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Figure S-2. The HRMS data of intermediate I11

Computational methods for mechanism studies

Geometry optimizations in the gas phase were initially carried out using the GFN1-
xTB method™ as implemented in Entos Qcore Version 0.7.*) The resulting structures
were further optimized using global hybrid functional M06-2X"! with Karlsruhe-
family basis set of double-{ valence def2-SVPP®! for all atoms as implemented in
Gaussian 16 rev. A.03."") Minima and transition structures on the potential energy
surface (PES) were confirmed as such by harmonic frequency analysis, showing
respectively zero and one imaginary frequency, at the same level of theory. Intrinsic

9]

reaction coordinate (IRC) analyses[g’ were performed to confirm that the found TSs

connect to the right reactants and products.

Single point (SP) corrections were performed using M06-2X functional and def2-

TZVP! basis set for all atoms. The implicit SMD continuum solvation model'” w

as
used to account for the solvent effect of dichloromethane (DCM) on the overall free
energy PES. Gibbs energies were evaluated at the room temperature, as was used in

the experiments, using a quasi-RRHO treatment of vibrational entropies.!'"'”
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Vibrational entropies of frequencies below 100 cm™ were obtained according to a free
rotor description, using a smooth damping function to interpolate between the two
limiting descriptions. The free energies were further corrected using standard
concentration of 1 mol/L, which was used in solvation calculations. SMD(DCM)-
M06-2X/def2-TZVP//M06-2X/def2-SVP Gibbs energies are given and quoted in kcal
mol™ throughout. Unless otherwise stated, these solvent-corrected values are used for

discussion throughout the main text and in this supporting information.

Non-covalent interactions (NCIs) were analyzed using NCIPLOT! calculations.
The .wfn files for NCIPLOT were generated at M06-2X/DGDZVP!*"! level of
theory. NCI indices calculated with NCIPLOT were visualized at a gradient
isosurface value of s = (.5 au. These are colored according to the sign of the second
eigenvalue (A,) of the Laplacian of the density (V *p) over the range of —0.1 (blue =
attractive) to +0.1 (red = repulsive). Molecular orbitals are visualized using an
isosurface value of 0.05 au throughout. All molecular structures and molecular

orbitals were visualized using PyMOL software.!'®!

Distortion-interaction!' "'*/activation strain (DI-AS) model!"**% is applied to key TSs
to discern the factors affecting stereoselectivity. Geometries are taken from along the
IRC reaction coordinate at 0.15A interval and single point gas-phase calculations

were performed at M06-2x/def2-TZVP level of theory to obtain DI-AS profiles.

Geometries of all optimized structures (in .xyz format with their associated energy in
Hartrees) are included in a separate folder named xyz structures with an associated
readme.txt file. All these data have been deposited with this Supporting Information
and uploaded to zenodo.org (DOI: 10.5281/zenodo.4314003).

Results and Discussions

For our computational study, we used substrates 1a and 2b as shown in Scheme
S-1. Experimentally, product 3b is formed with a 95% yield and an enantiomeric
ratio (er) of 98:2. We studied the three possible pathways from triaza-diene
intermediate III. In pathway 1, intermediate III could undergo a concerted [4+2]
cycloaddition to give a cycloadduct from which the carbene catalyst NHC D can
be regenerated. In pathway 2, a stepwise aminalization/cyclization is anticipated,

where first a C-N bond forms between intermediate III and isatin substrate 2b.
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This can be followed by a nucleophilic substitution at imine to regenerate the
carbene catalyst NHC D. For concerted asynchronous reaction mechanism
(pathway 3), the second cyclization step follows immediately upon the
completion of the first aminalization step without the formation of a stable
intermediate. We computationally studied the above pathways and found that a

concerted, highly asynchronous reaction mechanism is possible (vide infra).
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Scheme S-1. Possible pathways for imine functionalization and DFT calculations.

Conformational considerations

To determine the most stable form of the key triaza-diene intermediate (III), involved
in the reaction mechanism, we performed a thorough conformational sampling. We
generated a set of rotamers by performing 5-fold rotations about key dihedral angles
as shown in Figure S-3. The generated rotamers were then cleaned by removing those
species having overlapping atoms. These were performed using the script in the study
of conformational effects on physical-organic descriptors by Brethomé er al.™! A
total of 43 resulting rotamers were then subject to geometry optimization using
GFN1-xTB in Entos Qcore. The xTB-optimized structures were then clustered to give
3 distinct conformers, which were reoptimized at DFT M06-2X/def2-SVP level. The
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resulting structures and their solvent-corrected relative Gibbs energies (SMD(DCM)-
MO06-2x/def2-TZVP//M06-2x/def2-SVP) are given in Figure S-3. Not surprisingly,
the most stable conformer benefits from pi-pi interaction between the phenyl ring on
imine substrate (1a) and the aryl ring on NHC ligand. The most stable species III is

used for all subsequent studies.

Chemdraw structure DFT optimized conformers of intermediate 111
I II1-3b I11-3b-2 II1-3b-3
AAG=0.0 0.7 1.1

Figure S-3. Chemdraw and DFT optimized conformer structures of key intermediate III. Gibbs

energy units are given in kcal/mol.

Frontier Molecular Orbitals (FMQ) analysis

Figure S-4 shows the frontier molecular orbitals (FMOs) and their associated energies
for intermediates III-3b (with benzoimidazole protected imine as the substrate) and
III-3ac (with imidazole protected imine as the substrate) and the isatin substrate 2b
that were used in computation. For the reaction between imine 1b and isatin 2b via
intermediate III-3b, the orbital interaction between the HOMO of 2b and the LUMO
of III-3b (HOMO-LUMO gap of 0.203 eV) occurs between the O atom of the ketone
group and the C atom of the imine, however, this C—O bond formation does not occur
as the TS could not be found computationally. On the other hand, the orbital
interaction between HOMO of I1I-3b and LUMO of 2b has a more compatible orbital
interaction and a more favorable HOMO-LUMO gap of 0.176 eV. Thus, the reaction
occurs with electrons originating from intermediate I1I-3b and flowing to substrate 2b

(vide infra).
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Intermediate I11-3b

HOMO LUMO
-0.24095 eV -0.07809 eV

Intermediate III-3ac
HOMO LUMO
-0.22152 eV -0.05259 eV

Substrate 2b
HOMO LUMO
-0.28085 eV -0.06494 eV
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Figure S-4. FMOs, at an isosurface value of 0.05 au, and their associated orbital energies for

intermediates III-3b and ITI-3ac and substrate 2b.

The intermediate III-3ac arising from the reaction between imine lac (differs from
imine 1b by a lack of additional Ph-ring) and isatin 2b has similar FMO shapes as
intermediate III-3b. The orbital interaction between the HOMO of 2b and the LUMO
of III-3ac (HOMO-LUMO gap of 0.228 eV) again has less favorable orbital and
HOMO-LUMO energy interactions than the orbital interaction between HOMO of
III-3ac and LUMO of 2b (a more favorable HOMO-LUMO gap of 0.157 e¢V). Thus,
similarly, the reaction between III-3ac and isatin 2b occurs with electron flowing

from the former to the latter.

Reaction between III-3b and 2b
Key transition state (TS) structures

Figure S-5 shows the optimized TS structures for the concerted, highly asynchronous
[4+2] cyclo-addition for NHC-catalyzed imine functionalization. These are the stereo-
determining TSs. IRC analyses were used to connect these TSs to their respective
reactants and products. The reaction is concerted, highly asynchronous as the products
resulting from first C—N bond formation optimizes directly to the [4+2]-cycloadducts
Si-/Re-V (Figure S-5). The bond lengths in these TSs are also suggestive of a
concerted, highly asynchronous mechanism: the C-N bond formation occurs at 1.87A
(Si-TS-1) and 1.86A (Re-TS-1), while the C—O bonds are much longer at 2.54A (Si-
TS-1) and 2.60 A (Re-TS-1).
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The TS for the addition to the Si-face of the isatin substrate, Si-TS-1, benefits from
favorable CH—r interaction between the NHC-activated imine substrate and isatin 2b.
This CH—r interaction is absent in the TS for the addition to the Re-face of the isatin
substrate, Re-TS-1. This can be shown by the NCI plots in Figure S-5. Applying DI-
AS model to these TSs (Figure S-6), we see that Si-TS-1 has a lower activation barrier
than Re-TS-1 due to more favorable interaction energy (in purple), despite having
similar strain energy (in blue). Highest occupied molecular orbitals (HOMOs) of both
TSs are similar (Figure S-3), suggesting similar electron distribution in these TSs.
Thus, the more favorable interaction energy in Si-TS-1 is likely due to more favorable
dispersion energy between its fragments. The difference in the Gibb energy of 2.6
kcal mol” predicts an er of 97.5 : 2.5 in favor of Si-face adduct, in excellent

agreement with experimental findings (er of 98 : 2).

S8i-TS-1 Re-TS-1

AG* =16.1 keal mol! AG* = 18.7 kcal mol™
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Figure S-5. Optimized TS structures, their HOMO (isosurface value = 0.05 au) and NCI plots.

Key bond distances are given in A.
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Figure S-6. The activation strain or distortion-interaction analyses applied to the IRC paths along
the rate-determining transition state for the addition to the Si-face (Si-TS-1; cross markers) and the
Re-face (Re-TS-1; full circle markers) of isatin substrate 2b. All energies are calculated at M06-
2X/def2TZVPP in gas-phase and used without any further corrections.
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Other optimized structures

Si-V Re-V

AG = 7.3 keal mol! AG = 8.9 kcal mol™

Si-TS-3 Re-TS-3
AG* = 15.7 keal mol! AG* = 15.6 kcal mol™

1“%
Si-NHC D3b complex Re-NHC D*3b complex
AG* = -1.9 keal mol’ AG* = -2.5 kcal mol”
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Si-3b Re-3b

AG* = -13.3 keal mol™ AG* = -13.3 kcal mol

Figure S-7. Optimized structures and their associated Gibbs energies for the reaction between

intermediate I11-3b and isatin substrate 2b. Key bond distances are given in A.

Relaxed potential energy surface (PES) scan for concerted, synchronous TSs

Figure S-8 shows the 2-D relaxed PES scans along the two key bonds (C—N and C-O)
for the addition of intermediate III-3b to isatin 2b. We see that for addition to either
the Si-face (Figure S-6a) or the Re-face (Figure S-6b), no concerted, synchronous TS

structure is possible since no first-order saddle point can be found in this region.
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Figure S-8. Two-dimensional relaxed PES scans for formal [4+2] cycloaddition from (a) Si-face

and (b) Re-face of the isatin substrate 2b.

Reaction between III-3ac and 2b

Figure S-9 shows the stereo-determining TS structures for the reaction between
intermediate III-3ac and isatin substrate 2b which yield the product 3ac. The reaction
mechanisms are expected to be the same as discussed previously, i.e., the reaction
proceeds via a concerted, highly asynchronous mechanism. The bond lengths in these
TSs again support such a mechanism: the C-N bond formation occurs at 1.88A (Si-
TS-1-3ac) and 1.86A (Re-TS-1-3ac), while the C—O bonds are much longer at 2.57A
(Si-TS-1-3ac) and 2.62 A (Si-TS-1-3ac).

The reaction barriers in this case (20.3 and 23.0 kcal mol") are higher than that
between III-3b and 2b (16.1 and 18.7 kcal mol'). The lack of a Ph-ring in
intermediate III-3ac could result in less favorable interaction in this case than in III-

3b, resulting in higher activation barriers. These computational results are consistent
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with experimental finding that the functionalization of imine lac gives a lower yield

(52%; reactants recovered) than of imine 1a (97%).

Si-TS-1-3ac Re-TS-1-3ac

AG* =20.3 keal mol™! AG* = 23.0 keal mol™
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Figure S-9. Optimized TS structures, their HOMO (isosurface value = 0.05 au) and NCI plots for
the stereo-determining TSs for the reaction between intermediate III-3ac and isatin substrate 2b.

Key bond distances are given in A.

Optimized structures and absolute energies, zero-point energies

Geometries of all optimized structures (in .xyz format with their associated energy in
Hartrees) are included in a separate folder named xyz structures with an associated
readme.txt file. All these data have been deposited with this Supporting Information
and uploaded to zenodo.org (DOI: 10.5281/zenodo.4314003)

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE),
enthalpy and quasi-harmonic Gibbs free energy (at 298.15K) for gas-phase MO06-
2X/def2-SVP optimized structures are given below. Single point corrections in SMD
dichloromethane using M06-2X/def2-TZVP functional are also included.
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SP M06-

Structure E/au ZPE/au H/au T.S/au G/au gh-G/au 2X/def2TZVP
SMD(DCM)
II-3b -5587.312242  0.464136 -5586.8134 0.101504 -5586.91492 -5586.906214  -5589.941105
IV-3b-c2 -5587.311914 0.464124 -5586.8131 0.100965 -5586.9141 -5586.90566 -5589.940207
IV-3b-c3  -5587.306555 0.464074 -5586.8076 0.102918 -5586.9105 -5586.900991 -5589.938955
2b -551.748147  0.145384 -551.59238 0.042136 -551.634513  -551.634343 -552.3856815
nhc-cl -4884.928065 0.261136  -4884.645 0.073281 -4884.71831 -4884.713313 -4886.769456
nhc-c2 -4884.928065 0.261136  -4884.645 0.073275 -4884.7183 -4884.71331 -4886.769457
Re-111"2b
complex -6139.099679 0.610953 -6138.4431 0.124072 -6138.56714 -6138.556405  -6142.341829
Re-TS-1  -6139.078147 0.611245 -6138.4224 0.121203 -6138.54356 -6138.533208  -6142.322033
Re-V -6139.099611  0.6139  -6138.4417 0.120293 -6138.56195 -6138.551547  -6142.340797
Re-TS-3  -6139.095546 0.612517 -6138.4392 0.118402 -6138.55763 -6138.548074  -6142.329441
Re-NHC
complex -6139.120655 0.613393 -6138.4624 0.121885 -6138.58427 @ -6138.573711 -6142.357847
Re-3b -1254.16056  0.351129 -1253.7871 0.070949 -1253.85801 -1253.854073 -1255.579983
Si-III2b
complex -6139.101277 0.611123 -6138.4446 0.124585 -6138.56914 = -6138.557948  -6142.341445
Si-TS-1  -6139.084959 0.611625 -6138.4288 0.121544 -6138.55035 -6138.539837  -6142.326383
Si-V -6139.111298 0.614299 -6138.4531 0.118865 -6138.57195 -6138.562344  -6142.344314
Si-TS-3  -6139.101713 0.613099 -6138.4449 0.118294 -6138.56323 -6138.553672  -6142.330108
Si-NHC
complex -6139.123981 0.613515 -6138.4656 0.122744 -6138.58834 -6138.577371 -6142.356659
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Si-3b -1254.16056  0.351129 -1253.7871 0.070949 -1253.85801 -1253.854073 -1255.579983
III-3ac -5433.848206  0.41673  -5433.3994 0.095036 -5433.49441 -5433.487015 -5436.302217
Si-TS-2-
3ac -5985.606936 0.563785 -5985.0011 0.115971  -5985.1171  -5985.107405 -5988.68005
Re-TS-2-
3ac -5985.599639 0.563537  -5984.994  0.11628  -5985.11031 -5985.100509  -5988.675442
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