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The computational characterization of the mechanism for complex reactions involving the photoactiv-
ation of transition metal compounds remains a challenge for theoretical chemistry. In this work we show
how the application of DFT and ONIOM(DFT:MM) methods can characterize the photoinduced iridium-
catalyzed enantioselective trichloromethylation of 2-acylpyridines that was recently reported by Meggers
and co-workers. This is a complex process, as it involves two linked catalytic cycles and yields the product
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with high enantioselectivity. Calculations succeed in reproducing all available experimental data, including
the sign and value of the enantiomeric excess. The detailed mechanistic picture that is obtained leads to
the identification of the origin of selectivity as the steric repulsion between an attacking trichloromethy!l

rsc.li/obc

Trichloromethyl groups are known to contribute to the
pharmacological properties of several natural products.'”
Significant efforts have been put into strategies for the stereo-
selective insertion of this group into organic molecules invol-
ving both stoichiometric*® and catalytic approaches (the latter
mainly with Ru®’ and Ti®° catalysts). However, effective
approaches for the enantioselective addition of this unit have
so far been limited. Many of the strategies used involve redox-
mediated radical addition, thus presenting an opportunity for
a photocatalytic approach. Photoredox catalysis enables the
generation of highly reactive radicals under mild conditions,”
but the low activation energy of follow up reactions constitutes
a challenge for controlling asymmetric processes. To overcome
this obstacle, strategies have been developed in which two
catalysts work in tandem for a single reaction."® In this
approach, photosensitizers capable of inducing electron trans-
fer are combined with asymmetric co-catalysts which are
mostly chiral organocatalysts that act as both the chiral centers
and the Lewis acid sites.'®™” Yet, a more desirable approach is
to employ a single catalyst which can act both as the photosen-
sitizer and the asymmetric catalyst.
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radical and the ligands at iridium in the path leads to the minor enantiomer.

Earlier studies towards this goal involved high energy UV
light in combination with Lewis acid and hydrogen bonding
interactions to perform enantioselective catalysis."®™*® Most of
the current visible-light photosensitizers, however, are cyclo-
metallated Ir or Ru transition metal complexes,'®*° and it is
widely known that chiral metal complexes can catalyze asym-
metric transformations.>' With this in mind, Meggers and co-
workers®> developed a system capable of photoinducing a
single electron transfer to enable the enantioselective
trichloromethylation of 2-acyl imidazoles and 2-acylpyridines
(Fig. 1). Here, a chiral A-iridium complex acts as both the
photosensitizer and the asymmetric catalyst.”> Complex (I) is
an octahedral iridium centre with two bidentate achiral
ligands in a left-handed propeller-type arrangement, which is
the origin of chirality in the system.>*

Computational chemistry is an established and valuable tool
for the mechanistic study of processes in asymmetric
catalysis,”>° and is making inroads in the description of
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Fig. 1 General reaction scheme of the trichloromethylation.
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photoactivated processes.>* > Therefore, we set out to study
this reaction using DFT methods to elucidate the factors that
affect enantioselectivity and attempt to predict a system which
might produce better enantioselectivity under experimental con-
ditions. We chose 1-(pyridin-2-yl)propan-1-one (1) as the sub-
strate, which forms the trichloromethyl-substituted pyridine
derivative (3) with 67% yield and 95% enantiomeric excess.

Computational details

DFT and DFT/MM calculations were carried out using the
Gaussian 09 software.*® Two different sets of calculations were
carried out. First we studied the full catalytic cycle on a model
system with pure DFT calculations at the ®B97X-D level.** The
basis set was LANL2DZ plus an additional f shell (exponent =
0.938) for Ir, and 6-31+G(d) for all other atoms.***” The val-
idity of the basis set was confirmed through single point calcu-
lations on key transition states with LANL2TZ(f) for Ir and
6-311+G(d) for other atoms. All geometry optimizations for this
first set of calculations were carried out in methanol solution
via the SMD model.*® A second set of calculations was carried
out at the ONIOM(wB97X-D:UFF) level on the key transition
states for a variety of systems. The QM/MM partition consisted
in placing tert-butyl groups (or the groups replacing them) in
the photocatalyst in the MM region. The description for the
QM part was the same as described above. DFT/MM geometry
optimizations were carried out under vacuum. Free energy cor-
rections were taken from this ONIOM calculation, and the
potential energies were refined by full QM single point calcu-
lations in solution. All reported energies are Gibbs energies at
298 K under 1 atm. Low frequencies were converted to
100 cm ™ following recent suggestions in the bibliography.***°
A data set collection of the computational results obtained
with Gaussian 09 is available in the ioChem-BD repository*!
and can be accessed via http://doi:10.19061/iochembd-1-48.
Single electron transfer (SET) barriers were estimated using
Marcus theory,*>** where the energy barrier is defined by using
eqn (1). AG is the free energy difference between reactants and
products, and A is the reorganization energy of all nuclei
involved in the SET, including solvent molecules. The reorganiz-
ation energy was computed separately for each component
(nuclear reorganization (1y) and solvent reorganization (4s)):

(AG +2)°

AGE =
¢ 42

(1)

An was obtained by calculating the energy cost of changing
the charge distribution between fragments while maintaining
the same geometry. If the reaction is between an anionic
donor D™ and a neutral acceptor A, both of them start at their
optimal geometries Dp-~ and A,, but increase their energies
after the electron transfer to a Dp- plus A,~ arrangement. This
is numerically computed in eqn (2). This component of the
total 4 is by far the smallest one,"* as can be seen in the values
reported in the ESIL.}

j'N = DDf + AA_ - DDf_ - AA (2)
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The solvent reorganization energy (4s) was computed using
the continuum solvent model. We indicate the solvation
environment as a superscript, and the resulting eqn (3) is ana-
logous to that above. This method to obtain the solvent re-
organization energy has been used successfully to reproduce
experimental results.***?

Js = DI 4 AAl _ pID ] _ Al 3)

Results and discussion
Full catalytic cycle

Our first set of calculations used a model system for the photo-
catalyst, in which tert-butyl groups were replaced by methyl.
We started by checking the mechanism proposed by Meggers
and co-workers, which was found to be correct. Like many
mechanisms in photoredox catalysis, it consists of two linked
cycles, as shown in Fig. 2. The two cycles are connected
through the transfer of the CCl; radical generated in the
“light” cycle to the “dark” one and through a single electron
transfer labeled as SET2. The peculiarity of this system is that
the photosensitizer is one of the species in the “dark” catalytic
cycle. Thus, two units of the intermediate 5 need to be
generated.

The computed free energy profile is presented in Fig. 3.
There is a certain scrambling in the sequence of the labels
because some species appear in the two interlinked cycles. For
the sake of simplicity, the initial catalyst 2, used as the origin
of relative energies, is considered in a tetracoordinate form,
without the two acetonitrile ligands present in the precursor.
Hexa- or pentacoordinate forms may indeed be more stable,
but their explicit consideration would complicate the cycle
without adding much chemical insight. Coordination of sub-
strate 1 stabilizes the free catalyst (by 8.9 kcal mol™"). Proton
abstraction by lutidine from 4 results in complex 5, in a step
which is endergonic by 11.2 kcal mol~". Deprotonation through
TSpa has the highest thermal barrier in the catalytic cycle at
22.1 keal mol™, a value which is nevertheless still affordable
at room temperature. The complex 5 then absorbs a photon.
A TD-DFT calculation predicts for this complex the existence of
a strong metal-ligand charge transfer (MLCT) band at 387 nm
with an oscillator strength of 0.1482. The excited state then
relaxes to a phosphorescent triplet complex 8 at 58.1 kcal mol ™
above the reactants. This triplet complex can transfer one elec-
tron (SET1) to CCL;Br with a low barrier (computed through
Marcus theory) of 5.1 kcal mol™". This SET process results in
three fragments: the cationic complex 9, the CCl; radical, and a
bromide anion. These three fragments have a total relative
energy 17.3 kcal mol™" above the initial reactants. The bromide
anion is lost in the reaction media, and the two other fragments
continue the reaction. The CCl; radical enters the “dark” cycle,
reacting with another unit of the complex 5 to make a new C-C
bond, in a low-barrier and highly exergonic step. This is the
stereoselectivity-determining step, with two parallel paths that
will be analyzed in detail in a later section. We mention here

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Reaction mechanism for the trichloromethylation process.
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Fig. 3 Free energy profile of the trichloromethylation mechanism with the model catalyst. Energies in kcal mol™.

that we used the relative free energies of these critical tran- tational details) modified the difference between them by only
sition states to benchmark the validity of our computational 0.2 keal mol™ (from 2.6 to 2.8 kecal mol™"), thus confirming the
method. The calculation with a larger basis set (see compu- validity of our method.
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The C-C bond formation generates the intermediate 6. In
the path depicted in Fig. 3, this intermediate transfers one
electron back (SET2) to cation 9 in the “light” cycle to restore
the photosensitizer 5. The removal of one electron from 6
results in the cationic trichloromethylated complex 7. Product 3
can easily dissociate from 7, which results in the regeneration
of the catalyst. SET2 has an energy barrier of 7.4 kcal mol™,
and the dissociation of 3 has an energy cost of 9.0 kcal mol™".
Thus, the process is downhill and with low barriers after the
formation of the C-C bond.

Propagation vs. termination

In addition to the cycle described above, the authors proposed
that the direct electron transfer from 6 to CCI;Br can also take
place. We carried out calculations on this possibility and the
results are summarized in Fig. 4.

The intermediate 6 can transfer an electron to the transient
intermediate 9 through SET2, as indicated above, in what con-
stitutes a termination pathway, but it can also transfer one
electron to CClL;Br through SET3, in a propagation pathway. In
this propagation pathway, no extra photons are involved. The
energy barrier of SET3 is 9.5 kcal mol™" (9.4 for the minor
product), which is higher than that of SET2 (Fig. 4). The raw
numbers in Fig. 4 would suggest that the termination pathway
through SET2 to dominate. However, as we have shown in a
previous study,’® the competition between these termination
and propagation pathways is severely affected by the concen-
tration of the species involved. In this case, 9 is a transient
species formed by light absorption, thus in much lower con-
centration than CCIl;Br, which is a reactant. Therefore, initially
propagation is more competitive than termination, which may
account for the quantum yield of 5 observed experimentally.

Location of photoexcitation in the catalytic cycle

In the mechanism analyzed above, the photoinduced electron
transfer step takes place after the light-driven generation of
the triplet complex 8, upon deprotonation by lutidine. There
are however other species in the media which are potentially
photoactive. We study in this subsection the light absorption
properties of all species that precede the formation of 5 to
determine whether there is any other plausible photosensitizer
which could give rise to a productive process. Fig. 5 shows the
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Fig. 5 Light absorption and electron transfer for different intermedi-
ates. Free energies in kcal mol™.

absorption energies and SET energy barriers for all intermedi-
ates up to 5. The catalyst precursor I shows one significant
metal-ligand charge transfer (MLCT) absorption band at
347 nm (oscillator strength f = 0.2912). This strong band is in
agreement with the maximum absorption observed for the
catalyst experimentally.*® However, precursor I has to be dis-
carded as a photosensitizer because the barrierless dis-
sociation of the acetonitrile ligands leads to the formation of
the lower energy complex 2, indicating that the catalyst is
entirely in the dissociated form.

Complex 2 is also able to absorb light, with an MLCT band
at 444 nm (f = 0.0596). The corresponding triplet complex 2"
relaxes to 45.2 kcal mol™". This complex is however unable to
transfer an electron to CCL;Br as the barrier for SET is prohibi-
tively high (40.1 kecal mol™"). Photoinduced electron transfer
from 4 shows a similar pattern. The incorporation of a third
bidentate electron-delocalizing ligand causes the appearance
of a stronger MLCT band at 373 nm (f= 0.1704). However, SET
to form the CCl; radical has a barrier of 41.6 kecal mol™, indi-
cating that this complex is not the photosensitizer either.

Finally, complex 5 has a fully delocalized ligand system,
which shifts the MLCT band to 387 nm (f = 0.1482). While
higher in energy than the other complexes, 5 can act as the
photosensitizer as the triplet state form 8 shows a low SET
barrier (5.1 kcal mol™") towards the formation of the CCl,
radical. Thus, our calculations confirm that the photosensitizer
is indeed complex 5.

Origin of enantioselectivity

We will discuss now the critical step where the C-C bond is
formed and the stereoselectivity of the reaction is decided. The
two transition states reported in Fig. 4 present low free energy
barriers of 8.9 and 11.5 kcal mol™". The lowest energy tran-
sition state indeed leads to the experimentally reported major
product. The predicted enantiomeric excess (ee) for this model
system is 96%.

One could argue that our modeling of the ligand may affect
enantioselectivity, and because of this we repeated the calcu-
lations with the real system, with full consideration of the tert-

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Free energy profile of the trichloromethylation mechanism with the real catalyst. Energies in kcal mol™.

butyl substituents. Fig. 6 shows the resulting free energy
profile. The calculated ee for the real system is 99%, which is
still in good agreement with the experimental value of 95%.
The calculated ee represents indeed an error in the free energy
discrimination of only 0.7 kcal mol™". There are some minor
differences between the two free energy profiles which are
worth mentioning. The coordination of the reactant in the
intermediate 4 is weaker in the real system, as the more con-
strained system is more reluctant to take an extra chelating
ligand. The steric compression also favors neutral complexes
with respect to cationic ones, as the sp® centers in 4 and 6
require more space than the sp> carbons in complexes like 5.
This has the interesting side effect of significantly lowering
the barrier for deprotonation through TSp,, which is only
15.3 keal mol ™" for the real system.

The structures obtained for the two competing transition
states in the real system are presented in Fig. 7. An inspection
of the geometries points to a steric origin for the enantio-
selectivity. The ligands present an octahedral arrangement
around iridium. The chelating substrate which is essentially
planar occupies two coordination sites in the equatorial plane
in the orientation of the drawing. The CCl; radical will
approach the carbon center in a direction approximately per-
pendicular to the plane. When it approaches the plane from
above, in the drawing presentation, it will lead the major
product. The attack from below will lead to the minor product.
The approach of the CCl; radical is mostly unhindered in
TSmajor, as it does not get close to the substituents in the axial
ligand. Things are different for TS;,inor- The CCl; radical gets
close to the “arm” of the axial ligand, and has to move away
from the ideal perpendicular direction in order to avoid it. The
particular nature of the ligands, resulting in these bulky

This journal is © The Royal Society of Chemistry 2017

Fig. 7 Optimized geometries of the transition states leading to major
(left) and minor (right) products.

groups in perpendicular planes, is of course at the origin of
this stereoselectivity. It must be also mentioned that the
problem is much simplified by the symmetry of the catalyst,
which has only one possible conformation, significantly redu-
cing the degrees of freedom in the mechanism.

Behavior of alternative systems

An experimental enantiomeric excess of 91% is very good, but
still improvable. We decided to carry out computational experi-
ments evaluating the selectivity associated with the hypotheti-
cal variations of the experimental catalyst. We studied the
effect on the predicted enantioselectivity of the R substituent
and the L linker in the ligand. These positions are occupied by
tert-butyl and a sulfur atom in the experimental system (see
Fig. 1). We calculated TSmajor and TSminer for the catalysts
reported in Table 1. The experimental system corresponds to

Org. Biomol. Chem., 2017, 15, 8641-8647 | 8645
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Table 1 Calculated ee for different catalysts

Catalyst Substituent R Linker L Computed ee (%)
a -H S 91
b -Methyl S 96
c -tert-Butyl S 99
d -Adamantyl S 97
e -tert-Butyl HC=CH 33

complex (c) in the table. This is the only case where an experi-
mental value for ee (95%) is available. We tried two systems
with smaller R substituents: hydrogen (a) and methyl (b), and
one with bulkier adamantyl groups (d). In addition, we calcu-
lated a catalyst in which the sulfur was replaced by HC=CH to
increase the hindering effect of the ligand while maintaining
aromaticity (e).

The resulting values for ee are collected in Table 1. We were
to a certain extent surprised to find out that even the smallest
substituent, hydrogen in system a, produced a respectable ee
value of 91%. It is obvious that the presence of the ligand in
this plane is sufficient to induce enantioselectivity (see Fig. 6).
The values of ee for systems b, ¢ and d are very similar, in the
limits of accuracy of our computational method. We can in any
case make a brief qualitative discussion on their differences.
The increase in the substituent size of methyl (catalyst b) and
tert-butyl (catalyst c) leads to predictable increases in com-
puted selectivity to 96% and 99%, respectively. The approach
of the CCl; radical in TSpiner is more hindered by bulkier
ligands, as expected. However, the increase from tert-butyl to
adamantyl (catalyst d) leads to a slight decrease, 99% to 97%.

Catalyst e has a significantly different behavior. The enan-
tiomeric excess virtually disappears for this system (33%). The
introduction of a HC=CH group places a 6-member ring in
the ligand and pushes the ligand substituents towards the sub-
strate. It increases clearly steric repulsion, but reduces enantio-
selectivity. The results indicate conclusively that the relation
between steric repulsion and enantiomeric excess is not linear.
When there is too much steric repulsion the structure of the
octahedral complex is disrupted, and the approach of the CCl;
radical in TSp,jor is also disfavored, thus diminishing
selectivity.

Steric repulsion is thus the key to the selectivity of the
process, but this repulsion reaches an optimal value for system
¢, that is reported experimentally. The introduction of
additional steric effects distorts the system and reduces
enantioselectivity.

Conclusion

We carried out calculations on the reaction mechanism of the
trichloromethylation of 2-acylpyridines, and correctly repro-
duced the experimentally reported enantioselectivity, as well
as other experimental observations. This adds strong support
to the experimentally proposed existence of two linked cata-
lytic cycles: a “dark” cycle, where the substrate is activated and
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the C-C bond is asymmetrically formed; and a “light” cycle,
where the photosensitizer absorbs light and generates a CCly
radical from CCl;Br by outer-sphere electron transfer. Our cal-
culations also support the identification of the photosensitizer
as the complex resulting from the deprotonation of the co-
ordinated substrate.

The sign of enantioselectivity was correctly reproduced and
a reasonable approach to the experimental value of ee was
obtained: 99% vs. 95%. The origin of selectivity was identified
as the steric hindrance in the approach of the CCl; radical to
the complex, which in ideal cases only affects the formation of
the minor product. The detailed picture provided by the calcu-
lations allowed us to evaluate the behavior of hypothetical cata-
lysts with increased steric repulsion and led us to find that
they also obstruct the path to the major product, thus reducing
selectivity. The characterization of the reaction mechanism for
such a complex system is a very promising result for the future
role of theoretical chemistry in the characterization of photo-
catalytic and photoactivated processes. Calculation can access
a mechanistic detail difficult to achieve from experiment, and
hence be an important support for the further optimization of
these increasingly relevant reactions.
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