also probed to evaluate the impact of
sterics on the performance of the cyclometallation, that is
sodium N-ethylacetamidate, sodium N-
isopropylacetamidate and sodium N-phenylacetamidate :

all resulted in lower yields in 1a (Table 1, entries 6-8)
suggesting that substitution at the N atom was strongly
detrimental either on steric or electronic grounds.

Lowering the reaction temperature from 50 °C to room
temperature (~20 °C), while keeping reactants’ propor-
tions identical resulted into a slight drop of the yield in 1a
when LINHCOCH3 was the base : 60 % yield were achieved
when the reaction was conducted at room temperature
over 17 h (entry 9). A longer reaction time of 48 h was not
significantly beneficial (65% yield in 1a, entry 10). In all
experiments carried out in DCM, be it at room temperature
or 50°C, the formation of a purple side-product, putatively
[1b][I3], was noticed. It presented no ability for cycloco-
baltation after we succeeded in isolating it. Its crystalliza-
tion by the slow diffusion method at -20 °C afforded crys-
tals suitable for structural X-ray diffraction analysis. The
structure of [1b][I3] (Figure 9) that contains one bridging
acetamidato and two bridging hydroxo ligands suggests it
results from a reaction between [Cp*Colz]2, LINHCOCH3
and adventitious water with concurrent oxidation of iodide
into I3

Figure 9. ORTEP diagram of [1b][Is] at 50 % probability with
partial atom numbering (cf. Supporting information for de-
tails).

A similar dinuclear structure containing two acetate bridg-
ing ligands was already pointed out by Perez-Temprano et
al. for a cyclocobaltation reaction carried out with
[Cp*Co(MeCN)s]* in the presence of acetate.5® [1b][Is] is
the only indirect but firm structural proof that the dis-
placement of an iodide from [Cp*Colz]2 by the acetamidato
ligand may occur in solution. Although the 'H NMR moni-
toring of reactions of [Cp*Colz]2 with LiNHAc did result in
the observation of a few new signals, it was not possible to
confirm that those putative new species were related to
anything close proposed in the CMD-type acetate promot-
ed cyclometallation,59100101 sych as Cp*Co(x2-NHAc)2 spe-
cies, or Cp*Co(x*>-NHAc)*.

Our efforts to characterize 1a, the X-ray diffraction struc-
ture of which was already reported by Perez-Temprano et
al,, serendipitously led us to isolate a crystal of the formal
product of the insertion of Cp*H into the cobaltacycle of 1a
that is disclosed here in Figure 10, for it presents features
that could open new venues. This salt of I3, i.e. [1c][I3], is
one rare if not an unprecedented example of a product of a
reaction of the Cp* ligand, which is generally considered as
spectator ligand, with the heterochelating 2-phpy ligand.
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Unfortunately, we did not succeed in finding the proper
conditions to reproduce the synthesis of this organic salt at
a preparative scale. Further investigations confirmed that
the amount of dissolved LiNHCOCHs3 in a given solvent
during the cyclocobaltation was crucial in conditioning the
yield in 1a. Indeed, it was found that a large excess of
LINHCOCHs3 (10 equiv. per cobalt) inhibits the formation of
1a (yield <5%, Figure 11) and promotes the formation of
an inert purple-colored side product.

Figure 10. ORTEP diagram of the structure of [1c][I3] drawn
at 50% probability (cf. Supporting information for details).
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Figure 11. Effect of the solvent (THF vs DCM) on the yield
in 1a upon cyclocobaltation of 2-phpy by [Cp*Colz]z in the
presence of various amounts of LiNHAc per Co atom (1, 3,
5 and 10 eqs).

Attempts to perform the cyclocobaltation reaction in tet-
rahydrofurane (THF), which dissolves acetamidate salts
far better than DCM, counter-intuitively led to a significant
shut off of the cyclometallation reaction resuting in 8%
yield in 1a at proportions of reactants equivalent to those
producing the highest yields in DCM. This result suggests
that optimal cyclometallation can only be achieved if com-
peting coordinative saturation of the metal centre and the
formation of unproductive Co dimers are minimized not
only by incomplete dissolution of the base salt but also by
its steady dissolution as the reaction proceeds. DCM obvi-
ously meets this condition of heterogeneity of the reaction
solution that prevents side reactions from overwhelmingly
divert the fate of the cobaltation agent [Cp*Colz]2.

Yield (%)

equiv.

The result suggesting that acetamide could pro-
mote cyclocobaltation (Table 1, entry 3) led us to investi-
gate the influence of the effect of higher amounts of 2-
phpyH on the yield in 1a since a Brgnstedt base has to be
present in the medium to ensure the irreversibility of the
CMD mechanism. Increasing the excess in 2-phpyH from 2
to 4 and 8 fold in the presence of acetamide led to a clear

enhancement in the yield in 1a that reached the threshold
value of 18% in the last two cases (Table 1, entries 12 and
13). The addition of the poorly soluble Na:COs (2 eq.)
pushed the yield in 1a further to 30% (Table 1, entry 13).
These observations of great importance for further appli-
cations suggest that amidate salts are not absolutely re-
quired to achieve the cyclocobaltation as long as an amide
and a coordinatively non-interfering base are present in
solution, the latter having putatively the role of deproto-
nating a transient Co-bound amide and generate in situ the
amidato-Co species required for the metallation of the
ligand via the CMD mechanism.

Compound 1a was readily converted into the BArFz4 salt
of cation 1d by replacement of the iodo ligand with ace-
tonitrile, the structure of which is similar to that of the BF4+
salt reported by Perez-Temprano>3>¢ (cf. Supporting In-
formation for details).

LINHAC 6 eq
[Cp*Coly], ———»
DCM, 50°C,

17h
+
“Z "N
N LiNHAc 6 eq
[Cp*IrClyl;  ———
2-phpyH DCM, 50°C,
17h

sealed Schlenck vessel

Scheme 3. Cyclocobalation and cycloiridation of 2-phpyH.

For the purpose of comparison cycloiridation was
also attempted in the presence of LINHCOCH3 under condi-
tions identical to those used for cyclocobaltation (50°C,
DCM, 17 hours , 3 eq. per Ir). Interestingly, the overall
yield in iridacycle was lower than that of the standard
reaction carried out in the presence of NaOAc. In fact, 2a
was formed in only 20% yield (instead of 93% with NaOAc)
but importantly the acetamidato derivative 2b was formed
alongside in 29% of yield (scheme 3), bringing the overall
yield in iridacycles to 49 %.

Figure 12. a) ORTEP diagram of 2b drawn at the 50% proba-
bility level with partial atom numbering (cf. Supporting in-
formation for details). c) ORTEP diagram of 2c¢ drawn at the
50% probability level with partial atom numbering (cf. Sup-
porting information for details)

This new stable complex 2b was isolated and fully charac-
terized by spectroscopic and analytical methods (*H, 3C
NMR, x-ray diffraction, ESI mass spectroscopy and
elemental analysis, cf. Supporting Information) and its
structure was established by X-ray diffraction analysis
(Figure 12a).
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By reducing to 1 eq the amount of LINHCOCH3 during the
cycloiridation the formation of complex 2b was no more
observed and only the desired complex 2a was produced
in 92% yield. Evidence of the potential formation of 2b
from a competing reaction of 2a with unreacted excess of
LINHCOCHs during the cyclometallation process was
readily demonstrated by the conversion of 2a into 2b (52%
NMR yield) upon reaction of the former with 2 eq. of
LINHCOCHs in DCM at 50°C conducted overnight (1).
Importantly, 2b, which is rather stable, was found to react
quantitatively with aqueous chlorhydric acid to afford 2a
(1). It was also shown that a too large excess of base could
promote the formation of a dinuclear Ir(IlI) amidato
identified as complex 2c¢ that could cause a significant drop
of the yield in 2a. The structure of 2¢ was solved by X-ray
diffraction analysis (Figure 12b). This compound contains,
apart from the Cp* ligand, one hydroxo and two
acetamidato ligands all p-bridging the two Ir(III) centres.

Quite interestingly, whilst no trace of a similar Co-
acetamidato complex, i.e 1f, was ever detected at the end
of the cyclocobaltation reaction, this complex could be
synthesized in ca. 48% yield (NMR yield) from 1a by
reaction with a large excess (>10 fold) of LINHCOCHs (2).
This stable complex 1f, which formed quantitatively was
fully characterized by conventional analytical and spectro-
scopic methods (*H, 3C NMR, ESI mass spectroscopy and
elemental analysis , cf. supporting information) and its
structure solved by X-ray diffraction analysis (Figure 13).

Figure 13. ORTEP diagram of 1f drawn at 50% probability
with partial atom numbering. Molecules of solvents were
omitted for the sake of clarity (cf. Supporting information for
details).

Reaction of 1f with excess amounts of either Nal or
[nBusN]I in CH2Clz2 at 50°C in a sealed Schlenk vessel for
over 17 h produced complex 1a in ~50% yield, thus
suggesting that the formation of 1f under the conditions of
cyclocobaltation is most probably precluded by amidato

ligand’s labity and by the higher affinity of the Co centre
for the iodo ligand. DFT modeling of acetamidato ligand
displacement by I and Cl- in 1f and 2b respectively,
produced slightly endoergonic processes, by only 1
kcal/mol more favorable to the Co system.
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Figure 14. a) evolution of the KIE with error bars over 6
hours for independent cyclocobaltation reactions carried out
under identical conditions in a sealed vessel in CHzClz at 50°C
with 2-phpyH and 2-(ds.ph)pyD. b) exerpts of the 1H coupled
13C NMR spectrum of the raw product displaying isotope shifts
of resonances for the characteric signals used for the estima-
tion of the KIE from their integration.

3 Kinetic Isotope Effect

The kinetic isotopic effect (KIE) of the cyclocobaltation of
2-phpyH (3) was determined by two independent experi-
mental methods (Figure 14). The first one consisted of
two independent time-monitored cyclocobaltation exper-
iments carried out with 2-phpyH and 2-(ds.ph)pyD with
identical amounts of [Cp*Colz]z and lithium acetamidate in
a sealed vessel at 50°C in the presence of an inert internal
reference. Aliquots extracted every hour during a 6 h long
monitoring were analyzed by 'H NMR spectroscopy to
determine the yield in metallacycle and infer the value of
the KIE at time t as KIE.= (yield in 1a)/(yield in ds-1a)
(Figure 14a). Time monitoring of KIE was deemed im-
portant to trace down any significant variation of KIE that
could be the symptom of competing mechanisms of metal-
lation or to the raise of a partial equilibration of the cy-
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clometallation process that could occur due to the accumu-
lation in the solution of the acetamide released by the
reaction,102-104

The second method consisted of the room temperature
cyclocobaltation of a 1:1 molar mixture of 2-phpyH and 2-
(ds.ph)pyD with [Cp*Colz]: and lithium acetamidate fol-
lowed by a 'H-coupled 13C NMR spectroscopy analysis and
integration of the 3C signals typical of 1a and ds-1a that
are readily discriminated by isotope shifts.1951% The KIE
was determined by comparing the integrations of 13C sig-
nals of the Co-bound aromatic carbon of 1a and ds-1a as
well as those of the vicinal H/D-bound ortho carbon.

The first method provided an average value of KIE, i.e
KIEaverage= 1.4 + 0.1 with no significant variations of KIE:
over time within the experimental error, suggesting no
interference of a competing mechanism over time.

The second method based on the analysis of a 'H -coupled
13C NMR noise corrected spectrum of a raw reaction mix-
ture gave a larger span or primary KIE values comprised
between 1.7 and 2.0 that are most probably biased by
different spin-lattice relaxation times T1 in 1a and ds-1a
for the considered carbon nuclei (Figure 14b) showing up
at 6~ 180.6 and 141.4 ppm.

A recent review by Hartwig et al.1%7 is particularly informa-
tive of the pitfalls in drawing conclusions from experi-
mental KIEs without the complementary knowledge of
reaction energy profiles that theoretical support can pro-
vide. To probe the CMD mechanism and its consistency
with the experimental apparent KIE we applied the simpli-
fied Bigeleisen equation!®-113 to compute KIEs of the key
steps of the CMD mechanism. Quite interestingly this
equation has been seldom used in investigations of the
CMD mechanism. Most informations available from litera-
ture that pertain to the KIE in C-H bond activation are
extracted from investigations of catalyzed C-H bond func-
tionalizations or have been inferred from DFT using the
Eyring equation®® with the approximation that the ratio
between the transmission coefficients is unity, which can
be an erroneous approximation.108

kinetic determining step

s s
HN7CO/N Z HN//CO\/N =
DIH HD s, H/D
o KIE =12 /&O/_/H’D
DIH HD D/H H/D
anag H/ID Ts-ag TP
T=333.15K _
KIE =038
Tp* 7 bond breaking step Tp* S
/Co\/N = KIEqy= 7.1 co—
HN N - .
. H/D HNTD. . HID
/& HID- - - /{\% HID—
o
DH HID ° bH HID
tscn P ag P

Scheme 4. Kinetic isotope effect computed from DFT-
computed vibrational frequencies with the Bigeleisen
equation for key steps in the cyclocobaltation of 2-phpyH
and 2-(ds.ph)pyD according to the CMD mechanism.

The simplified Bigeleisen equation!!# offers ready access to
KIEs of every single step in the CMD mechanism, it is
deemed “semi-classical” as it neglects tunneling effects
that may be relevant in the proton transfer step.115116 In
cases where the rate determining step coincides with the
bond breaking step computed values of KIE are known to
be systematically underestimated.’’® Nevertheless, this
approach has proven efficient in determining KIE for dif-
ferent proton-transfer reactions.!11112 [n this study, KIEs
were determined using solely harmonic vibrational fre-
quencies that were readily calculated by DFT routines
assuming the Born-Oppenheimer approximation.!* For-
ward KIE”and backward KIE® for the anag-ag step and
KIECH for the forward ag-to-TS-CH step were determined
with the vibrational frequencies analytically computed for
the considered stationary points at the COSMO (CH:Clz)-
ZORA-PBE-D3(BJ])/ all electron TZP level. This provided
values of KIE”and KIE* of 1.2 and 0.8 respectively, and 8.9
for KIECH at T= 298.15 K. The values slightly changed at T=
333.15 K (scheme 4) to KIE”= 1.2, KIE = 0.8 and KIECH=
7.1. In spite of the physical limitations of the Bigeleisen
equation, those values of KIE are consistent with the ex-
perimental primary KIE of the cyclocobaltation reaction if
one considers the formation of the agostic intermediate as
being the kinetic determining step. Quite interestingly the
computed KIE™ values indicate that the formation of ag is
not marked with an “inverse” KIE value typical of formally
non-bond-breaking steps (i.e KIE < 1).1%4 Furthermore the
KIE® value is consistent with a strengthening of the C-H(D)
bond more favourable to the deuterated isomer in the
backward ag-to-TS-ag path corresponding to the disman-
tlement of the agostic C-H...Co interaction. Also important
is the fact that KIE®H holds the highest value, which is con-
sistent with the quasi-linearity of the key bonds being
disrupted and formed in TS-CH according to Westheimer’s
model.”

Z

[Cp*Coly], Ci

- P*  NaBArF,, Cp*
B _LiNHAC i Cé — i / P ,BArFS
N CH,Cl, 50°C R NCMe iy N,CO\
N RN | e NCMe
2-tolpyH 3a 81% ‘ 3b 85%
2-anpyH 4a 82% 4b 80%
bzgH 5a 30% 5b 79%
o ]
/
e Rayetade Tt .
=N =N =N
2-tolpyH 2-anpyH bzqH 5C 4

Scheme 5. Cyclocobaltation of 2-tolpyH, 2-anpyH and bzqH
and the conversion of the resulting iodo cobaltacycles into
the acetonitrile solvato complexes.

4 Amidate-assisted Cyclocobaltation

The cyclocobaltation method using lithium acetamidate
was evaluated with other ligands under the optimized
conditions discussed above for 2-phpyH (scheme 5): 7,8-
benzo[h]quinoline (abbr. bzqH), 4-[4-(t-butyl)pyridin-2-
yl]-N,N-dimethylaniline'® (abbr. 2-anpyH) and the 2-(2-
methylphenyl)pyridine (abbr. 2-tolpyH) were successfully
used allowing the formation of the corresponding

12



complexes 3a, 4a and 5a in 81%, 82% and 30% isolated
yield respectively.

These three new complexes were fully caracterized by 'H
and 13C NMR, ESI mass spectroscopy and elemental
analysis (see also supporting information). All attempts to
cyclometallate 1,2-diphenylquinoxaline or N,N-
dimethylbenzylamine failed to produce any traceable
organometallic complex. The structures of 4a and 5a were
determined by X-ray diffraction analysis from suitable
single crystals (Figure 15b,d).

Other structural confirmations were obtained by
converting quantitatively the three new neutral Cp*Co(III)
complexes 3-5a into the corresponding acetonitrilo
(solvato) complexes 3-5b respectively by displacing the
iodo ligand by acetonitrile in the presence of 2 eq of
NaBArF24 at room temperature during 1 hour (scheme 5).
The new complexes were fully caracterized by H, 13C NMR,
ESI mass spectroscopy and elemental analysis (see
supporting information). Structural informations on 3b
and 4b were obtained by X-diffraction analysis of suitable
crystals (Figure 15a,c).

Worthy to note, compounds 3-5b were also probed as
potential hydrosilylation catalysts'19-121 but showed no
activity in benchmark catalytic test runs of the dehydro-0-
silylation of benzyl alkohol. 11° Furthermore, low
temperature reaction with Et3SiH in CH2Cl: carried out in
the conditions used with the Ir analogues!1°-12! resulted in
the full decomposition of the metallacycle into untraceable
products.

Figure 15. ORTEP diagram of the structures of 3b (a), 4a (b),
4b (c) and 5a (d) drawn at 50% probability level with partial
atom numbering. H atoms and molecules of solvent have been
omitted for the sake of clarity (cf. Supporting information for
details).

5. Catalytic Application of the Amidate Assisted C-H
bond Activation to the Condensation of Diphenylacety-
lene with Aromatic Substrates.

The condensation of alkyne with metallacycles!2z126 is a
well established process that has recently been ported to
Cp*Co(IIl) catalysis by the groups of Zhu,5* Cheng!! and
Perez-Temprano.>3°556127 [n the latter’s reports particu-
larly, the outlying feature of this catalytic process is the
putative electrophilic activation of the C-H bond of the
main heterocyclic substrate by [Cp*Co(MeCN)s]*.

Given the accessibility of [Cp*Colz]2 and its great tempera-
ture and air stability, several attempts to achieve the con-
densation of diphenylacetylene with 2-phpyH were under-
taken in this study so as to figure out whether an auxiliary
base could be beneficial. Table 2 summarizes the method-
ology used therein, which was mostly inspired by that used
by Perez-Temprano et al.121647 for the purpose of compari-
son. Quite expectedly blank experiments in the presence
of the sole AgBFs and excluding [Cp*Colz]zled to no con-
version (Table 2, entry 9). The contribution of the electro-
philic activation pathway was confirmed by performing
the condensation reaction with 2 eq. of AgBFa4 relative to 2-
phpyH and no base, which provided a yield in the conden-
sation product of 49 % (Table 2, entry 1). Under identical
conditions the addition of molar 30 % of NaOAc (Table 2,
entry 7) did not improve the yield in condensation prod-
uct. However, the use of molar 30 % of LiNHAc raised the
yield up to 71 % (Table 2, entry 8).

Table 2. Performance of the catalyzed condensation
1,2-diphenylacetylene with 2-phpyH.

[Cp*Col,], (5 mol %)
base (30 mol %) 7 N\
Q—@ + Ph—=—Ph —Ne_
dditive (2
2-phpyH DCaE, 130 °(c,e gz)l h PR Ph gl
(1 eq) (1.5eq)
entry base additive yield
1 no base AgBF4 (2 eq) 49 %
2 LiNHAc NaBFs (2 eq) 8%
. NaBF4 (2 eq)
3 LiNHAc 0%
+Cu(0Ac)2(2 eq)
. NaBF4 (2 eq)
4 LiNHAc 0%
+CuClz (2 eq)
i AgBF4 (10 mol%)
5 LiNHAc 10 %
+NaBF4 (1.9 eq)
AgBF4 (10 mol%
6 no base 8BF4 ( 0) 9 %
+NaBF4 (1.9 eq)
NaOAc AgBF4 (2 eq) 48 %
LiNHAc AgBF4 (2 eq) 71%
AgBF4 (2 e
9 no base gBF4 (2 eq) 0%
no [Cp*Colz]2

General conditions: 2-phpyH (0.1 mmol, 1 eq), diphenyla-
cetylene (0.15 mmol, 1.5 eq), [Cp*Colz]2 (0.005 mmol, 5
mol%), with or without LiNHAc (0.03 mmol, 30 mol%), DCE
(5 mL), + additive, at 130 C for 24 h. Trimethoxybenzene
was used as internal 'H NMR reference.

Other variants entail the use of a preformed solvato-
cobalt(IIT) metallacycle of 2-phpy as the catalyst. In almost
all cases reported to date with Cp*Co catalysts the effective
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assistance of an auxiliary base was either not considered
or not established.>*

The role of the silver salt is particularly important , for it
contributes to halide abstraction and to the necessary
oxidation of transient Cp*Co(I) species produced in the
reductive coupling step: reducing its amount to molar 10
% and replacing it by NaBF4 for the purpose of ionic bal-
ance, expectedly cuts the yield in condensation product
down to ~10 % (Table 2, entry 5). Worthy to note, its re-
placement by a copper(Il) acetate in the presence of LiN-
HAc does not produce any annulation product (Table 2,
entry 3).

Table 3. Catalyzed condensation of various aromatic sub-
strates with 1,2-diphenylacetylene.

R2 R2
= /‘ [Cp*Col], (5 molo%) = /‘
g y Ph  LiNHAc (30 mol %) ~ Ph
: + / - 1 ]l
TN Ph W ON
i AgBF, (2 eq) - Ph
RIS DCE, 130°C R B

(1eq) (1.5eq) 0

4-tolpyH 4-ttmphpyH bzbzqH
entry substrates rt?g;' isollated product
time yield ref.
3h 61 %
1 2-phpyH 24h 71 % 11,46
2 bzqH 24h 75 % 11,46
3 bzbzqH 24h 38% this study
4 2-tolpyH 3h 27% 11,46
24h 45 %
4-tolpyH 24h 45 % 11,46
4-tfmphpyH 24h 50 % 11,46
2-anpyH 24h 0%
8 N,N-dimethyl 3h 0%
benzylamine 17h 0 %
9 1,2-diphenyl 3h 0%
quinoxaline 17h 0%

General conditions: substrates (0.1 mmol, 1 eq), diphenyla-
cetylene (0.15 mmol, 1.5 eq), [Cp*Colz]2 (0.005 mmol, 5
mol%), LiNHAc (0.03 mmol, 30 mol%), AgBF4 (0.2 mmol, 2
eq), DCE (5 mL), at 130 C for 24 h. Trimethoxybenzene was
used as internal 1H NMR reference.

Further condensation reactions (Table 3) were undertaken
with other aromatic substrates using the conditions that
afforded the best yields with 2-phpyH (Table 2, entry 8).
All the considered substituted 2-arylpyridines provided
the condensation products with yields higher than 60%
after 3 h of reaction at 130°C in DCE in a sealed Schlenk
tube. Worthy to note, 1,2-diphenylquinoxaline and N,N-
dimethylbenzylamine, which already showed no

propensity to afford a cobaltacycle were left unchanged.
Furthermore, bzqH, which showed moderate ability to
form cobaltacycle 5a provided the condensation product in
75 % yield after 24 h of reaction under the conditions of
catalysis. Its parent dibenzo[fh]quinoline, i.e bzbzqH,
reacted more sluggishly affording the annulation product
in 34 % yield after 24 h.

If these informations plead in favour of a dominant elec-
trophilic C-H bond activation pathway where an auxiliary
base such as the heterocyclic substrate itself or any other
base could act unbonded to the metal center for instance,
the contribution of a concurrent CMD mechanism cannot
be ruled out when LiNHAc is present. Worthy to note, in
the case of a domino catalysis promoted by Cp*Co(IlI),
Ackermann et al.58 have indeed recently priviledged the so-
called base assisted intramolecular electrophilic-type sub-
stitution (BIES) mechanism rather than the CMD one even
though the formulation of their mechanism is again very
similar to that of the CMD where the formation of an agos-
tic intermediate remains crucial.

However, this contribution might be minor if one considers
that in the absence of AgBF4 the conversion in the condi-
tions required for the CMD mechanism to operate corre-
sponds to the maximum achievable value in the absence of
any oxidizing agent with 10 mol% catalyst (Table 2, entry
2).

Situations where two mechanisms might coexist are not
specific to Co though and have been considered earlier by
Davies, Macgregor et al. for the condensation of alkynes
with 3-arylpyrazoles catalyzed by either
[Cp*Rh(MeCN)3][PFs]2 or [(p-cymene)RuClz]2124 Another
example adressed by Qu and Cramer?® for the C-H bond
functionalization with diazo compounds catalyzed by
Cp*Co(II1) /Rh(III) complexes tends to suggest the possible
coexistence of two mechanisms of C-H bond activation. On
the basis of the data collected in the present study the KIE
might be a good indication of the nature of the dominating
mechanism : an electrophilic activation (abbr. EA) of a C-H
bond being expected to produce a much higher KIE than
that of a reaction governed by the CMD mechanism>° for
which the kinetic determining step is the formation of the
agostic intermediate ag. This assumption is supported by
the data published by Cheng et al.*¢ for the annulation
reaction of 2-phpyH with 1,2-diphenylacetylene promoted
by the [Cp*RhClz]z/Cu[BFs]2/02 mixture in 1,2-
dimethoxyethane, which showed KIE values spanning 2.03
-2.84.
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Figure 16. Top: Gibbs enthalpy profile (in kcal/mol at T=
298.15 K) computed at the COSMO(CH:Cl2)-ZORA-PBE-
D3(BJ)/all electron TZP level for a model of the electrophilic
activation of the Car-Har bond of 2-phpyH with the exogenous
intervention of external 2-phpyH acting as proton acceptor in
the EA-n-to-EA-MC process via dicationic reactive complex
EA-pre-TS and transition state EA-TS. Bottom: CSD-Mercury
drawings of geometries and selected interatomic distances
(green colored fonts) are given in A.

KIE =4.6 +

EA-pre-TS ——> IEA-TSI T> EA-MC

KIE =6.3

Scheme 6. Kinetic isotope effects as determined by the
Bigeleisen method from the Born-Oppenheimer treatment
of the vibrational frequencies of protio and deuterio sta-
tionary points in Figure 16.

We evaluated the KIE of the cyclocobaltation of a modeled
EA mechanism that most likely occurs in reactions wherein
excess Ag(l) salt is used: this hypothesis entails the
formation of a 14-electron dicationic n-complex, i.e EA-w
from the fictitious [Cp*Co]?* species and 2-phpyH. In this
mechanism a second exogenous molecule of 2-phpyH
intervenes as a base to form reactive complex EA-pre-TS
and abstract the Har proton via EA-TS to afford a dicationic
molecular complex between the new cobaltacycle and the
protonated 2-phenylpyridine , i.e [H(2-phpyH)]*. This
scenario is slightly different from the one priviledged by
Qu and Cramer? for a Cp*Rh(III) electrophilic C-H bond
activation mechanism which considered the preliminary

Rh binding of the second 2-phpyH ligand prior to its
migration to abstract the proton of the C-H bond, resulting
in a large activation barrier of ca. 16 kcal/mol. The
theoretical KIE~(4.6) and KIE<(6.3) values (scheme 6)
were computed by applying the simplified Bigeleisen
method,!14 considering the Born-Oppenheimer
approximation on the pentadeuterophenyl fragment that
undergoes metallation in EA-pre-TS and EA-TS and on the
non-bonded N-deuterio,2-phenylpyridinium and the tetra
deuterated phenylene of the metallacycle in molecular
complex EA-MC. In such a scenario the proton abstraction
step is the kinetic determining step and requires a rather
low Gibbs enthalpy of activation (+3 kcal/mol) as
compared to that required to the acetamidato-promoted
CMD mechanism (ca. +7 kcal/mol, Figure 1), which
demontrates clearly that the EA mechanism is indeed a
serious challenger to the CMD mechanism discussed
previously.

CONCLUSION

This study shows that cobaltacycles are not elusive and
can be readily prepared in good yields via the base assisted
CMD mechanism provided that the proper base is chosen
to optimize the formation of the transient agostic interme-
diate. This choice of base can be greatly enlightened by
theory like shown in this study, which considered neces-
sary to approach the C-H bond activation mechanism by
focussing attention on the role of the noncovalent interac-
tions. The relevance of noncovalent interactions in the
CMD-promoted cyclocobaltation is evident from the evolu-
tion of the so-called reaction site along reaction coordi-
nates: the remarkable contribution of local electrostatic
interactions and therefore of the multipolar environment
to the polarization of the Car-Har bond prior to its activa-
tion by carbometallation and proton transfer to the neigh-
boring base gives a valid rationale for the optimization not
only of cyclocobaltation and cyclonickelation but also of
cyclometallations using other 3d metals. This account of
NCI constitutes in our view the cornerstone to the effective
use of 3d metal complexes in C-H bond activation be it via
the CMD or the EA mechanism. In this study, like in the
previous one dealing with cyclonickelation*® wherein ex-
perimental validation was not sought, the benefit of using
an acetamidate salt as base inferred from theory has now
been confirmed experimentally. This study shows that the
use of an acetamidato base/ligand reduces the residual
chelation interaction with metal and consequently enhanc-
es the polarization of the C-H bond that is already engaged
in a partly covalent partly noncovalent agostic interaction
with the positively charged metal centre. This is a promis-
ing basis for the further development of enantioselective
C-H bond functionalization2812% Cp*Co(III) catalysis!3°
since it has been recently reported that amide-based enan-
tiopure ligands®2131132 may not only assist C-H bond activa-
tion via the CMD mechanism but also induce stereo-
discrimination at the level of the agostic transient in
Pd(II)-promoted catalysis. By extension to Co(III) stereo-
centres the same concept could lead to effective stereo-
differentiation in the proton transfer-carbometallation
step and consequently initiate chiral induction in further
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steps, a feature that the herein merely addressed EA
mechanism is less prone to achieve.

EXPERIMENTAL SECTION

General. All experiments were conducted under a dry
argon atmosphere using standard Schlenk lines and dry
glovebox techniques. The following compounds were pur-
chased from SigmaAldrich: 2-phenylpyridine (abbr. 2-
phpyH, 98 %), benzo[h]quinoline (abbr. bzqH, 97 %),
dibenzo[fh]quinoline (abbrev. bzbzqH), 2-(o-tolyl)pyridine
(abbr. 2-tolpyH, 98 %), N,N-dimethylbenzylamine (99 %);
diphenylacetylene (98 %). The following compounds were
purchased from TCI Chemicals: 2-(p-tolyl)pyridine (abbr.
4-tolpyH, 97 %), 2-[4-(trifluoromethyl)phenyl]pyridine
(abbr. 4-tfmphpyH, 98 %). The following compounds were
purchased from Alfa Aesar: 1,2,3,4,5-
pentamethylcyclopentadiene (abbr. Cp*, 94 %), and sodi-
um tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaB-
ArFa2s, 97 %). Anhydrous sodium acetate (NaOAc, 99 %),
was purchased from Fluka. Co2(CO)s was purchased from
Pressure Chemical Co. The compound 4-tertiobutyl,2-(4-
N,N-dimethylaminophenylene)pyridine (abbr. 2-anpyH),
2,3-Diphenylquinoxaline and the cobalt(Ill) complexes
[Cp*Co(u-DI]2 were prepared as reported in the
literature.19133.134  All solvents were distilled over sodium
or CaHz under argon before use. Deuterated solvents were
dried over sodium or CaHy, filtered over activated neutral
alumina, and stored under argon before use. H (300, 400,
500, and 600 MHz), 1B (128 MHz), 13C (75 and 126 MHz),
and °F (282 MHz) NMR spectra were measured on Bruker
DPX 300 and 400, Avance I 500, and Avance III 600 spec-
trometers. Chemical shifts (expressed in parts per million)
were referenced against solvent peaks or external refer-
ence standards (CF3zCeHs in CDCls for 1°F, and NaBH4 in D20
for 11B). Mass spectra were run on a MicroTOF Bruker
Daltonics spectrometer, using a TOF-ESI coupling analysis
system. Elemental analyses were achieved with Thermo
Scientific FLASH 2000 CHNS/O analyzers.

Structural X-ray Diffraction Analyses. The crystals were
placed in oil, and a single crystal was selected, mounted on
a glass fibre and placed in a low-temperature Nz stream.
For complexes 1b, 1c, 4a and 5a, X-Ray diffraction data
collection was carried out on a Bruker APEX II DUO Kappa-
CCD diffractometer equipped with an Oxford Cryosystem
liquid N2 device, using Mo-Ka radiation (A = 0.71073 A).
The crystal-detector distance was 38 mm. The cell parame-
ters were determined (APEX3 software)!3 from reflections
taken from three sets of 12 frames, each at 10 s exposure.
The structures were solved using the program SHELXT-
2014.13¢6 The refinement and all further calculations were
carried out using SHELXL-2014137 or SHELXL-2018.137 The
H-atoms were included in calculated positions and treated
as riding atoms using SHELXL default parameters. The
non-H atoms were refined anisotropically, using weighted
full-matrix least-squares on F2. A semi-empirical absorp-
tion correction was applied using SADABS in APEX3135,
For complexes 1f, 2b, 2¢, 3b, 4b and 5b X-ray diffraction
data collection was carried out on a Bruker PHOTON III

DUO CPAD diffractometer equipped with an Oxford Cry-
osystem liquid N: device, using Mo-Ka radiation (A=
0.71073 A). The crystal-detector distance was 37 mm. The
cell parameters were determined (APEX3 software)!3s
from reflections taken from 1 set of 180 frames at 1 s ex-
posure. The structures were solved using the program
SHELXT-2014.13¢ The refinement and all further calcula-
tions were carried out using SHELXL-2014.137 For com-
plexes 1f, 2b and 2c the hydrogen atoms of the NH groups,
OH groups and of the water molecules were located from
Fourier difference. The other H-atoms were included in
calculated positions and treated as riding atoms using
SHELXL default parameters. The non-H atoms were re-
fined anisotropically, using weighted full-matrix least-
squares on F2. For complexes 4b and 5b, the SQUEEZE
instruction in PLATON138 was applied. A semi-empirical
absorption correction was applied using SADABS in
APEX3135,

Computational details.

DFT-D computations. Geometry optimizations of reac-
tants, intermediates, transitions states and products were
performed with the methods of density functional theory
using the SCM-ADF2019.01 package,'*® considering the
molecules in the gas phase at the singlet state. The PBE7?
functional augmented with Grimme’s DFT-D3(B]) imple-
mentation of dispersion!40141 with a Becke-Johnson (BJ])
damping function’!73 was used in all geometry optimiza-
tions. All geometry computations were carried out using
scalar relativistic corrections within the zeroth order regu-
lar approximation for relativistic effects with ad hoc all-
electron (abbr. ae) single polarization function triple-¢
Slater type basis sets (TZP).142-144 Solvation was treated by
the COSMO0¢7-¢? procedure assuming CH2Clz (&= 8.93) as the
solvent. Geometry optimizations by energy gradient min-
imization were carried out in all cases with integration
grid accuracy comprised between 4.5 and 6.5, an energy
gradient convergence criterion of 10-3 au, and tight to very
tight SCF convergence criteria. All transition states were
submitted to the Intrinsic Reaction Coordinate (IRC) pro-
cedure to verify the connection to their reactive complexes
and products. Counterpoise correction for basis set super-
position error (BSSE) was neglected throughout this study.
Vibrational modes were analytically computed to verify
that the optimized geometries were related to energy min-
ima or to transition states. Bader (QTAIM) charges®® and
Interacting Quantum Atoms8688 analyses (IQA) were car-
ried out using the embedded QTAIM functionalities of the
ADF package. For technical reasons regular all electron
TZP Slater type basis sets for all elements except for Ir, for
which a basis set with a frozen core up to 3d was used for
IQA. Drawings of molecular structures were produced
with ADFview2019 and with CSD-Mercury.45

DLPNO-CCSD(T) computations. For each of the four
studied system, DLPNO-CCSD(T)77-8% calculations with the
TightPNO threshold on the PBE-D3(BJ) optimized geome-
tries for anag, TS-ag, ag, TS-CH and MCH were performed
using the ORCA77 program system version 4.1.1. The bal-
anced Karlsruhe 2nd generation default triple-{ valence
plus polarization (def2-TZVP!4%) basis set was used in
these calculations, as well as automatically generated aux-
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iliary basis set. The LED82 analysis has been performed to
quantify the different intra- and inter-fragment contribu-
tions to the energy.

NCI plots. The NCI index is based on the analysis of the
reduced density gradient8485:

1 Vp

s(r) = ———x | J

237%)*  p°
which depends on the electron density and its gradient. It
is based on two simple considerations to define all possible
NClIs: i) given the fact that the density decays exponentially
with distance from the nuclear position, the regions of
space involved in NCIs have low density, and ii) in the NCI
regions the reduced density gradient approaches zero,
leading to a local minimum. Combining these two criteria,
one can detect NCIs over a three-dimensional grid looking
for the low p(r) and low s(r) regions of space of a given sys-
tem. Three-dimensional visualization of NCIs can be ob-
tained by representing isosurfaces of s(r) surrounding the
local minimum of s(r). Qualitative information on the
strength and sign of the NCI can be obtained from the elec-
tron density and the sign of the second eigenvalue of its
Hessian matrix, sign(4,), which is negative for attractive
interactions and positive for repulsive ones. NCls are normally
associated to density values between 0.00 and 0.1, the weakest
interactions, e.g. dispersion, being close to zero and the
strongest interactions, e.g. hydrogen bonds, shifted towards
larger density values. When sign(4,) is taken into account,
the range of sign(4,)(r) spanned by NClIs extends from -0.1
to 0.1 a.u. It is known that different types of weak interac-
tions decay differently with distance, with the electrostatic
terms decaying slower than van der Waals. To mirror this
behavior, the volume and o(r) were integrated over the vol-
ume of NCls according to two ranges: i) -0.05<sign(4,)<0.00
corresponding to attractive interactions (attr), ii) 0.00<
sign(4,)<0.05, corresponding to repulsive interactions
(rep).P* These values have been chosen to include the inter-
actions around the hydrogen atom. As can be seen in Figure

S56, H interactions cover up to p=0.05 a.u.

Preparation of LiNHAc. Acetamide (1 eq, 945 mg) was
dissolved in ~20 mL of THF in a sealed Schlenk vessel
under an Ar atmosphere and the resulting solution was
cooled to -80°C. The resulting solution was vigorously
stirred and added with a solution of n-BuLi (1 eq, 10 mL)
and the resulting suspension left to react overnight while
the vessel was slowly warmed to room temperature. The
resulting suspension was filtrated and the collected solid
was washed with dry n-pentane and dried under reduced
pressure. IR (ATR, neat): v 1588 (m, C=0 stretching) cm™.
1H NMR (400 MHz, CDCls) 6 7.27 (d, ] = 1.6 Hz, 1H), 2.02 (d,
] = 2.9 Hz, 3H).

General Procedure for the Synthesis of lodocobaltacy-
cles. Under an Ar atmosphere, a mixture of [Cp*Colz]2,
LiNHAc and ligand (2-phpyH, 2-tolpyH, 2-anpyH and bzqH)
was stirred in ~10-15 mL of CH:Cl2 at 50°C for 48 h in a
sealed Schlenk vessel. The reaction mixture was filtrated
over Celite followed by removal of the solvent. The result-

ing residue was then purified by recrystallization with
CHzClz/n-pentane and/or washing with n-pentane.

General Procedure for the Synthesis of acetonitrilo-
cobalt BArFzs- salts. Under the argon atmosphere, in a
Schlenk flask an equimolar mixture of [x2-(C,N)-(L)Col]
and Na[BArFz4] was dissolved in acetonitrile (~7-10mL).
The resulting mixture was vigorously stirred at room tem-
perature within a period not exceeding 6h, unless other-
wise stated. The solution was subsequently filtrated
through a pad of celite, and the solvent was removed from
the filtrate under reduced pressure. The solid was either
recrystallized in a mixture of CH2Clz and n-pentane or
washed with n-pentane, to afford an analytically pure
compound.

Iodo(pentamethylcyclopentadienyl)(2-
phenylenepyridine-«2-C,N) cobalt (III) (1a). [Cp*Col2]:
(448 mg, 0.5 mmol), LiNHAc (195.1 mg, 3 mmol), and
2-phenylpyridine (155.2 mg, 1Immol) in 10 mL of CHzCly,
yield is 78 % (370 mg). Anal. calcd for C21H23NICoeCH2Cl2:
C,52.72; H, 5.03; N, 2.79. Found: C, 52.51; H, 4.91; N, 3.19.
'H NMR (500 MHz, CDCIz) & 9.20 (dt, J = 5.6, 1.2 Hz, 1H),
8.27 (dd,J =7.7,1.1 Hz, 1H), 7.66 - 7.58 (m, 2H), 7.56 (dd, J
= 7.6, 1.5 Hz, 1H), 7.30 - 7.26 (m, 1H), 7.04 (td, / = 6.2, 2.1
Hz, 2H), 1.49 (s, 15H); 3C NMR (126 MHz, CDCl3) & 181.4,
167.2,155.0, 145.7, 142.5, 136.6,129.4,123.3,122.7,121.2,
118.5, 93.5, 10.4. MS-ESI (m/z): [M] calcd for C21H23CoIN,
475.02; Found, 475.02; [M-I]* calcd for C21H23CoN, 348.12;
Found, 348.12.

Iodo[2-(2-methylphenylene)pyridine-x2-
C,N](pentamethylcyclopentadienyl)cobalt (III) (3a).
[Cp*Col2]2(216.5 mg, 0.24 mmol), LiNHAc (97.58 mg, 1.5
mmol), and 2-(2-methylphenyl)pyridine (84.61 mg, 0.5
mmol) in 10 mL of CH:zClz, yield is 81% (198 mg). Anal.
calcd for C22H2sNICo: C, 54.01; H, 5.15; N, 2.86. Found: C,
53.79; H, 5.20; N, 2.87. 'H NMR (500 MHz, CD:Clz) 6 9.38
(dd,J = 5.7, 1.7 Hz, 1H), 8.21 - 8.15 (m, 1H), 7.87 (d, ] = 8.3
Hz, 1H), 7.62 (ddd, J = 8.5, 7.3, 1.7 Hz, 1H), 7.26 (s, 2H),
7.12 (t, ] = 7.5 Hz, 1H), 7.02 (ddd, ] = 7.2, 5.7, 1.4 Hz, 1H),
6.82 (d, ] = 7.2 Hz, 1H), 2.64 (s, 3H), 1.45 (s, 15H).13C NMR
(126 MHz, CDCl3) 6 184.7,167.9, 156.2, 144.5, 140.7, 136 4,
135.3, 127.9, 127.1, 122.1, 120.2, 94.0, 23.9, 10.3. MS-ESI
(m/z): [M+Na]* calcd for Cz2H2sNINaCo, 512.03; Found,
512.03; [M-I]* calcd for C22H25CoN, 362.13; Found, 362.13.

Iodo(pentamethylcyclopentadienyl)[4-tertiobutyl,2-
(4-N,N-dimethylaminophenylene)pyridine-x2-
CN]cobalt (III) (4a). [Cp*Colz]2 (225 mg, 0.25 mmol),
LiNHAc (9758 mg 1.5 mmol), and 4-(4-(tert-
butyl)pyridin-2-yl)-N,N-dimethylaniline (127.18 mg, 0.5
mmol) in 10 mL of CHzClz, yield was 82% (239 mg). Anal.
calcd for Cz7H36 N21CoeCH:Cl2: C, 55.72; H, 6.35; N, 4.63.
Found: C, 55.54; H, 6.36; N, 4.92. 'H NMR (500 MHz, CDCl3)
§891(d,]=6.2Hz 1H),7.62 (d,J=2.5Hz 1H),7.42 (d,] =
8.5 Hz, 1H), 7.37 (d, ] = 2.2 Hz, 1H), 6.89 (dd, ] = 6.2, 2.2 Hz,
1H), 6.45 (dd, ] = 8.5, 2.4 Hz, 1H), 3.12 (s, 6H), 1.50 (s, 15H),
17



1.30 (s, 9H). 13C NMR (126 MHz, CDCl3) § 182.2, 166.8,
160.4,153.7,150.4, 135.5, 124.9, 123.6, 117.4,113.8, 108.0,
93.0, 40.7, 34.9, 30.8, 30.6, 10.5, 1.2. MS-ESI (m/z): [M]
calcd for C27H3sN21Co, 574.13; Found, 574.12; [M+H]* calcd
for (C27H36N21Co)H, 575.13; Found, 575.13.

(Benzo[h]quinolynyl-&?-
C,N)iodo(pentamethylcyclopentadienyl)cobalt (1)
(5a). [Cp*Col2]2(216.25 mg, 0.25 mmol), LINHAc (130 mg,
2 mmol), and 7,8-benzo[h]quinoline (89.61 mg, 0.5 mmol)
in 10 mL of CH2Cly, yield was 30% (75.3 mg). Anal. Calcd
for C23H23NICoe5/4CH2Cl2: C, 53.30; H, 4.70; N, 2.56. Found:
C,53.39; H, 4.66; N, 2.72. tTH NMR (500 MHz, CDCls) § 9.43
-9.38 (m, 1H), 8.49 (d, ] = 7.3 Hz, 1H), 8.10 - 8.05 (m, 1H),
7.76 (d,] = 8.7 Hz, 1H), 7.71 (t,] = 7.5 Hz, 1H), 7.51 (dd, J =
8.2, 5.6 Hz, 2H), 7.45 (dd, J = 7.9, 5.3 Hz, 1H), 1.54 (s, 15H).
13C NMR (126 MHz, CDCl3) 6 176.6, 156.8, 152.6, 142.1,
139.3,134.9,133.2,129.6, 129.4,126.6, 122.8,121.1, 120.6,
93.1, 10.6. MS-ESI (m/z): [M] calcd for C23H23CoIN, 499.02;
Found, 499.02; [M-I]*calcd for C23H23NCo, 372.12; Found,
372.12.

Acetonitrilo(pentamethylcyclopentadienyl)(2-
phenylenepyridine-x*-C,N) cobalt (III) tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (1b). 1a (47.5 mg,
0.1 mmol) and NaBArF24(88.6 mg, 0.1 mmol) in 10 mL of
acetonitrile, yield is 80 % (100.2 mg). Anal. calcd for CssHss
N2BF24Coe3/2CH:Cl2: C, 51.25; H, 3.13; N, 2.11. Found: C,
51.34; H, 2.97; N, 2.14. 'H NMR (500 MHz, CDzClz) & 8.92 (d,
J = 5.7 Hz, 1H), 8.09 - 8.04 (m, 1H), 7.90 - 7.78 (m, 2H),
7.72 (p,] = 2.4 Hz, 8H), 7.65 (dd, ] = 7.6, 1.5 Hz, 1H), 7.56 (s,
4H), 7.40 (td, ] = 7.4, 1.5 Hz, 1H), 7.31 - 7.22 (m, 2H), 2.14
(s, 3H), 1.31 (s, 15H). 3C NMR (126 MHz, CDzClz) § 175.4,
167.6,162.1 (dd,J = 99.7, 49.8 Hz), 153.1, 147.1,139.3 (d, ]
=17.5 Hz), 135.2, 131.1, 129.9 - 128.6 (m), 128.2, 126.1,
125.3,124.7,123.9,123.4,121.7,120.0, 118.0 - 117.7 (m),
96.9, 9.5, 4.7. 19F NMR (282 MHz, CD2(Clz) § -62.9. 1B NMR
(96 MHz, CD2Cl2) & -6.6 (dq, / = 5.4, 2.8 Hz). MS-ESI (m/z):
[M-BArF24]* calcd for Cz23H26CoNz, 389.14; Found, 389.14;
[BArFz4]- caled for Cs2H12F24B, 863.07; Found, 863.06.

Acetonitrilo[2-(2-methylphenylene)pyridine- x*-

C,N](pentamethylcyclopentadienyl)cobalt (111)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (3b).
3a (49 mg, 0.1 mmol) and NaBArF24(88.6 mg, 0.1 mmol) in
10 mL of acetonitrile, yield is 85 % (108.1 mg). Anal. Calcd
for CseHaoN2BF24Coe4/3CH2Cl2: C, 49.87; H, 3.12; N, 2.03.
Found: C, 49.93; H, 3.15; N, 1.95. 'H NMR (500 MHz, CDCl3)
6895 (dd, J=5.7,1.7 Hz, 1H), 8.00 (d, / = 8.3 Hz, 1H), 7.84
(d, ] = 7.6 Hz, 1H), 7.78 (ddd, J = 8.6, 7.4, 1.7 Hz, 1H), 7.70
(dt, J = 5.0, 2.3 Hz, 8H), 7.52 (s, 4H), 7.24 (t, ] = 7.5 Hz, 1H),
7.12 (ddd, J = 7.2, 5.6, 1.4 Hz, 1H), 7.04 (d, ] = 7.4 Hz, 1H),
2.66 (s, 3H), 2.06 (s, 3H), 1.22 (s, 15H). 3C NMR (126 MHz,
CDCls) 6 177.99, 167.99, 161.82 (dd, J = 99.6, 49.8 Hz),
153.59, 145.12, 138.96, 137.11, 136.38, 134.93, 129.68 (d,
J=11.0 Hz), 129.18 (d, J = 3.2 Hz), 128.94, 128.40, 127.92,
125.76, 117.65 (d, ] = 5.9 Hz), 96.94, 23.63, 9.22, 4.02. °F
NMR (282 MHz, CDCl3) § -62.4. 1B NMR (96 MHz, CDCls) &
-6.6 (p, ] = 2.6 Hz). MS-ESI (m/z): [M-BArFz4]* calcd for

C24H28N2Co, 403.16; Found, 403.16; [BArFz] calcd for
C32H12F24B, 863.07; Found, 863.06.

Acetonitrilo[4-tertiobutyl,2-(4-N,N-
dimethylaminophenylene)pyridine-&?-

C N](pentamethylcyclopentadienyl)cobalt (1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (4b).
4a (58 mg, 0.1 mmol) and NaBArF24(88.6 mg, 0.1 mmol) in
10 mL of acetonitrile, yield was 80% (108.2 mg). Anal.
Calcd for Cs1Hs1N3BF24CoeCH2Cl2: C, 53.68; H, 3.86; N, 3.02.
Found: C, 53.53; H, 3.82; N, 3.09. H NMR (500 MHz, CDCls)
6 8,57 (d, ] = 6.2 Hz, 1H), 7.69 (p, ] = 2.4 Hz, 8H), 7.52 (s,
4H), 7.49 (d, ] = 2.1 Hz, 1H), 7.47 (d, ] = 8.6 Hz, 1H), 7.28 (s,
1H), 7.05 (dd, J = 6.1, 2.1 Hz, 1H), 6.56 (dd, J = 8.6, 2.4 Hz,
1H), 3.14 (s, 6H), 2.04 (s, 3H), 1.33 (s, 9H), 1.27 (s, 15H).
13C NMR (126 MHz, CDCls5) 6 176.8, 167.2, 163.4, 162.4,
162.0, 161.6, 161.2, 151.34, 151.3, 134.9, 134.7, 1294,
1289, 128.7, 128.3, 1279, 125.8, 125.0, 123.6, 121.43,
120.4,118.8,117.6,114.8,109.1, 96.1, 40.4, 35.2, 30.4, 9.4,
4.1. F NMR (282 MHz, CDCl3) § -62.38. 11B NMR (96 MHz,
CDClz) & -6.64 (dq, ] = 5.4, 2.8 Hz). MS-ESI (m/z): [M-
BArFz4]* calcd for Cz0H39N3Co, 488.25; Found, 488.25;
[BArFz4] calcd for Cs2H12F24B, 863.07; Found, 863.06.

Acetonitrilo(benzo[h]quinolynyl-x2-
C,N)(pentamethylcyclopentadienyl)cobalt (1)
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (5b).
5a (50 mg, 0.1 mmol) and NaBArF24(88.6 mg, 0.1 mmol) in
10 mL of acetonitrile, yield was 79 % (100.9 mg). Anal.
calcd for Cs7H3sN2BF24Coe7/3CH2Cl2: C, 50.41; H, 3.04; N,
1.98. Found: C, 50.55; H, 2.85; N, 1.81. 'H NMR (500 MHz,
CDCl3) 6 9.13 (dd, J = 5.3, 1.3 Hz, 1H), 8.28 (dd, / = 7.2, 0.9
Hz, 1H), 8.23 (dd, J = 8.0, 1.3 Hz, 1H), 7.84 (d, J = 8.8 Hz,
1H), 7.77 (t,] = 7.5 Hz, 1H), 7.73 (d, ] = 0.9 Hz, 1H), 7.71 (dd,
] =5.3, 2.7 Hz, 8H), 7.60 (d, J = 8.8 Hz, 1H), 7.52 (d, / = 1.8
Hz, 4H), 7.50 (d, J = 5.5 Hz, 1H), 1.94 (s, 3H), 1.31 (s, 15H).
13C NMR (126 MHz, CDCls) 6 170.6, 162.4, 162.0, 161.6,
161.2, 156.5, 150.9, 142.5, 137.32, 136.3, 134.9, 134.0,
130.5, 130.0, 129.19, 129.17, 129.15, 129.0, 128.94, 128.9,
128.7, 127.9, 127.4, 125.7, 123.62, 123.6, 123.2, 122.5,
121.4, 117.7, 117.65, 117.6, 96.2, 9.5, 4.0. 1°F NMR (282
MHz, CDCl3) & -62.4. 11B NMR (96 MHz, CDCl3) & -6.6 (dq, J
= 5.6, 2.8 Hz). MS-ESI (m/z): [M-BArFz4]* calcd for
C2sH26N2Co, 413.13; Found, 413.13; [BArFzs] calcd for
C32H12F24B, 863.07; Found, 863.06.

Acetamidato[2-phenylenepyridine x2-

(C,N)](pentamethylcyclopentadienyl)cobalt (III) (1f).
Under an argon atmosphere, 1a (28.1 mg, 0.059 mmol)
and excess of LINHAc (38.4 mg, 0.59 mmol) were stirred
in CHz2Clz2 (~7-10 mL) in a Schlenk flask at 50 °C overnight
and the resulting solution subsequently filtrated through
celite. The resulting filtrate was stripped of the solvents
under reduced pressure and the residue was extracted
with pentane and filtrated through Celite. The filtrate was
stripped of solvent under reduced pressure to afford the
product (5.04 mg, yield: 20.8%). Anal. cald for
C23H27CoN200.55 CH2Cl2¢0.9 CsHi2: C, 65.03; H, 7.57; N,
5.41. Found: C, 65.14; H, 7.17; N, 5.02. 'H NMR (500 MHz,
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CDCl3) 6 9.76 (d, ] = 5.7 Hz, 1H), 8.20 - 8.15 (m, 1H), 7.64 -
7.59 (m, 1H), 7.59 - 7.52 (m, 2H), 7.35 (td, ] = 7.4, 1.4 Hz,
1H), 7.19 - 7.12 (m, 1H), 7.08 (td, ] = 6.1, 2.4 Hz, 1H), 1.76
(s, 3H), 1.34 (s, 15H). 13C NMR (126 MHz, CDCls) & 185.00,
178.86, 166.31, 155.99, 146.77, 137.74, 136.29, 129.28,
122.96,122.72,120.87, 117.49, 93.57, 28.40, 9.41. MS-ESI
(m/z): [M-NHAc]* calcd for Cz1H23NCo, 348.12; Found,
348.12.

Acetamidato[2-phenylenepyridine x*-
(C,N)](pentamethylcyclopentadienyl)iridium (III) (2b).
Under an argon atmosphere, 2a (26.6 mg, 0.0514 mmol)
and excess of LiNHAc (33.4 mg, 0.514 mmol) were dis-
solved in CHzClz (~7-10 mL) in a Schlenk flask. The result-
ing suspension was vigorously stirred at room tempera-
ture overnight and the reaction mixture filtrated through
celite. The filtrate was stripped of solvents under reduced
pressure to afford a solid residue that displayed some
reactivity with SiOz, which prevented chromatographic
separation. The residue was therefore redissolved in
CH2Clz and the resulting solution was swiftly filtered
through dry SiO2. The filtrate was stripped of solvent and
recrystallized from CH2Cl2 and pentane to afford 2b slight-
ly contaminated with acetamide (9.05 mg, yield: 32,6%).
Anal. calcd for C23H27IrN20e1/3 CH2Cl2¢4/3 NH2COCHs: C,
48.46; H, 5.35; N, 7.2. Found: C, 48.09; H, 5.71; N, 6.99. 'H
NMR (500 MHz, CDCI3) 6 9.14 - 9.11 (m, 1H), 7.79 (dd, ] =
7.5, 1.2 Hz, 1H), 7.74 - 7.71 (m, 1H), 7.66 (dd, ] = 7.7, 1.5
Hz, 1H), 7.57 (td, J = 7.7, 1.6 Hz, 1H), 7.19 (td, J = 7.3, 1.4
Hz, 1H), 7.09 (td, J = 7.4, 1.2 Hz, 1H), 7.01 (ddd, /= 7.3, 5.8,
1.5 Hz, 1H), 3.47 (s, 1H), 1.71 (s, 15H), 1.70 (s, 3H). 13C
NMR (126 MHz, CDCl3) 6 175.14, 166.79, 163.96, 153.82,
145.26, 136.39, 134.79, 130.36, 123.75, 121.79, 121.60,
118.08, 88.48, 26.69, 9.10. MS-ESI (m/z): [M-NHAc]* calcd
for C21H23NIr, 482.15; Found, 482.15.

Determination of the KIE of Cyclocobalation by Paral-
lel Experiments. 2-phpyH and 2-(ds.ph)pyD (0.10 mmol, 2
eq) were placed in two separate Schlenk vessels to which
identical amounts of [Cp*Colz]2 (0.05 mmol, 1 eq), LiNHAc
(0.3 mmol, 6 eq), 1,3,5-trimethoxybenzene as internal inert
reference and 5 mL of DCM were added. Upon sealing the
vessel, the resulting suspension was vigorously stirred at
50 °C for 6 h and aliquots of both vessels were removed
every hour, the solvent was evaporated and replaced by
CD2Cl2 (0.3 mL) and the resulting solution analyzed by 'H
NMR spectroscopy for the determination of the yield in 1a
and ds«.1a. The isotopic effect at time ¢, i.e KIE: was deter-
mined by the ratio of the yield in 1a over the yield in ds.1a.

Determination of the KIE of Cyclocobalation by a One-
pot Competitive Reaction. [Cp*Colz]2 (0.05 mmol) and
LiINHCOCHs (0.15 mmol) were mixed in 5 mL of distilled
DCM. 2-phpyH (0.05 mmol) and 2-(ds.ph)pyD (0.05 mmol)
were added to the suspension. The reaction was stirred
vigorously at 50°C during 17 hours in a sealed Schlenk
vessel. At the end of the reaction, the solution was filtrated
through Celite and the solvent was removed under re-
duced pressure. The resulting solid residue was washed
with distilled pentane to remove the soluble components
of the mixture to afford a solid composed of a mixture of

the desired cobaltacycles 1a and ds-1a in proportion esti-
mated by 'H-coupled '3C NMR. Two signals typical of 1a
and ds-1a were readily discriminated by their isotope
shifts. The KIE was determined by comparing the integra-
tions of 13C signals of the Co-bound aromatic carbon of 1a
and ds-1a as well as those of the vicinal H/D-bound ortho
carbon. Two KIE were obtained, 1.7 and 2.0 that are most
probably biased by different spin-lattice relaxation times
T1in 1a and ds-1a for the considered carbon nuclei (Figure
13) showing up at 6~ 180.6 and 141.4 ppm.

General Procedure for the Annulation of 2-aryl Pyri-
dines with 1,2-diphenylacetylene. Under an argon at-
mosphere, 1,2-diphenylacetylene (0.15 mmol), [Cp*Col:]:
(5 mol %) and LiNHAc (30 mol %) were added to a Schlenk
vessel. Then, the tube was moved to an Ar-filled glove box
and 2-arylpyridines (0.10 mmol), AgBF4 (0.20 mmol) were
added to the load of the vessel. DCE (2 mL) was added to
the solid mixture, the Schlenk vessel was sealed and the
suspension was stirred at 130 °C for 24 h. The reaction
vessel was hence cooled to room temperature and the
suspension diluted with DCM (10 mL). The mixture was
filtered through a Celite pad and the Celite pad was
washed with DCM (30 mL). The filtrate was concentrated
and purified by silica gel column chromatography using
DCM/MeOH (95:5) as eluent to deliver the desired annula-
tion product.
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