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The stereoselective reaction of 1,4-dicarbonyls with diarylprolinol silyl ether catalysts was studied with
force field and density functional theory calculations. A robust procedure has been developed for compu-
tational investigations of large and flexible chemical systems based on the conformation labelling system,
ONIOM calculations and Python scripting. The change in enantiomeric excess due to variations in the
catalyst can be explained based on conformational changes and structural deformations. In the enantio-
selectivity-determining radical addition step, the iminium in the most stable SR transition state (TS) takes
up the conformation of the most stable ground state iminium (EE). The conjugated iminium in the SS TS
adopts an EZ conformation to avoid potential structural deformations due to radical attacks from the
more sterically hindered position. For systems with simpler catalysts, the iminium is EE for both, as the
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Introduction

Molecules containing the 1,4-dicarbonyl motif are valuable
intermediates or starting materials in the synthesis of hetero-
cycles." Stereoselective synthesis of 1,4-dicarbonyls is challen-
ging as this usually requires an inversion of polarity on one of
the C=0O bonds. An existing approach to access 1,4-dicarbo-
nyls is Stetter reactions with thiamine catalysts via Breslow
intermediates.”® Recently, Melchiorre et al. have proposed
photocatalytic routes to synthesise 1,4-dicarbonyl compounds
with stereochemical control using 1,4-dihydropyridine (DHP)
and diarylprolinol silyl ether catalysts (the ‘amine catalysts’
below, Scheme 1).* In the optimised trial, a high yield of 88%
has been achieved with a reasonable enantiomeric excess (ee)
of 76%.

Diarylprolinol silyl ether systems were first proposed by
Jorgensen et al. to achieve enantioselective sulfenylation of
aldehydes in 2005.>° Further research efforts in the last
decade have extended the application of the catalytic systems
to other functionalisation reactions at positions neighbouring
the carbonyl group via the formation of either an iminium or
enamine molecule.” The catalysis of diarylprolinol silyl ether
compounds has previously been studied with computational
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and so the reaction shows poor enantioselectivity.

methodologies on functionalisation reactions with ionic path-
ways.” In 2014, Seebach et al.® performed density functional
theory (DFT) calculations on various amine-catalysed reactions
with ionic mechanisms and derived trends that correlate the
size of the substituent with the reaction enantioselectivity.

The applications of diarylprolinol silyl ethers in radical
pathways have not been widely explored. Unlike in ionic
approaches, acyl radicals are highly reactive and achieving good
enantioselectivity becomes more challenging via a radical
route.” Following the success in 2013,'° Melchiorre et al. have
reported several enantioselective photochemical reactions with
the use of amine catalysts, which include the 1,4-dicarbonyl syn-
thesis with DHP.*'*™® However, the origin of the enantio-
selectivity for these reactions remains unexplored. In 2021,
Duarte et al."* conducted computational studies on the selecti-
vity of o-chiralbicyclo[1.1.1]pentane reactions. The reaction
required amine-based catalysts and followed a similar photoche-
mical radical route. Due to the nature of the functional groups
attached to the carbonyl, the selectivity was mainly controlled
by local non-covalent interactions (NCIs). Good experimental
enantioselectivity has also been reported on reactions with sub-
strates that are relatively inert to form strong NCIs, which
includes the studies from Melchiorre et al.**?

This report is based on the experimental outcome of the
photocatalytic 1,4-dicarbonyl synthesis from Melchiorre et al.*
We explain the enantioselectivity of the reactions from the per-
spective of conformational changes and structural defor-
mations. We have also proposed a procedure for investigating
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Scheme 1 The enantioselective synthesis of 1,4-dicarbonyls with a diarylprolinol silyl ether catalyst.*

large and structurally flexible chemical systems computation-
ally. Automated Python pipelines have been written and
applied to facilitate this effective and efficient procedure,
which is potentially transferable to related chemical systems.

Computational methodologies

Conformational searching calculations were conducted in
MacroModel (v11.7)'® with Merck Molecular Force Field
(MMFF)."” DFT optimisations were performed with Gaussian 16
(Revision B.01)'® at the B3LYP/6-31G(d) level of theory."*™
Single-point energy calculations were conducted at the ®B97X-D/
6-311++G(d,p) level of theory.”* Inclusion of SMD solvent
models® in single-point energy calculations were also con-
sidered during benchmarking of the transition state (TS) AG*.
3D images of the optimised structures were generated with
CYLview20,>* PyMOL?® and Visual Molecular Dynamics (VMD).>*

A pipeline has been built to facilitate automations in com-
putational investigations. The scripts were written in Python 3
using a Jupyter notebook (6.1.4).

Results and discussion
The focus of the investigation

Melchiorre et al. have proposed the catalytic cycle (Fig. 1) for
the photocatalytic 1,4-dicarbonyl reaction.* Amine catalysts
form conjugated iminium ions with an enal and activate the f
carbon of the iminium ion for incoming attacks.” The DHP
molecule absorbs a photon, which leads to homolytic fissions
and the release of an acyl radical. The C-C bond formation
between the iminium ion and the acyl radical occurs via a
doublet pathway. The radical addition produces a cationic
radical adduct as the product. The adduct needs to go through
a H atom transfer (HAT) process before the iminium hydrolysis.

Based on the possibility that the iminium ion could also be
excited upon absorption of a photon, we also considered an
alternative mechanism (mechanism 2, electronic ESI
Fig. 1B1).>”*® The higher energy barriers of this mechanism
make it less favourable than mechanism 1 in Fig. 1.7

The C-C bond formation step for each mechanism was con-
sidered computationally. The activation energy for the radical
addition process (AG* = 10.7 kcal mol™) is much lower than
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Fig. 1 The catalytic cycle proposed by Melchiorre et al.* and catalysts of interest in this study. The stereo-determining radical addition step has

been highlighted in orange.
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the radical coupling process (AG* = 20.6 kcal mol™"), which
suggests that the reaction proceeds via radical attack to the
ground state iminium. A simplified system has been used for
the mechanistic study. The sequential step, i.e. the hydrogen
atom transfer (HAT), was investigated and the process is feas-
ible. For more details, see ‘ESI 3.f Mechanistic studies’.
Overall, the enantioselectivity determining step, which is the
focus of this computational study, is the radical addition
between the iminium ion and the acyl (COR?) radical. Various
systems have been studied thoroughly by considering catalysts
(i.e. Catalyst A, A_OTDS, B and C; Fig. 1 and Scheme 1) and
substrates (i.e. R' = Ph or Me and R*> = Ph or Me) of different
size and complexity.

Automations and conformation analyses

Traditionally, to obtain TS structures of complex systems, com-
putational chemists need to follow a process of conformational
searches, DFT optimisations to minima on the potential
energy surface, bond freezing optimisations and TS optimis-
ations.*® In the case of catalyst C, the conformational search-
ing calculations of its iminium produce 2228 conformers.
Considering the size of the system (e.g. 86 atoms and 388 elec-
trons in the catalyst C iminium), it is computationally costly to
reoptimise and obtain a TS for all the conformers at the DFT
level from the output of conformational searches. Hence, we

View Article Online

Research Article

established an efficient procedure for studying the radical
addition process computationally (Fig. 2).

Firstly, we have introduced filters in the procedure, which
aim to select conformers for further analyses. Filters were built
on top of a conformational labelling system. The confor-
mational labelling system was developed for classifying and
labelling conformers according to their structural features.
The procedure starts with the identification of the key struc-
tural features within the molecule. Fig. 3 summarises the deri-
vations of structural feature labels. At the beginning of our
investigation, only the iminium and rotamer features were
included in the conformation label (Fig. 3A and B). These two
structural features are known to be correlated with the energy
of the system.®?° After the first batch of calculations, we found
that a conformation label with two features is insufficient and
conformers with the same conformation label can have a AAG
up to 6 kecal mol™". By inspecting the difference in structure
between conformers with the same conformation label, we
picked out other important structural features and introduced
them into the conformation labelling system. With the current
system, AAG values of conformers with the same confor-
mation label should be under 1.0 kcal mol ™.

The key structural features and the associated labels for the
cationic radical adduct are as follows: iminium (E/Z; Fig. 3A),
rotamer (syn_exo/syn_endo/app; Fig. 3B), ring conformation

Rough xyz coordinate (iminium & adduct)

y
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(FF)

Optimised FF structures (iminium & adduct)

’ T R
| Filter: Diversity in structure |
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Reoptimisation (DFT)

Bond scan / freeze
TS optimisation (DFT)

Optimised DFT structures Optimised DFT structures

(Adduct & Iminium)

[ Grid screening style |
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Fig. 2 An efficient computational procedure for uncovering large and flexible chemical systems. The grid screening style sampling requires both

computational calculations and data analyses.
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Fig. 3 The conformational labelling system: The structural feature labels are identified based on dihedral angle values. The key dihedral angles are
coloured in red. A: iminium, ene-iminium and its rotation; B: ring; C: rotamer (i.e. the rotation of the large bulky substituent); D: Ph rotation; E: —OTDS
based on k-nearest neighbours model; and F: COR? rotation; G. The conformation label is derived by joining the structural feature labels identified.

(envelope (1-5)/ring (0); Fig. 3C), Ph rotation (para/per;
Fig. 3D) and COR? rotation (in/out; Fig. 3F). The rotamer, ring
conformation and Ph rotation classifications are also applied
to iminium structures. The differences between the adduct
and the iminium are taken into account by the ene-iminium
ion (EE/EZ/ZE/ZZ) and its rotation (trans-/cis-ene-iminium)
structural feature (Fig. 3A). All the structural features for the
iminium and the COR? rotation label are also applicable to the
TS structures.

The label identification process is based on measurements
of dihedral angles. For example, the iminium (E/Z) structural
feature classification is based on the value of the C-C=N-C di-
hedral angle (Fig. 3A). A conformer with an ‘£’ iminium has a
Odihedral(C-C—=N-C) value between +90° and —90°. Conformers
with a Ogihedral(C-C=N-C) value outside the range of +90° -
—90° are regarded as ‘Z’ iminiums. None of the conformers

Org. Chem. Front.

have a dihedral angle similar to the cutoff. The label identifi-
cation for other structural features follows a similar logic of
categorical classification based on one or multiple dihedral
angle values (ESI 4.} Structural feature labels). Structures with
catalyst A_OTDS and C have an -OTDS chain. With the di-
hedral angle values on the backbone of the -OTDS chain as
features, we trained a k-nearest neighbours model based on
force field (FF) data to label the stable -OTDS orientations
(Fig. 3E). The stable orientations are given a label of ‘1’ rather
than ‘0’. The conformation label is derived by joining the
structural feature labels identified (Fig. 3G).

The automated filter pipeline generates the conformation
label with the xyz file of the conformers and dihedral angles of
interest as the input. Based on the conformation label and the
number of conformers under the same classification, confor-
mers are selected for further analyses, i.e. optimisations at a

This journal is © the Partner Organisations 2022
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higher level of theory or TS optimisations. The filter on confor-
mers from conformational searches aims to sample represen-
tative structures that are diverse in structure and energy.
Taking catalyst C iminium as an example, 63 representatives
are selected from 2228 MMEFF structures for reoptimising at a
high level of theory. The sample of 63 conformers includes
both the frequently appeared structures and outliers that are
different from other structures in the output file. The filter on
the reoptimised conformers, which are applied after the initial
screening step, focuses on removing repetitive and high energy
structures (see ESI 5.7 Filters).

In the initial screening step, ONIOM optimisations®" were
performed on structures from conformational searches at the
ONIOM(B3LYP/6-31G(d):UFF) level of theory, ie. part of the
system is optimised at the cheaper UFF (universal force field)
level.*> We found no significant difference between AG from
ONIOM calculations and AG at the DFT level if the border of
the two layers were carefully chosen (ESI Fig. 7). On average,
based on the calculations on SR adducts with catalyst C and B,
the computational time for ONIOM calculations is only 1/3 of
DFT level calculations typically. Thus, initial sampling with
ONIOM calculations allows a large number of conformers to
be screened and studied at a relatively low computational cost.

Finally, grid screening style samplings were conducted to
ensure that the most stable structure was considered and
obtained. Here, the data from conformation labelling system
was used as a guide for further conformation sampling. The
process began with exploring correlations between structural
features and AG of the system with statistical analyses through
box plots (ESI Fig. 81). The box plot analyses allowed generalis-
ations to be made. For example, conformers of the catalyst B
TS with the ‘syn_exo’ and ‘per’ labels are noticeably more
stable than conformers with ‘app’, ‘syn_endo’ and ‘para’ labels.
Sometimes, more than one structural feature label may con-
tribute to a stable conformation. In the case of catalyst B TSs,
‘3’ vs. ‘4’ (ring conformation), ‘EE’ vs. ‘EZ’ (ene-iminium) and
‘in’ vs. ‘out’ (COR rotation) are competing structural features.
Additional structures with different combinations of these
labels were sampled in a grid screening style if they were not
already presented in the data set of optimised structures (ESI
Fig. 97).

The improved procedure allows efficient use of computational
resources and is effective in obtaining the key structures for ana-
lyses. This procedure was developed during the investigation on
reactions with catalyst A and A_OTDS and has been successfully
applied on the more complex systems with catalyst B and C.

Origin of the enantioselectivity

The computational AG* and the conformation label of the
most stable conformations for selective systems are presented
in Tables 1 and 2 (see Tables 8 and 97 for the complete result
tables). The trend in AAG* generally agrees with the experi-
mental results. In addition to the data from Melchiorre et al.,
we also compared our results with the work from Yu et al.** Yu
et al. have also reported a highly similar radical route for
synthesising 1,4-dicarbonyls. Their reactions also involved

This journal is © the Partner Organisations 2022
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Table 1 The calculated kinetic data (level of theory: ©«B97X-D/6-
311++G(d,p)/SMD/CH3CN//B3LYP/6-31G(d); unit: kcal mol™) and
experimental percentage enantiomeric excess (%ee) from the work of
Melchiorre et al.* and Yu et al.>*®

R' = Me; R® = Ph R' =Ph; R>=Ph

AG*  AAGY  Exp.%ee  AG'  AAG'  Exp. %ee
Catalyst A
SR 12.2 0.5 — — — 120
SS 11.7 0.0 — —
Catalyst A_OTDS
SR 11.6 0.0 — — — —
SS 12.0 0.4 — —
Catalyst B
SR 11.8 0.3 — 12.4 0.0 27%/38°
Ss 11.5 0.0 14.7 2.3
Catalyst C
SR 11.6 0.0 69° 11.2 0.0 76%/80°
SS 13.6 2.0 13.7 2.5

14? 13

“From Melchiorre et a From Yu et a

Table 2 The conformation label of the iminium in the most stable TS
conformer and the conformation label of the most stable ground state
iminium conformer at the ®B97X-D/6-311++G(d,p)/SMD/CHsCN//
B3LYP/6-31G(d) level of theory. All the structures presented below have
a ‘trans-ene-iminium’ label

Catalyst SRTS SSTS Iminium

R' = Me; R*> =Ph

A syn_exo EE 3 per syn_exo EE 3 per syn_exo EE 3 per
A_OTDS syn_exo EE3 per1 syn_exo EE 3 per0 syn_exo EE 3 per 1
B syn_exo EE 3 per syn_exo EZ 3 per syn_exo EE 3 per
C syn_exo EE 4 per1 syn_exoEE4per1l syn_exoE O per1

R' =Ph; R>=Ph
B syn_exo EE 3 per
C syn_exo EE 0 per 1

syn_exo EZ 3 per
syn_exo EZ 5 per 1

syn_exo EE 3 per
syn_exo EE 0 per 1

amine catalysts but used Ru(i) complex for photoinitiations
and generations of COR? radical. Pathways via a SR TS lead to
the major product. In Table 1, as the steric demand of the cata-
lyst increases, SR pathways become more kinetically favourable
than SS pathways. Changing R' from -Me to -Ph group also
contributes to a higher AAG?. It is important to highlight that
AG* values of SR pathways remain almost unchanged regard-
less of the changes in the steric bulkiness and electronic pro-
perties of the catalyst. This suggests that the radical addition
step is not the yield-determining step. We suspect that the
HAT process might be yield-limiting. For more details, please
see ‘ESI 3.7 Mechanistic studies’.

A benchmarking study has been conducted on the keys TS
structures. Firstly, we want to highlight the importance of
including a solvent model in single point calculations, which
improves the accuracy of the TS AG*. AAG* values show a
closer match to the experimental result. Secondly, there are
often several TS conformers with very similar AG* values to the
most stable TS, especially for the SS TSs. Hence, the most
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stable SS TS conformer obtained with different DFT func-
tionals may have subtle structural differences. Nevertheless,
the overall trend stated in the previous paragraph remains con-
sistent (ESI 9.1 Benchmarking).

Intrinsic reaction coordinate (IRC) or quick reaction coordi-
nate (QRC)** calculations are performed to check that the TS is
on the reaction path of interest. We have conducted further
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Fig. 4 AAG values of the TSs vs. AG of the iminium taken from the IRC
or QRC** plots for the radical addition process in reactions with catalyst
A, A_OTDS, B and C. The substituents on the enal and COR? radical, R*
and R?, are both Me group (Fig. 1). The calculations were performed at
the ®B97X-D/6-311G(d,p)//B3LYP/6-31G(d) level of theory. (unit: kcal
mol™).

Catalyst C; R = R2 = Ph systems
A. NCl plots

B. Distortion
/interaction
analyses ¢
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analyses taking into consideration of all the optimised TS con-
formers (Fig. 5) by plotting AAG* of the TSs against AG of the
iminium taken from the IRC or QRC of the corresponding TS
(Fig. 4). For catalyst A, a strong linear trend (Pearson’s r = 0.94)
in the plot between the two variables shows that the stability of
the iminium ion is strongly correlated to the activation energy
of the process. Increasing the complexity and steric demand of
the catalyst leads to a drop in the Pearson’s r value of the plot.
The gradient and y-intercept of the line of best fit also deviate
from 1.0 and 0.0. The trend implies that the iminium in TSs
with a low AAG* may take up a less stable conformation as the
steric hindrance increases.

Looking at the most stable TS structures, the iminium ion
in SR TSs always has the same conformation label (EE) as the
most stable ground state iminium (Table 2). In the radical
addition process for the SR adducts, the COR® radical can
simply attack with the ‘in’ orientation without interfering with
the bulky substituent in the iminium. However, this does not
apply to the SS TSs. The iminium ions in the most stable SS
TSs often need to adopt a less stable EZ conformation, unlike
the group state iminium. The difference in iminium confor-
mation may be due to local interactions or structural defor-
mations during the reaction process.

Local interactions refer to either favourable non-covalent
interactions (NCIs) or unfavourable steric clashes. We con-
ducted NCI plot analyses on the TSs.?® Various TS conformers,
including the less stable conformers, for processes with
different catalysts have been studied and consistent results
have been obtained. The NCIs between the COR* radical and

From
SR/SS TS? 8S SS; preferred SR; most stable
syn_exo EE 4 in per 1 syn_exo EZ 5 out per 1 _syn_exo EE 0 out per 1
Relative energy 12.8 2.8 3.4
TS AAGH 5.7 25 0.0
Iminium AG 0.0 3.3 0.0

Key: TS structure; ground state iminium from QRC

Fig. 5 Analyses to examine the origin of enantioselectivity: the diagram above is based on catalyst C TSs. A. Non-covalent interaction (NCI) plot
analyses: the colour of the surfaces within the TS structures indicates the nature of the interactions (i.e. blue = attractive, red = repulsive and green =
weak van der Waals interactions); B: Distortion-interaction analyses for the iminium structure from TSs of the radical addition process. Structural
alignment diagrams between the iminium structure at the TS and the ground state iminium are also given. The conformation label of the TSs is

included in the table. All the TSs presented have a ‘trans-ene-iminium’ label (unit: kcal mol
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+
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Small structural deformation
Iminium takes up the most
stable conformation

AG* (SR TS) < AGt (SS TS)

Fig. 6 The origin of enantioselectivity: catalyst C TSs (R* = Ph; R? = Ph) are used as examples. The iminium in the SR TS takes up the most stable
conformation with little structural deformations. In SS TS, small structural deformations within the iminium are at the cost of changing the confor-
mation. Thus, AG* (SR TS) < AG* (SS TS). In SS TS', the iminium takes up the most stable conformation, which leads to large structural deformations.
Hence, AG* (SS TS) < AG* (SS TS)). The bond length values of the forming C—C bonds in A are labelled in blue. The SS and SR TS lead to the SS and

SR adduct respectively.

the iminium ion are mainly weak van der Waals interactions.
In Fig. 5A, examples of NCI plot structures are given. The van
der Waals interactions are indicated by green surfaces within
the structures. Local interactions do not play a significant role in
determining the orientation of the iminium in the most stable
SS TS regardless of the size of the substituent on the catalyst.
The overall structural deformation, as opposed to specific
rotational conformational changes, is considered with distor-
tion/interaction analyses.®® The relative energy, which
measures the extent of distortion between the iminium struc-
ture from the TS relative to the ground state iminium from
QRC in terms of energy, was calculated (Fig. 5B - take catalyst
C radical addition TSs as examples). Relative energy values cor-
relate positively with AAG* of the corresponding TS (see plots
of relative energy vs. AAG* in ESI Fig. 14t). In catalyst C
systems, the relative energy is much higher when the iminium
in the SS TS takes up the same conformation label, EE, as the
most stable ground state iminium. The difference in the
extend of deformation is also reflected in alignment diagrams
in Fig. 5B. The iminium in the preferred SS TS takes up a less
stable EZ conformation to minimise the overall deformational
distortion. The change in the iminium conformation is at the
cost of raising the kinetic barrier of the radical addition
process, which leads to the stereo outcome of the reaction. For
simple systems with a less sterically bulk catalyst (e.g. catalyst
A system; R' = R” = Me; low experimental %ee), the most stable
SS and SR TS have the same conformation label. Here, the
energy cost of distorting the structure is presumably lower
than the cost of changing the iminium conformation. For cata-
lyst A (R" = Me; R* = Me), the corresponding relative energy for
the most stable SS and SR TS differs by only 1.0 kcal mol™".
Changing from -OTMS to —~OTDS always led to a noticeable
increase in %ee and AAG?, regardless of the complexity of the
system (Z.e. from catalyst A to A_OTDS or from catalyst B to C

This journal is © the Partner Organisations 2022

systems) (Table 1). Introducing the -CF; groups only (ie.
moving from catalyst A to B systems) gave similar %ee and
AAG* values. However, having both the -OTDS chain and -CF,
groups in the catalyst (i.e. moving from catalyst A_OTDS to C
systems) produced the best enantioselectivity outcome. The
most stable TSs take up a syn_exo orientation, where the -CF;
substituted phenyl groups are on average further away from
the site of radical addition compared to the -OTDS chain.
Thus, -CF; groups indirectly influence the reaction site by
reducing the steric flexibility of the -OTDS chain. The
enhanced structural restrictions force iminium ions on taking
up a less stable structure at the TSs. The electronic impact of
introducing the —-CF; groups is insignificant. Hirshfeld charge
analyses show that the charge distribution at the site of radical
additions (i.e. the N—=C-C=C region) does not vary extensively
between iminium ions with different catalysts (ESI Fig. 167).

In addition to the work from Melchiorre et al* and Yu
et al.,*® we have also considered the experimental results from
other amine-catalysed reactions via a radical pathway.'’'*?”
The above model and lesson learnt can also be applied to
similar reactions given that the substrates (i.e. attacking
radical and enal, ketone or aldehyde) are generally inert to
form strong non-covalent interactions.

Conclusions

In conclusion, we have proposed and assembled an effective
procedure for computational investigations on the reaction of
interests in this study. Automations and Python pipelines have
been implemented and the script can be found on GitHub
(https://github.com/Goodman-lab/Script_im). The ideas
behind the procedure are also transferrable and can be
applied to other large, structurally complex and highly flexible
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organic systems. We will continue improving the robustness of
the process in future studies.

The photochemical synthesis of 1,4-dicarbonyl compounds
with amine catalysts has been studied computationally with
DFT and FF calculations. Focusing on the radical addition step
between the iminium and the COR? radical, origin of enantio-
selectivity becomes clear. The direction of attack of the COR?
radical and its interactions with the bulky substituent on the
catalyst is not sufficient to explain the difference in AG* value.
The conformation labelling system and distortion/interaction
analyses highlight that the iminium in the preferred SS TS
adopts a less stable EZ conformation to reduce the overall
structural deformation. The enantioselective outcome of the
reaction is due to the conformation difference between the
iminium in the SR and SS TS, which contributes to the AAG*
value significantly. For systems with reduced substituent size
in the catalyst, the iminium adopts the same structure in SS
and SR TSs (Fig. 6). The small structural deformation differ-
ence between the iminium in the TSs leads to the insignificant
AAG* values and poor enantioselectivity experimentally.
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