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ABSTRACT: This density functional theory (DFT) study reveals a
detailed plausible mechanism for the Sc-catalyzed C−H cycloaddition
of imidazoles to 1,1-disubstituted alkenes to form all-carbon quaternary
stereocenters. The Sc complex binds the imidazole substrate to enable
deprotonative C2−H bond activation by the Sc-bound α-carbon to
afford the active species. This complex undergoes intramolecular
cyclization (CC into Sc−imidazolyl insertion) with exo-selectivity,
generating a β-all-carbon-substituted quaternary center in the
polycyclic imidazole derivative. The Sc-bound α-carbon deprotonates
the imidazole C2−H bond to deliver the product and regenerate the
active catalyst, which is the rate-determining step. Calculations
illuminate the electronic effect of the ancillary Cp ligand on the
catalyst activity and reveal the steric bias caused by using a chiral
catalyst that induce the enantioselectivity. The insights can have implications for advancing rare-earth metal-catalyzed C−H
functionalization of imidazoles.

1. INTRODUCTION

All-carbon quaternary centers are a key structural element of
many bioactive compounds and natural products, and the
efficient and selective construction of such carbon-substituted
stereocenters has attracted intense interest.1,2 Imidazoles are an
important class of heterocycles with biological significance and
applications,3 and as such, imidazole derivatives bearing all-
carbon quaternary centers are valuable synthetic targets. In
theory, the C2−H bond of an imidazole could be utilized for a
Markovnikov addition to a 1,1-disubstituted alkene to form, in a
fully atom-economic manner, a derivative with an all-carbon
quaternary stereocenter; however, such an approach had not
been realized until Hou and co-workers reported in 2020 the
scandium-catalyzed formal intramolecular C−H alkylation of
imidazoles with 1,1-disubstituted alkenes (Scheme 1).4,5 This
excellent work, which is built upon the Hou group’s earlier
success in utilizing half-sandwich rare-earth complexes for
catalyzing C−H addition to alkenes,6,7 represents a significant
advance in the areas of quaternary carbon center construction
and C−H functionalization of imidazoles by rare-earth metal
catalysis.
Hou et al. proposed a mechanistic outline for the reaction,

which involves key steps such as the deprotonative C−H
activation by the Sc-bound alkyl (an internal base) and the
intramolecular insertion (i.e., cyclization) of the CC unit into
the Sc−imidazolyl bond. Their deuterium-labeling experiments
suggested involvement of C−H bond cleavage in the rate-

determining step.4 There are intriguing mechanistic questions
about this catalytic reaction that deserve in-depth investigations.
For example, the unsubstituted cyclopentadienyl (Cp) ligand
reduces the catalyst activity significantly (Scheme 1a). How is
this ligand effect accounted for? In addition, the C−H activation
is chemoselective and occurs at the C2 carbon position, and the
subsequent cyclization is regioselective (i.e., exo-selective).
Finally, the chiral catalyst CAT3 achieves asymmetric
cyclization, affording the bicyclic imidazole derivative bearing
a chiral all-carbon quaternary stereocenter with high enantio-
selectivity (Scheme 1b). What are the origins of the chemo-,
regio-, and enantioselectivities? In this theoretical study, we
address the above questions via density functional theory (DFT)
calculations on the representative reactions shown in Scheme 1.
We aim to establish a detailed plausible mechanism that
elucidates the workings of the title reaction and provides
valuable insights into Sc-catalyzed C−H functionalization of
imidazole compounds.
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2. COMPUTATIONAL METHODS
All calculations were performed with Gaussian 09.8 The functional
M06-L,9 suitable for applications in transition metal chemistry,10 has

been successfully used in numerous studies on transition metal-
catalyzed organic reactions.11−21 It was combined with the dispersion
correction D322 in this work to enhance computational accuracy.
Structures were optimized and characterized by frequency calculations
to be energy minima (zero imaginary frequencies) or transition states
(only one imaginary frequency) at the M06-L-D3/6-31G(d,p) level
with the solvent (toluene) effects included using the SMD23 solvation
model. Quasi-harmonic approximations were made for the low-energy
vibrational modes of the large molecules (≥ 172 atoms) involved in the
asymmetric reaction using Truhlar corrections24 for all frequencies
below 100 cm−1 performed with the Shermo software package.25 The
energies were refined by M06-L-D3/6-311++G(d,p)/SMD(toluene)
single-point calculations. The refined energies were converted to zero-
point energy-corrected free energies at 110 °C (383.15 K) and 1 atm.
Benchmark DLPNO-CCSD(T)26 calculations were performed on the
key intermediates and transition states of the CAT1- and CAT2-
catalyzed reactions, and the results were consistent with those obtained
with M06-L-D3 (Figure S1). Selected molecular structures were
illustrated with CYLview.27 Electrostatic potentials and electron density
contour plots were obtained with Multiwfn.28

3. RESULTS AND DISCUSSION
3.1. Precatalyst Initiation. The additive [Ph3C][B-

(C6F5)4] plays a vital role in activating the precatalyst CAT1.
As shown in Figure 1, the Ph3C

+ cation attacks one of the Sc-
bound α-carbon atoms via the transition state TS1 that contains
a partially broken Sc−C bond at 2.87 Å and an incipient C−C
bond at 2.57 Å. TS1 proceeds to the cationic complex IM1 with
the extrusion of the arylamine byproduct. The enhanced
coordinating power of cationic IM1 is manifested by its highly
exergonic uptake of the imidazole substrate IMD-1 to form two
possible isomeric complexes, IM2a and IM2b.
We envisioned that IM2a and IM2b could correspondingly

introduce the C2−H (red) and C3−H (blue) activation via a
transition state in which the remaining Sc-bound α-carbon acts
as an internal base to cleave the C−H bond. We then estimated
the acidity of the C2−H and C3−H bonds of IMD-1 by
calculating the electrostatic potentials of the hydrogen atoms.29

The results of −29.35 eV for the C2-attached hydrogen and

Scheme 1. Sc-Catalyzed Imidazole C−H to CC
Cycloaddition Leading to Formation of All-Carbon
Quaternary Centers

Figure 1. Free energy profile for the initiation process of CAT1. Selected bond distances in blue font are given in Å (the same below).
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−30.61 eV for the C3-attached hydrogen indicate that the C2−
Hbond is more acidic and deprotonatable than the C3−Hbond.
This prediction agrees with the relative energies of the transition
statesTS2a for C2−H activation andTS2b for C3−Hactivation
(TS2a is lower than TS2b by 1.4 kcal/mol). Therefore, the
calculations qualitatively explain the experimentally observed
chemoselectivity. TS2a and TS2b can be viewed as five-
membered and six-membered chelate ring structures, respec-
tively, with the former being energetically more favorable than
the latter. The emerging Sc−C2 bond at 2.28 Å in TS2a is
shorter and stronger than the Sc−C3 bond at 2.36 Å in TS2b.
Such are the structural origins of the selective C2−H activation.
TS2a proceeds to the imidazolyl complex IM3 bearing an
arylamine ligand (o-MeC6H4NMe2). Dissociation of o-
MeC6H4NMe2 from IM3 to form IM3-D would be endergonic
by 9.9 kcal/mol, suggesting that the ScIII d0 center in IM3 and its
derivatives favors relatively high coordination numbers.
Substitution of IMD-1 for o-MeC6H4NMe2 converts IM3 into
the more stable complex IM4 (ΔG = −6.3 kcal/mol).30 IM4
undergoes intramolecular CC to Sc π-coordination, forming
IM5a and bringing the CC unit into contact with the Sc−
imidazolyl bond.31 IM5a is the most stable species, the catalyst
resting state, generated in the highly exergonic initiation process
(ΔG = −34.0 kcal/mol). The largest energy span32 along the
computed initiation profile is from IM2a to TS2a, 27.9 kcal/
mol, which is consistent with the reaction temperature (110 °C).
3.2. Catalytic Pathway. As shown in Figure 2, IM5a and its

isomer IM5b could undergo intramolecular insertions (cycliza-

tions) of the CC unit into the Sc−imidazolyl bond via TS3a
and TS3b, respectively. The exo-selective TS3a is lower in
energy than the endo-selective TS3b by 32.5 kcal/mol, so there
is an overwhelming preference for exo-cyclization, leading to the
formation of IM6a with a six-membered ring bearing an all-
carbon quaternary stereocenter as marked. The regioselectivity
originates in part from the electrostatic dipole−dipole
interaction between the Sc−C and CC bonds that favors
the exo-selective cyclization. We have analyzed the natural
charges on the atoms of the Sc−C and CC bonds in
precursors IM5a and IM5b (Figure 2). The Sc−C bond in
IM5a/IM5b has a positive charge on Sc (1.76/1.71) and
essentially zero charges on C. The CC bond has a partial
positive charge on the internal carbon (0.16/0.08) and a partial
negative charge on the terminal carbon (−0.56/−0.44); that is,
the CC bond is polarized by the electron-donating n-butyl
substituent on the internal carbon. These natural charge
distributions suggest that the Sc1.76+−C0.56− (terminal) attractive
interaction in IM5a with the exo-selective orientation is
tremendously favored over the Sc1.71+−C0.08+(internal) repulsive
interaction in IM5b with the endo-selective orientation.
Therefore, the electronic factors very much favor the exo-
selective cyclization via TS3a. We have also identified another
important contributing factor to the energetic difference
between TS3a and TS3b; that is, the emerging five-membered
chelate ring of TS3b contains greater ring strain than that of
TS3a, as illustrated by the ball-and-stick representations and the
selected bond angles (Figure 2). Specifically, the N-C2-Cα angle

Figure 2. Free energy profile for the catalytic pathway consisting of cyclization, C−H activation, and catalyst regeneration. The numbers shown in
purple font denote natural charges on selected atoms in IM5a and IM5b. IM4′ and IM5a′ are mirror inverts of IM4 and IM5a (see Figure 1),
respectively.
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ofTS3b (135.8°) deviates more from 120° as compared with the
corresponding N-C2-Cβ angle of TS3a (126.9°), and the Sc-N-
C2, Sc-Cβ-Cα, and Cβ-Cα-C2 angles of TS3b are each smaller
and more strained than the analogous Sc-N-C2, Sc-Cα-Cβ, and
Cα-Cβ-C2 angles of TS3a. The cyclization intermediate IM6a
leads into TS4a in which the Sc-bound α-carbon acts as an
internal base to cleave the C2−H bond of the bound imidazole
IMD-1. TS4a proceeds to IM7 that bears the imidazolyl anion
ligand as well as the metal-bound product. IM7 undergoes
ligand exchange with IMD-1 to release the product and
regenerate the active species IM4 in the form of its mirror
invert IM4′. IM4′ converts to IM5a′, the mirror invert of IM5a,
to formally close the catalytic cycle. The free energy profile for
the full reaction coordinate beginning with the precatalyst
CAT1 has now been established computationally, with every
intermediate and transition state molecularly well-defined and
energetically reasonable (Figures 1 and 2). The overall
reactionfrom IM5a through IM5a′is thermodynamically
favorable (ΔG = −17.5 kcal/mol), with the largest energy span
from IM6a to TS4a (26.8 kcal/mol). Accordingly, the C−H
bond cleavage via TS4a is the rate-determining step by
computation, which agrees with the experimental observation
that C−H bond cleavage might be involved in the rate-
determining step. Thus, the calculations demonstrate good
experimental−theoretical synergy.
3.3. Ligand Effect on Catalyst Activity. Experimentalists

observed that replacement of the ancillary ligand C5Me5
− with

the unsubstituted C5H5
− would significantly deactivate the

catalyst, giving only a trace amount of the cycloaddition product
(Scheme 1a).4 This implies that the ancillary Cp ligand exerts an
influence on the activity of the catalyst. This kind of Cp ligand
effect was first observed in the context of alkene polymerization
reactions catalyzed by group 4 (half-)sandwich complexes.33,34

For example, titanium half-metallocenes show the following
order of activity in catalyzing styrene polymerization: (C5Me5)-
Ti(OMe)3 > (C5HMe4)Ti(OMe)3 > (C5H5)Ti(OMe)3, which
indicates the role of electron-donating methyl substituents on
the Cp ring in promoting catalysis.34 The researchers proposed
that electron-donating substituents on Cp facilitate alkene
insertion into the M−CH2R bond (the rate-determining step)
by weakening theM−CH2R bond.33a A recent report on Sc half-
metallocenes disclosed a similar Cp ligand effect; that is,

(C5Me4SiMe3)Sc(CH2C6H4NMe2-o)
+ is more active than

(C5H5)Sc(CH2C6H4NMe2-o)
+ in catalyzing the polymerization

of 4-benzyloxy-1,6-heptadiene.35

To shed light on the ancillary Cp ligand effect on the title
reaction, we calculated the complete reaction pathway
beginning with the C5H5-coordinated CAT2 (Figure S2),
which is analogous to the CAT1-catalyzed pathway (Figures 1
and 2) in terms of the elementary steps. However, there are two
important differences in the energetics of the reactions, as shown
in Figure 3. A higher energy barrier of 30.5 kcal/mol (IM9 to
TS6) must be overcome to initiate CAT2 in comparison with
27.9 kcal/mol (IM2a to TS2a in Figure 1) that is required to
initiate CAT1. More importantly, the largest energy span in the
CAT2-enabled catalytic cycle is from IM13 to TS8, 29.8 kcal/
mol, which is significantly greater than 26.8 kcal/mol, the largest
energy span in theCAT1-enabled catalytic cycle (Figure 2). The
difference of 3.0 kcal/mol corresponds to a 1:157 ratio of
reaction rates estimated using the Eyring equation;36 that is, the
CAT2-catalyzed C−H cycloaddition of IMD-1 only proceeds at
0.6% of the rate of the CAT1-catalyzed reaction under the same
conditions. Thus, the calculations clearly account for the
experimental observation of the much lower activity of CAT2
in comparison with CAT1. To examine the structural origins of
the difference in the activity of CAT1 and CAT2, we focus our
attention on the C−H deprotonation transition states TS4a and
TS8 (Figures 2−4a), which are the rate-limiting barriers in the
CAT1- and CAT2-catalyzed pathways. The C5Me5

− ligand in
TS4a is more electron-donating than the C5H5

− ligand in TS8,
and because of this inductive effect, the Sc-bound α-carbon in
TS4a has a higher electron density and stronger basicity than its
counterpart inTS8 and therefore polarizes and deprotonates the
imidazole C2−H bond more readily. To further illustrate this
point, we compared the contour plots for the Laplacian of the
electron density in the Cα−H−C2 plane of TS4a and TS8
(Figure 4b), which were computed using the atoms-in-
molecules theory (AIM).37,38 The electron density around the
H atom in TS4a is more strongly polarized toward Cα,
suggesting a stronger Cα−Hbonding interaction inTS4a. Thus,
the computations illuminate the electronic effect of the ancillary
Cp ligands on the activity of CAT1 and CAT2.
The distortion/interaction model39 can also be invoked to

analyze the origins of the difference in the activity of CAT1 and

Figure 3. Free energy profile for a shortened CAT2-catalyzed pathway showing the key energetics (see Figure S2 for the complete reaction pathway).
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CAT2. The rate-determining IM6a→ TS4a and IM13→ TS8
reactions are unimolecular (intramolecular), which can be
treated by equating the activation energy and the distortion
energy (i.e.,ΔE⧧ =ΔEdist) because there is no second species to
interact with (Figure 5).40 The calculations show that ΔΔE⧧ =
2.2 kcal/mol in favor of the IM6a→TS4a reaction. As indicated
by the changes in the distances of the key evolving bonds in the
reactants and transition states, the 2.2 kcal/mol difference is
mainly caused by the distortion needed for making the Cα−H
bond. The Cα−H distance in IM13 must be contracted 0.1 Å
more to attain TS8 as compared with the IM6a → TS4a
progression. In other words, the Cα−H bond is easier to form as
IM6a changes to TS4a, which might imply the greater electron
density on the Cα atom. In any case, the distortion/interaction
analysis points to the Cα−H bonding as the origin, which is
consistent with the result of the analysis of the contour plots of
the Laplacian of electron density (see above).

3.4. Asymmetric Reaction. An asymmetric version of the
title reaction was realized by using a chiral catalyst,CAT3, which
gave a bicyclic imidazole derivative bearing a chiral all-carbon

Figure 4. Optimized structures of TS4a and TS8 with all unreactive H
atoms and theN1-substituents omitted for clarity (upper part); contour
plots of the Laplacian of electron density for TS4a and TS8 in the Cα−
H−C2 plane (lower part).

Figure 5. Distortion/interaction analyses.
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quaternary stereocenter with high enantioselectivity (Scheme
1b). Note that the chirality ofCAT3was imparted by a chiral Cp
ligand.41 With reference to the detailed mechanism established
for the reaction (Figures 1 and 2), we seek to unravel the origins
of the enantioselectivity.
As shown in Figure 6, we computed theCAT3-derived species

IM15, an analogue to IM4 (Figure 1). The Sc-bound imidazolyl
moiety of IM15 contains a CC unit (blue) with two prochiral
faces, each of which can bind to the Sc center, thereby forming
the diastereomeric π-complexes IM16a/IM16b. This gives rise
to the enantioselective cyclization (CC insertion) via TS9a/
TS9b and subsequent C2−H bond cleavage via TS10a/TS10b.
The highest barriers TS10a and TS10b, which lead to the (R)-
and (S)-products, respectively, would determine the enantiose-
lectivity.TS10a is lower thanTS10b by 1.7 kcal/mol, suggesting
a theoretical enantiomeric ratio of 95:5 in favor of the (R)-
product, which agrees qualitatively with the experimental
observation (96:4). Comparing the optimized structures of
TS10a and TS10b in Figure 7 reveals the steric bias making
TS10b a higher energy barrier; that is, TS10b contains more
steric repulsions occurring between nonbonded H atoms at a
distance less than 2.40 Å (two times the van der Waals radius of
hydrogen 1.20 Å) than TS10a. It is worth noting that
experimentalists envisioned diastereomeric complexes similar
to IM16a/IM16b but without the bound imidazole molecule.4

We have found by computation that such intermediates would
be energetically unfavorable (Figure S3).

4. CONCLUSIONS
We have disclosed by DFT computation a detailed mechanism
for the newly developed scandium-catalyzed exo-selective C−H
cycloaddition of imidazoles to alkenes affording polycyclic
imidazole derivatives with all-carbon quaternary stereocenters,
as summarized in Scheme 2. The half-sandwich, bis(2-
(dimethylamino)benzyl-C,N) Sc complex (CAT1) is activated
with Ph3C

+, the resulting cationic complex IM1 binds the
imidazole substrate IMD-1 strongly, and the adduct IM2a
enables the Sc-bound α-carbon to cleave the imidazole C2−H
bond to form the Sc−imidazolyl complex IM3. Ligand exchange
with another IMD-1 molecule converts IM3 into the catalyst

Figure 6. Free energy profile showing the enantioselective steps in the CAT3-catalyzed reaction.

Figure 7. Optimized geometries of TS10a and TS10b showing steric
repulsions between nonbonded H atoms. Peripheral Ph and tBu groups
as well as irrelevant H atoms are omitted for clarity.
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resting state IM5a. IM5a undergoes intramolecular cyclization
(CC into Sc−imidazolyl insertion) via TS3a with exo-
selectivity that is governed by ring strain as well as the electronic
effect on the CC bond. This generates a β-all-carbon-
substituted quaternary stereocenter in a tricyclic imidazoleN,C-
chelator in IM6a. The subsequent C−H activation via TS4a to
form IM7 serves a dual function: protonating the Sc−C bond to
deliver the cycloaddition product and regenerating the active
catalyst IM5a in the form of its mirror invert IM5a′. This rate-
determining step defines the largest energy span of the catalytic
cycle.
The DFT calculations illuminate the electronic effect of the

ancillary Cp ligand on the activity of the catalyst. An electron-
rich Cp ligand would increase the electron density and basicity
of the Sc-bound α-carbon, thereby facilitating its ability to cleave
the imidazole C−H bond. The computations also reveal the
steric bias, generated by using a chiral Cp ligand, between the
diastereomeric and rate-determining transition states, which
induces the enantioselectivity. The insights gained from this
theoretical study can be useful for the further development of
rare-earth metal-catalyzed C−H functionalization of imidazoles.
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