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Density functional theory (DFT) calculations

Computational methods

Density functional theory (DFT) calculations were performed with Gaussian 16
rev. B.01%. Geometry optimizations were performed using the M06-2X° functional with
the Karlsruhe-family basis set of double-{ valence def2-SVP** for all atoms. Minima
and transition structures on the potential energy surface (PES) were confirmed using
harmonic frequency analysis at the same level of theory, showing respectively zero and
one imaginary frequency. Gibbs energies were evaluated at the reaction temperature of
30°C, using a quasi-RRHO treatment of vibrational entropies®, using the Good Vibes
code’. 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 were used in solvation calculations.

Single point (SP) corrections were performed using the domain-based local pair
natural orbital — coupled cluster with perturbative triple excitations (DLPNO-CCSD(T))
calculations®™ using ORCA version 5.0.1'"'?. T, approximation which neglects the
couplings between different triples by the off-diagonal Fock matrix elements, instead
of the recently published iterative T, algorithm'’, was employed. The NormalPNO
settings with Teypairs = 10'4, Tcupo = 10'2, Tecupno = 3.33% 107 and TceumrN = 10 was
used throughout. The TightSCF convergence with KDIIS algorithm'* for SCF
iterations were used. The complete basis set (CBS) extrapolation scheme of Helgaker et
al'"”"’, was performed using either the correlation-consistent double-/triple-C
cc-pV(DT)Z basis set'® or the aug-cc-pV(DT)Z*'* basis sets, which are augmented
with diffuse functions. The auxiliary basis sets required for the integral evaluations in
the DLPNO-CCSD(T) correlation energy calculations were generated automatically

using the “AutoAux” command from the automated auxiliary basis set construction

module” of ORCA. DEFGRID2 grid for integration was employed throughout.

For the basis sets augmented with diffuse functions, the aug-cc-pV(DT)Z basis set

produces linear dependency errors due to the addition of diffuse functions using the
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“AutoAux” command, in this case, DLPNO-CCSD(T) was run separately with
aug-cc-pVDZ or aug-cc-pVTZ basis set with corresponding auxiliary basis sets
aug-cc-pVD(T)Z/C*"** and the obtained values are extrapolated manually according to

the following formulae:

ESS) = ESS) + Aexp(-av/X) Eq (1)
Br(X) _ yapY)
E(OO) _ X Ecorr Y Ecorr Eq (2)
corr XB o Y/B

for the extrapolation of HF energy (Eq (1)) and of correlation energy (Eq (2)) to the

X

basis set limit, respectively. Egqp Jcorr

is the SCF/correlation energy calculated with

()

SCF/corr is the basis set limit SCF/correlation

basis set of cardinal number X, and E

energy and 4, o, and S are constants. For correlation energy, X and Y are the cardinal
numbers of the basis sets used for extrapolation (X=2, Y=3 herein). For Extrapolate(2/3,

cc), a=4.42, and f=2.46 and for Extrapolate(2/3, aug-cc), a=4.3, and f=2.51.

The integral equation formalism variant of the polarizable continuum model
(IEF-PCM) with the SMD implicit continuum solvation model® was included to
account for the solvent effect of toluene. Unless otherwise stated, the final SMD
(toluene)-DLPNO-CCSD(T)/ cc-pV(DT)Z//M06-2X/def2-SVP Gibbs energies are
used for discussion throughout. A/l Gibbs energy values in the text and figures are
quoted in kcal mol”’. All molecular structures and molecular orbitals were visualized

using PyMOL software™.

Geometries of all optimized structures (in .xyz format with their associated energy
in Hartrees) are included in a separate folder named optimised xyz structures with an
associated README file. All these data have been deposited and uploaded to
zenodo.org (DOI: 10.5281/zenodo.5573970) under open access.

Model system calculation
To initially explore the potential energy surface of this reaction and to increase
computational efficiency, we carried out a model calculation in which a model NHC

and a model imine is used (Supplementary Figure 3). Note that for the model NHC used,
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the reaction centre is similar as the chiral NHC catalyst used in the reaction. For the
imine simplification, we note that the methanesulfinate group has similar reactivity as
p-toluenesulfinate group. We use this model reaction to determine the key steps for the
overall transformation, from which we applied the full model to the key step to

determine the stereoselectivity.
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Supplementary Figure 3. Model NHC and model imine used for the calculation of
Gibbs energy profile.

The full Gibbs energy profile for this model reaction is shown in Supplementary
Figure 4. The Gibbs energies were calculated at SMD(Toluene)-DLPNO-CCSD(T)/
CBS//M06-2X/def2-SVP, using complete basis set (CBS) extrapolation at (2/3,cc) or
(2/3,aug-cc) (in square brackets) procedure as outlined in the computational methods
section. The reaction proceeds with firstly the addition of NHC catalyst to the imine
C=N bond, giving a highly exergonic adduct model INT2, at -9.3 [-8.5] kcal mol™.
This is followed by the loss of methanesulfinate anion, via transition state, model TS2,
at 23.9 [23.7] kcal mol™. The final deprotonation of imine intermediate via model _TS3,
regenerates the NHC catalyst and yields the nitrile product. We note that the use of
basis set augmented with diffuse functions (aug-cc-pVD(T)Z) gives similar energies
(within 1 kcal mol™) as the basis set not augmented with diffuse functions
(cc-pVD(T)Z), thus, for full system calculations, we use Extrapolate(2/3,cc) without

diffuse functions for increased computational efficiency.

We herein focus on the steps of NHC addition and the loss of methanesulfinate
since these steps are likely stereo-determining in the overall transformation of the full
system as the regeneration of NHC catalyst via model_TS3 through deprotonation is
likely facile and simply carries the stereochemical information from previous steps

forward. From the Gibbs energy profile in Supplementary Figure 4, we can see that the
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NHC adduct, model INT2, is the resting state of the catalytic cycle. The rate-limiting
step is the loss of methanesulfinate, model TS2, with an energetic span of 33.2 [32.2]
kcal mol™” (from model INT2 to model TS2). Moreover, the addition of NHC,
model TSI, is reversible, as the subsequent loss of methanesulfinate has a barrier of
33.2 [32.2] keal mol™, which is higher than the barrier for the reversible process of
adduct dissociation (going from model INT2 to model INT1) with a barrier of 24.4
[24.4] kcal mol”'. We note that this rate-limiting barrier is very high and is not
consistent with the good reactivity at ambient temperature used for the reaction. We
further carried out investigation of the full system to determine the energetic span for

the actual system used in the reaction (vide infra).
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Supplementary Figure 5. Gibbs energy profile for the model reaction calculated at
SMD(Toluene)-DLPNO-CCSD(T)/CBS//M06-2X/def2-SVP, using complete basis set
(CBS) extrapolation at (2/3,cc) or (2/3,aug-cc) (in square brackets) procedure.

We also checked the alternative mechanism, in which the base-assisted
deprotonation of the NHC-imine adduct via model TS2’ occurs to give the imine
intermediate model_INT4 directly, as proposed in a previous study of NHC-catalysed

desulfonylation of tosylated aldimines’. However, this TS (model _TS2’ at 27.5 [28.8]
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kcal mol™) has an energetic span that is 3.6 [5.1] kcal mol™ higher than the loss of
methanesulfinate from the aza-Breslow intermediate (model_TS2). With these results,
we focus on the step of loss of anion in the full system as both the rate-limiting and

stereo-determining step.

Key steps and key transition state structures for the full reaction

major_TS2 minor_TS2

AG* =23.7 kcal mol™ AG* =27.2 kecal mol™

Supplementary Figure 6. DFT optimized transition state structures and their HOMO
plots for the rate-determining step of loss of p-toluenesulfinate in the full reaction.

For the full reaction, we focus on the step of loss of toluenesulfinate from the
Breslow intermediate as reflected by model TS2 in Supplementary Figure 5.
Conformational sampling was carried out at the GFN2-xTB*® level of theory using the
crest program>~" from Grimme and co-workers. Note that since no TS structure could

be located on the GFN2-xTB potential energy surface, we performed conformational
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sampling on the aza-Breslow intermediate. A total of 104 conformers were located by
the crest program, and these are sorted into 19 clusters of distinct conformers using the
clustering_traj.py’> with an RMSD cutoff of 1.0 A (excluding H atoms). The 4 lowest
energy structures were reoptimised at M06-2X/def2-SVP level of theory to yield the
relevant TS structures for the rate- determining step of loss of toluenesulfinate. The
lowest Gibbs energy structures for the TSs leading to both major and minor products,

major_TS2 and minor_TS2, respectively, are shown in Figure 6.
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Supplementary Figure 6. Gibbs energy profile for the key steps of the full reaction
calculated at SMD(Toluene)-DLPNO-CCSD(T)/cc-pV(DT)Z CBS
Extrapolation//M06-2X/def2-SVP.

The Gibbs energy profile for the key step of the full system is shown in
Supplementary Figure 6. The energetic span for the rate-determining TS leading to the
major product is 23.7 keal mol™ and to the minor product is 27.2 kcal mol™. This barrier
difference of 3.5 kcal mol” translates to an enantiomeric excess of 99%, at
experimental temperature of 30°C, which is in good agreement with experimental
observations. In addition, the energetic span of 23.7 kcal mol™ is consistent with

excellent reactivity at experimental temperature of 30°C. Their HOMO structures are
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similar, and major_TS2 is likely more favoured due to the hydrogen bonding formed
between the OH group on the substrate and the amine group of the Breslow

intermediate.

Rotational barriers for atropisomers

Supplementary Figure 7 shows the relaxed PES scan about the dihedral angles for
the barriers of isomerisation of atropisomers of (a) 1a, (b) 3a, and (c) condensed imine.
The barriers for isomerisation are all well over 50 kcal mol™, indicating that these

atropisomers will not racemise easily at the reaction temperature of 30 °C.
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Supplementary Figure 7. Relaxed PES scan about the dihedral angles for the
barriers of isomerisation of atropisomers of (a) substrate 1a, (b) product 3a, and (c)
condensed imine

Optimised structures and absolute energies, zero-point energies

Geometries of all optimized structures (in .xyz format with their associated energy in
Hartrees) have been deposited and uploaded to zenodo.org (DOI: 10.5281/zenodo.
5573970) under open access.

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE),
enthalpy and quasi-harmonic Gibbs free energy (at 30 °C/303.15 K) for optimised
structures are given below. Single point corrections in SMD toluene using
DLPNO-CCSD(T)/cc-pV(DT)Z CBS Extrapolate level of theory are also included
(Supplementary Table 4). The individual energy values for (aug-)cc-pV(DT)Z basis
sets and for extrapolated energies are included in Supplementary Table 5 and

Supplementary Table 6.
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Supplementary Table 4. Optimised structures and absolute energies, zero-point

energies

SP SMD (toluene)
Structure E/au ZPE/au  H/au T.S/au gh-G/au DLPNO-CCSD(T)

/ee-pV(DT)Z CBS

Extrapolate
model_system
Et,NH,Ms -802.26423 0.209038 -802.04122 0.050974 -802.09067 -802.106771761
model_imine -1297.3011 0.303744  -1296.9757 0.069216 -1297.0413 -1297.057584649
model NHC -359.72744 0.144296 -359.57359 0.039996 -359.61336 -359.734096841
model_INT1 -1657.0724 0.449095 -1656.592  0.089979 -1656.6768 -1656.808959381
model_TS1 -1657.0516 0.44998  -1656.5711 0.086668 -1656.6537 -1656.791717706
model_INT2 -1657.0875 0.452629 -1656.6046 0.086001 -1656.6865 -1656.833728768
model INT3 -1657.0826 0.451871 -1656.6004 0.085618 -1656.682 -1656.815595236
model_TS2 -1657.0514 0.450388 -1656.5709 0.084953 -1656.6522 -1656.778899839
model INT4 -1657.078 0.449421 -1656.5976 0.087806 -1656.681 -1656.813275761
model_INT3' -1870.6262 0.604494 -1869.9829 0.106287 -1870.0821 -1870.382825950
model_TS2' -1870.5768 0.600681 -1869.9385 0.101509 -1870.0344 -1870.330222484
Full system
NHC -1633.1919 0.262908 -1632.9043 0.07842  -1632.9774 -1633.365826
substrate 1 -729.63651 0.252446 -729.36729 0.056997 -729.4226 -729.5741718
substrate_1-c2 -729.63341 0.252251 -729.36439 0.0568 -729.41954 -729.5719554
TsNH, -874.78436 0.155925 -874.61621 0.048451 -874.66261 -874.5913381
Et;,N -213.51354 0.150026 -213.35549 0.035622 -213.39093 -213.5363377
product -708.58387 0.241686 -708.32566  0.056235 -708.38037 -708.4984566
major_TS2 -3161.3151 0.649318 -3160.6149 0.132663 -3160.737 -3161.1548
major_TS2-c2 -3161.3219 0.649753  -3160.6214 0.133526 -3160.7436 -3161.153644
major_TS2-c3 -3161.3099 0.649559 -3160.6099 0.132688 -3160.7315 -3161.15015
major_TS2-c4 -3161.3099 0.650099 -3160.609  0.134329 -3160.7313 -3161.144974
minor_TS2 -3161.3158 0.649746 -3160.6153  0.133319 -3160.7375 -3161.151609
major_INT2 -3161.3385 0.651677 -3160.6368 0.130192 -3160.756959 -3161.190316
major_INT3 -3161.3527 0.651003 -3160.6507 0.133176 -3160.772938 -3161.194197
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major_INT4 -3161.3198 0.650182 -3160.618 0.135629 -3160.741952 -3161.165459
minor INT2 -3161.3296 0.652316 -3160.6271 0.132009 -3160.748028 -3161.183229
minor_INT3 -3161.3596 0.651797 -3160.6571 0.132231 -3160.77859  -3161.197593
minor_ INT4 -3161.3377 0.651058 -3160.6356 0.133459 -3160.758143 -3161.169332
Supplementary Table 5. Raw energy values obtained at

SMD(toluene)-DLPNO-CCSD(T)/cc-pV(DT)Z basis sets and the complete basis set
(CBS) extrapolation. Final single-point (SP) energy = Extrapolated SCF energy +
Extrapolated correlation energy. a = 4.42 and = 2.46 in the extrapolation of SCF and
correlation energies. All values have the units of a.u.

SCF with SMD correction Correlation
Struct Final
ructure Extrapolat Extrapolat
cc-pVDZ  cc-pVTZ P cc-pVDZ  cc-pVTZ P Energy
ed ed
model_system
-799.73979  -799.90538 -799.95923 | -1.5670959 -1.9334593 -2.1475388 | -802.106771
Et,NH,Ms 9018 2516 2958 81 69 03 761
-1292.3507 -1292.6519 -1292.7498 | -3.1969679 -3.8980335 -4.3076915 | -1297.05758
model_imine | 13901 32034 93061 18 04 88 4649
-357.92299 -358.01620 -358.04652 | -1.2686224 -1.5330553 -1.6875731 | -359.734096
model NHC | 4234 8822 3720 29 57 21 841
-1650.2703  -1650.6567 -1650.7823 | -4.4908202 -5.4601574 -6.0265763 | -1656.80895
model INT1 | 96404 38374 83055 35 09 26 9381
-1650.2399 -1650.6276 -1650.7536 | -4.4998302 -5.4707076 -6.0380264 | -1656.79171
model_TS1 43402 14341 91224 86 03 82 7706
-1650.2673  -1650.6560 -1650.7823 | -4.5051044 -5.4810524 -6.0513343 | -1656.83372
model INT2 | 54080 00373 94457 72 57 11 8768
-1650.2448 -1650.6334 -1650.7598 | -4.5112049 -5.4860962 -6.0557606 | -1656.81559
model INT3 | 98291 66029 34565 10 52 71 5236
-1650.2058 -1650.5806 -1650.7024 | -4.5301626 -5.5061180 -6.0764043 | -1656.77889
model_TS2 46635 14833 95535 27 84 04 9839
-1650.2685 -1650.6365 -1650.7562 | -4.5111221 -5.4868404 -6.0569880 | -1656.81327
model INT4 | 56189 95358 87670 75 59 91 5761
-1862.5997 -1863.0424 -1863.1864 | -5.3737941 -6.5241734 -7.1963819 | -1870.38282
model INT3' | 99293 77792 44026 66 99 24 5950
1 =
LG 1T -1862.5208 -1862.9616 -1863.1049 | -5.3995017 -6.5518600 7.2252248 -1870.33022
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92530 54638 97631 67 53 54 2484
Full System
-1626.3356  -1626.7924 -1626.9410 | -4.6535972 -5.7715182 -6.4247600 | -1633.36582
NHC 19693 85702 65945 80 37 54 6
-725.98059  -726.16257 -726.22175 | -2.5209008 -3.0457374 -3.3524185 | -729.574171
substrate_1 2246 0798 3178 97 93 78 8
substrate 1- | -725.97583 -726.15816 -726.21746 | -2.5220147 -3.0474575 -3.3544928 | -729.571955
c2 5382 5793 2602 61 20 09 4
-871.98152  -872.18099 -872.24585 | -1.7156636 -2.1131894 -2.3454781 | -874.591338
TsNH, 3630 0155 9907 31 08 58 1
-212.33781 -212.39895 -212.41884 | -0.8451856 -1.0170604 -1.1174930 | -213.536337
Et,N 2151 8746 4611 87 24 75 7
-704.98396  -705.15704 -705.21333 | -2.4818445 -2.9888548 -3.2851193 | -708.498456
product 5067 7882 7223 77 42 55 6
-3148.1747 -3148.9604 -3149.2160 | -8.7749315 -10.771877 -11.938765
major_TS2 27490 91447 34643 48 556 637 -3161.1548
major_TS2-c | -3148.189  -3148.972  -3149.226 | -8.765 -10.761 -11.927 -3161.15364
2 755503 161576 612733 892068 137393 031704 4
major_TS2-c | -3148.1800 -3148.9657 -3149.2212 | -8.7675206 -10.762886 -11.928851
3 46923 69449 99171 97 435 106 -3161.15015
major_TS2-c | -3148.1680 -3148.9516 -3149.2065 | -8.7754407 -10.771877 -11.938467 | -3161.14497
4 54423 63987 06538 68 222 552 4
-3148.2095 -3148.9909 -3149.2450 | -8.7557086 -10.751434 -11.917609 | -3161.15160
minor_TS2 00774 16285 45294 96 603 735 9
-3148.2046  -3149.0010 -3149.2600 | -8.7680327 -10.763943 -11.930227 | -3161.19031
major_INT2 | 04326 66214 88550 99 939 310 6
-3148.2147 -3149.0137 -3149.2736 | -8.7577242 -10.754051 -11.920578 | -3161.19419
major_INT3 | 08086 55581 18799 18 614 217 7
-3148.2067 -3148.9894  -3149.2439 | -8.7585929 -10.754960 -11.921511 | -3161.16545
major_INT4 | 34153 08987 47549 67 817 059 9
-3148.2039 -3149.0015 -3149.2609 | -8.7596152 -10.755816 -11.922269 | -3161.18322
minor INT2 | 46802 62434 59986 65 345 138 9
-3148.2247  -3149.0229 -3149.2825 | -8.7538879 -10.749163 -11.915076 | -3161.19759
minor_INT3 | 43854 32938 16986 27 877 083 3
-3148.2251 -3149.0023 -3149.2551 | -8.7519768 -10.747889 -11.914173 | -3161.16933
minor_INT4 | 26187 81899 58075 39 320 473 2
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Supplementary Table 6. Raw energy values obtained at
SMD(toluene)-DLPNO-CCSD(T)/aug-cc-pV(DT)Z basis sets and the complete basis
set (CBS) extrapolation. Final single-point (SP) energy = Extrapolated SCF energy +
Extrapolated correlation energy. a = 4.3 and B = 2.51 in the extrapolation of SCF and
correlation energies. All values have the units of a.u.

SCF with SMD correction Correlation
Final SP
Structure aug-cc-pV  aug-cc-pV  Extrapolat | aug-cc-pV  aug-ce-pV  Extrapolat | gpo oy
DZ TZ ed DZ TZ ed
model_system
-799.77587 -799.91099 -799.95722 | -1.6591811 -1.9715942 -2.1484113 | -802.105640
Et,NH,Ms 16 26 91 62 74 39 5
-1292.4081 -1292.6620 -1292.7489 | -3.3539009 -3.9653053 -4.3113430 | -1297.06028
model_imine | 35117 54645 4238804 19 14 64947602 5
-357.93927 -358.01993 -358.04753 | -1.3232415 -1.5571654 -1.6895597 | -359.737097
model NHC | 5380 6405 7489756 90 10 356342993 | 2
-1650.3382  -1650.6686 -1650.7816 | -4.7120677 -5.5553905 -6.0326876 | -1656.81436
model INT1 | 29680 20860 7614242 30 70 60539143 4
-1650.3109 -1650.6400 -1650.7526 | -4.7273263 -5.5678497 -6.0435624 | -1656.79618
model TS1 12401 11619 2480993 43 86 96299464 7
-1650.3410 -1650.6689 -1650.7811 | -4.7371878 -5.5799684 -6.0569586 | -1656.83811
model INT2 | 98744 68362 6080085 38 53 59386785 9
-1650.3154 -1650.6458 -1650.7589 | -4.7407596 -5.5837297 -6.0608272 | -1656.81973
model INT3 | 61981 49460 0347599 89 68 057004315 | 1
-1650.2806 -1650.5947 -1650.7022 | -4.7639103 -5.6060862 -6.0827342 | -1656.78498
model_TS2 08887 54261 5045378 98 80 24458418 5
-1650.3392  -1650.6499 -1650.7563 | -4.7442165 -5.5857496 -6.0620338 | -1656.81836
model INT4 | 00377 82339 2761881 51 61 14522222 1
-1862.6794 -1863.0557 -1863.1845 | -5.6512951 -6.6420739 -7.2028269 | -1870.38737
model INT3' | 57 77 48 49 05 11 5
-1862.6018 -1862.9754 -1863.1033 | -5.6804256 -6.6707761 -7.2312868 | -1870.33462
model TS2' | 45 86 41 41 73 16275702 8
-212.34902 -212.40134 -212.41924 | -0.8807877 -1.0322439 -1.1179638 | -213.537211
diethylamine | 3014 4425 8086645 70 22 589743786 | 9
St -705.00996 -705.16311 -705.21551 | -2.5837032 -3.0334080 -3.2879283 | -708.503443
roduc
P 8746 1799 5229103 04 46 821122827 | 6
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