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The Cp*Co(in)-catalyzed C—H functionalization of 2-methyl-subs-
tituted dienes and N-cyanosuccinimides has been systematically
investigated using DFT calculations. Key findings reveal that the
unconventional diastereoselectivity for the diene si-face insertion
over the re-face alternative originates from the additional CH...n
interaction occurring in the si-face pathway. Subsequently,
c-rotation/coordination isomerization accelerates the ligand-to-
ligand H-transfer (LLHT) process. Furthermore, an unprecedented
“succinimide O-coordination — 3,3-rearrangement — LLHT”
mechanism was proposed, in which the succinimide carbonyl group
not only relieves the key / Co—N2-C® distortion to facilitate 3,3-
rearrangement but also ensures a straight N*. . -H orbital interaction
to promote LLHT. We anticipate that these insights will inspire the
development of related C—H functionalization protocols.

Transition-metal catalyzed C-H functionalization has emerged
as a powerful synthetic strategy to construct molecular
complexes." Despite remarkable progress in this field, in con-
trast to the two-component strategy,” multicomponent C-H
activation, especially, three-component sequential C-H addi-
tion to two different coupling partners, has been less investi-
gated. Since the pioneering work by Ellman’s group,® consi-
derable effort has been devoted to various transition metal
catalysts, including Co(m),* Rh(m),> Au(1),® Cr/Co bimetal,” etc.,
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among which, the Co(m) catalyst has attracted great attention
because of its low cost and high earth-abundance.?

In the aforementioned context, a series of Cp*Co™-catalyzed
three-component C-H addition cascades (Scheme 1) have been
developed by the Ellman group.’™* As shown in Scheme 1a, the
linear diene S2a and aldehyde S3a are employed as the two
coupling partners of the aryl C-H additions, leading to the
alcohol Pa,’ while the combination of 2-methyl substituted diene
S2b and carbonyl S3b results in the homoallylic alcohol Pb
containing acyclic quaternary carbons (Scheme 1b).'* Intriguingly,
the 1,2-disubstituted diene S2 can combine with the electrophilic
cyanating reagent, N-cyanosuccinimide (S3), through a three-
component cyanation reaction, generating the nitrile species P,
which also bears an acyclic quaternary center (Scheme 1c)."" These
experimental phenomena indicate that three-component C-H
activation methodologies by Ellman and co-workers are syntheti-
cally meaningful, efficiently introducing a broad array of function-
alities to access distinct structural motifs.">

(a) Co(lll)-catalyzed 3-component C-H bond addition to dienes and aldehydes
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(b) Co(lll)-catalyzed 3-component C-H bond addition to internally substituted dienes and carbonyls
[Cp* CD(CsHs)][B(Cer)Alz |
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(c) Co(III) catalyzed 3-component sequential C-H bond addition to dienes and N-cyanosuccinimide

m
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Scheme 1 Co(in)-catalyzed three-component C-H functionalization
(a—c) reported by Ellman’s group.
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Mechanistically, for this type of reaction, it is commonly
accepted that after the (aryl)C-H activation, the terminal C=C
insertion of the diene is requisite (Scheme S1, ESIt). However,
little information is provided about the diastereoselectivity of
the insertion of S2 (Scheme 1c), which is rarely reported in
experimental and theoretical publications.”"""® Moreover,
how the (N=)C-N(CCO) bond in S3 breaks remains unclear,
which might imply an unexpected reaction mechanism.
Herein, DFT calculations (see the Computational details in
the ESIT) were employed to investigate the detailed reaction
mechanisms shown in Scheme 1c. In this study, the origin of
the diastereoselectivity was unravelled and a unique 3,3-
rearrangement/ligand-to-ligand H-transfer (LLHT) mechanism
was proposed. We expect that these insights will deepen the
understanding of these types of reactions and further inspire
the development of related C-H functionalization protocols.

Experimentally, Cp*Co(CO)I, (20 mol%), AgSbF, (40 mol%)
and NaOPiv (30 mol%) were employed for three-component
C-H functionalization, as shown in Scheme 1¢, which can lead
to various potential resting states (Fig. S3, ESIt). Calculations
confirmed that, among these candidates, [Cp*Co(OPiv)S1]"
Cat0 was thermodynamically the most stable and thus chosen
as the energy reference point in the current study. In Cato0,
[Cp*Co(OPiv)]" o-coordinates with one N atom of S1 and
concurrently the ~OPiv moiety n*-interacts with the Co center.
As shown in Fig. 1, the reaction is initiated by the aryl C-H
activation in Cat0 to give the Co(m) complex IM1, from which,
after ligand exchange of S2 with HOPiv, the C>*~=C" insertion of
S$2 into the Co-C bond will occur.”* Unexpectedly, the si-face
insertion via TS6 leading to IM7 is more favorable kineti-
cally than the re-face one via TS3 (17.8 vs. 21.5 kcal mol *)."

(a)

h

CH...M(N-N-C-C-C) " -4

-
TS6

HOPiv  S2

o W o
] Cncs 3 Lt O
N- H
\ | Co/)¢ | N*CS\)Z/\H N 00$f
@-' € HO™ tBu
TS6 IM5
(b) Cp* Ph
~
|
{N\CS N -
im7 _o-bond \ N y coordination .
10.0 rotation ’ H isomerization”
TS8 IM9
15.7 10.7

Fig. 1
in this work. Free energies are given in kcal mol™.
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The unconventional diastereoselectivity is clarified by a distor-
tion/interaction analysis (Fig. S7, ESIf). The stronger inter-
action between the Co-catalyst fragment and the diene
fragment is mainly responsible for the stability of TS6 over
TS3, and further noncovalent interaction (NCI) analysis (Fig. 1)
demonstrates a remarkable C-H...n interaction between the
pyrazole ring and one C-H unit of the C*-attached methyl group
in TS6. In contrast, little interaction is observed in TS3. There-
fore, it is believed that the preference of TS6 over TS3 in energy
mainly originates from the extra C-H...r interaction involved
in the former.

Starting from IM7, to facilitate the (C*)H-migration to the
C' atom (i.e., ligand-to-ligand H transfer), the c-bond rotation
and coordination isomerization (IM7 — IM9 — IM10) are
sequentially followed. And then, the reaction undergoes the
LLHT process (see Fig. S8-S11, ESIt). Intriguingly, the calcu-
lated results confirmed that such LLHT via TS11 is a concerted
step, rather than the experimentally suggested stepwise pro-
cesses in Scheme S1 (ESIf). Furthermore, the generality of
hydride transfer mechanisms of three reactions depicted in
Scheme 1 is evaluated (see Fig. S12 and S13, ESI¥).

After the LLHT to furnish IM12, as displayed in Fig. 2, the
N-nucleophilic attack of 3 to the Co center overcomes a barrier
of 24.3 kecal mol™" and generates the Co-N o-species IM13
(Fig. S14, ESIY), which is exergonic by 14.4 kcal mol™" and
considered as the resting state of the reaction. From IM13,
Ellman’s group assumed that P is obtained via the intermediacy
of a Co-N-succinimide species."" The computed results show that,
upon coordination isomerization of IM13 to provide the isomer
IM14, the 1,3-N' migration via TS15 gives rise to the Co-N-
succinimide intermediate IM16. And then the HOPiv-involved

i O

+ . %

QN‘ “Co LLHT, ~N HY o
IM10 TS

-11.8 12.7

(a) Free energy profiles for C—H activation/4,3-insertion and NCI analyses for the key 4,3-insertion TSs, TS3 and TS6. (b) The pathway established
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Fig. 2 Free energy profiles leading to P from IM12 according to the exp
given in kcal mol™.

protodemetallation occurs via TS18, leading to P and succinimide
P’ and regeneration of Cat0.

Unexpectedly, the energy requirement for the 1,3-N' migra-
tion is calculated to be incredibly high (49.8 kcal mol™", the
difference between TS15 and IM13). The four-membered ring
strain in TS15 is predicted to be the main cause. To circumvent
the rigid configuration deformation, we designed a distinctive
carbonyl O-coordination induced 3,3-rearrangement/LLHT
mechanism, as shown in Fig. 2, featuring the intermediacy
of Co-O-succinimide. Beginning with IM14, one carbonyl O
atom of the N-succinimide moiety firstly c-coordinates with
the Co center via TS20, overcoming an activation barrier of
17.4 keal mol™". The resultant isomer IM21 further undergoes
the 3,3-rearrangement via TS22 with an activation barrier of
7.4 keal mol™" and evolves into adduct IM23 after HOPiv
participation. In the following step, the H(Opiv) migration to
the N* atom via TS24 provides the LLHT species IM25. After the
participation of S1, the product P and succinimide P’ are
released with the regeneration of Cat0. From Fig. 2, one can
clearly see that the 3,3-rearrangement via TS22 is rate-limiting and
involves an overall barrier of 27.7 kcal mol " (the difference
between TS22 and IM13).

In order to reasonably elucidate the newly proposed mecha-
nism, we performed comparative analyses of two transition
states for two critical steps involved in Fig. 2: the C*>-N" cleavage
and H(OPiv)-transfer, and the corresponding computed results
are provided in Fig. 3. For the C°-N' cleavage process, TS22
(3,3-rearrangement TS, 13.3 kcal mol™') is energetically lower
than TS15 (1,3-N' migration TS, 35.4 kcal mol '), which is
closely related to the rigidity of / Co-N>-C°. As shown in

This journal is © The Royal Society of Chemistry 2025

erimentally reported route and the newly established one. Free energies are
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Fig. 3 Geometries with selected structural parameters for key C-N*
cleavage stationary points, IM14, TS15, IM21, and TS22 (a) and H(OPiv)-
transfer TSs, TS18 and TS24 (b). All hydrogens are hidden for clarity. Free
energies and bond distances are given in kcal mol™ and A.

Fig. 3a, / Co-N>-C° varies by 91.1° from IM14 (193.8°) to
TS15 (102.7°). In contrast, it changes by 63.1° from 193.8° in
IM14 to 130.7° in IM21, while only by 7.8° from IM21 to TS22
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(138.5°). These show that such a large angle distortion in
IM14 — TS15 brings about significant energy penalty for
TS15. As far as IM14 — TS22 is concerned, on the one hand,
the O o-coordination of the succinimide (IM14 — IM21)
remarkably alleviates the rigid / Co-N>-C® distortion. And on
the other hand, a further small / Co-N>-C® change, because of
the carbonyl group involvement, makes the resulting 3,3-
rearrangement easy (IM21 — TS22). Consequently, TS22 is
energetically preferred over TS15, which obviously originates
from the crucial role of the succinimide carbonyl group in
alleviating the / Co-N>-C® rigidity during the reaction.

In the case of the H(OPiv)-transfer TSs (Fig. 3b), TS24 is found
to have lower free energy than TS18, —6.5 vs. —0.8 kcal mol ™/,
which is supported by the calculated bond distances. In TS24, the
O---H (0.979 A) is much shorter than that in TS18 (1.396 A),
while the H---N and Co- --O (2.044 and 1.962 A) are longer than
1.145 and 1.932 A in TS18, respectively. Clearly, TS24 is easier to
achieve than TS18. This fact might be ascribed to the discrepancy
in N- - -H interaction modes involved. It is shown in Fig. 3b that, in
TS24, the N' site employs its p-r orbital to directly interact with
the s orbital of the migrating H atom. Consequently, an excellent
head-to-head orbital overlap is presented in the N* and migrating
H atom. In contrast, structure TS18 features the interaction
between the sp®>~hybrid orbital of the N* atom and the s orbital
of the migrating H atom, which leads to a small overlap due to the
directional deviation of the two orbitals involved. From this
perspective, the LLHT via TS24 occurs easier than the protodeme-
tallation via TS18.

In general, three-component C-H functionalization cata-
lyzed by Cp*Co(m)-catalysts has been investigated using DFT
calculations. The si-face insertion of 2-methyl-substituted diene
S2 into the Co-C bond is found to be kinetically favoured over
the traditional re-face one, which can be ascribed to the extra
CH...n interaction involved in the former insertion. Subse-
quently, the o-bond rotation/LLHT mechanism was proposed
to generate the requisite Co-allyl species IM12. Upon N-nucleo-
philic attack of S3 to the Co atom, an unprecedented “succini-
mide O c-coordination — 3,3-rearrangement — LLHT” mecha-
nism leads to P, in which three prominent points are
highlighted: (i) the succinimide O oc-coordination effectively
alleviates the rigid angle distortion of / Co-N’>-C’; (ii) the
participation of the carbonyl group enables the small / Co-
N>-C® angle deformation and thus contributes remarkably to
the stability of the key 3,3-rearrangement TS; and (iii) the
strong “head-to-head” orbital overlap between the N* site and
the migrating H atom promotes the LLHT, which is superior
to the classical protodemetallation with a directional deviation
of the orbitals involved.
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