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A comprehensive mechanistic study on the N-heterocyclic carbene (NHC) catalyzed photoenolization/
Diels—Alder (PEDA) reaction of acid fluorides was performed in the framework of (time-dependent)
density functional theory ((TD)-DFT). The 1,5-hydrogen atom transfer (1,5-HAT) during photoenolization
first,
photoenolization, and then, after crossing to the triplet manifold, populating a biradical dienol which
allows for the formation of two ortho-quinodimethane (o-QDM) isomers due to a low rotational barrier.
The (2)-isomer is mostly unproductive through sigmatropic rearrangement back to the starting material
while the (E)-isomer reacts in a subsequent concerted Diels—Alder reaction likely as the deprotonated
dienolate. The experimentally observed diastereoselectivity is correctly predicted by theory and is
determined by a more favorable endo trajectory in the cycloaddition step. These findings demonstrate

of an ortho-toluoyl azolium salt was found to be feasible via, singlet excitation and
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benzophenones, highlighting the unique ability of the NHC organocatalyst to transiently alter the excited
state properties of an otherwise photoinactive carboxylic acid derivative, thereby expanding the scope of
classical carbonyl photochemistry.
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1. Introduction

The emerging field of N-heterocyclic carbene (NHC) organo-
catalysis has proven to be a versatile tool in organic chemistry,
especially for the construction of complex structural motifs.
NHCs are mostly known as organocatalysts in umpolung reac-
tions of aldehydes, which proceed through the so-called Breslow
intermediate.”™ In the last decade, much effort has been
devoted to extending the scope of NHC organocatalysis beyond
thermal two-electron processes.>® In this context, its combi-
nation with photochemical activation is a promising strategy to
access new, complementary reaction modes that harness the
distinct reactivity exhibited by open-shell species.”’** Most
advances, however, have focused primarily on the combination
with photoredox catalysis, leveraging an NHC's ability to act as
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a radical stabilizer and modulator of redox potentials thus
promoting single-electron transfer events.

We recently developed an NHC-catalysed photoenolization/
Diels-Alder (PEDA) process (Scheme 1),*** in which the key
acyl azolium intermediate undergoes direct excitation under
light irradiation without the need for an additional photo-
catalyst.** The NHC catalyst is thought to temporarily alter the
photophysical properties of the otherwise photoinactive acid
fluoride substrate by shifting its absorption characteristics to
longer wavelengths and by favouring the population of “bir-
adical-like” excited states of the type implicated in the photo-
chemistry of structurally related aceto- and benzophenones
(Scheme 2). This photo-NHC catalysis concept has the potential
to greatly expand the scope of classical carbonyl photochem-
istry, with the NHC effectively acting as a “transient aryl group”
that temporarily changes an unsuitable carbonyl group into
a reactive one during the catalytic cycle.”»** Furthermore, the
availability of chiral NHCs could also pave the way towards new
enantioselective transformations, which are difficult to achieve
under classical photochemical conditions due to the high
reactivity of open-shell species.

Density functional theory (DFT) has become the method of
choice to corroborate experimental observations with theoret-
ical calculations, which are often required to fully understand
the underlying mechanism.**-*° These insights can in turn serve
as a basis for the development of new methodologies.*”~** In this
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Scheme 1 The NHC-catalyzed PEDA process under investigation (previous work).**

regard, we sought to explore the mechanistic features of the
NHC-catalysed PEDA reaction in a comprehensive DFT
study.****'-** This investigation would provide insight into the
central principles of photo-NHC catalysis by revealing the
influence of the NHC catalyst on the absorption properties and
excited state characteristics of the carbonyl function during the
cycle. To the best of our knowledge, the excited state properties
of acyl azolium species have not been studied in the context of
organocatalysis and the degree to which their photochemistry
resembles that of structurally related benzophenones has not
been explored. Using state-of-the-art computational
approaches, as recently employed for similar chemical prob-
lems,*® several intricacies of the annulation process, which
remained unexplained in our original work,** would be
addressed: (1) does the cycloaddition of the photogenerated

hydroxy 0-QDM intermediate proceed in a concerted or stepwise
fashion? (2) is the reaction accelerated by deprotonation at any
stage? (3) which step determines the observed diaster-
eoselectivity in the PEDA reaction of ortho-ethyl and -benzyl
substituted acid fluorides?

2. Methodology

2.1. Computational protocol

All coordinate scans of ground and excited states, optimisations
and normal mode analyses were performed using the
Gaussian16 software package.”* The CAM-B3LYP* functional
with the 6-31+G(d)* basis was employed for the calculation of
potential energy surfaces with final single point evaluation of
the energies with the 6-311+G(d) basis; we also performed
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Scheme 2 Postulated mechanism for the NHC-catalyzed PEDA reaction (previous work),** divided into four sections (a)—(d) related to the

investigated elementary steps.
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analogous (excited and ground state) calculations with the PBEO
(ref. 53) functional with no qualitative changes of the results
(see ESI, S6 and S11, S12+1). For all calculations, solvent (aceto-
nitrile) was included using an implicit model (CPCM).** The
choice of CAM-B3LYP results from it being a method that is
suited both for ground- and excited state calculations, which
were required for investigating the photoexcitation step.>*™°
CAM-B3LYP has been employed successfully for modelling
several similar photochemical systems.*-*

The initial structures of each presented elementary reaction
step were optimized along the direction of the catalytic cycle
and all stationary points were verified to be geometry minima or
proper transition states (TS) via normal mode analysis. From
the initial structures, relaxed coordinate scans were performed
along chosen real molecular coordinates (mostly bond
distances) to create the PES shown in the Results section. For
the Diels-Alder step (reaction step (c) in Scheme 2), a variety of
initial geometries were chosen to explore the order of steps
during ring formation (concerted/stepwise, synchronous/
asynchronous). We thus also scanned along both possibly
involved coordinates for the ring formation (C-C and C-O)
separately in that case. The product structure of each step was
obtained from an optimization in the product's PES energy well.

For the energetically highest point along the scanned coor-
dinate, a transition state (TS) search was performed that in
almost all cases produced TS structures containing only a single
normal mode with an imaginary frequency. These also corre-
sponded to the correct molecular displacement characterizing
the reaction of the elementary reaction step. Zero-point energies
and thermal corrections were included for reactant state
(starting material, SM), TS and product states (P) to obtain
reaction barriers.

The excited state properties were computed with time-
dependent DFT (TD-DFT) with or without the Tamm-Dancoff
approximation (TDA).***¢ For triplets, direct computation of the
state via setting the ground state multiplicity to 3 was also
employed. Our results for excited states mainly refer to the TDA
calculations, unless noted otherwise; all other tested variants
can be found in the ESI} for comparison (see ESI, Fig. S5 and
S67). To check for couplings between singlet and triplet states,
spin-orbit coupling matrix elements (SOCMEs) were computed
for selected geometries using the ORCA software package
(version 5.0.3) using TDA-CAM-B3LYP (also for the triplets) and
the 6-31+G(d) basis.*”*®

2.2. Experimental protocol

All stoichiometric and catalytic test reactions were performed
on a 0.1 mmol scale (with respect to 2,2,2-tri-
fluoroacetophenone 2) in heat gun-dried Schlenk tubes under
argon. The alkali metal bases were heat gun-dried under
vacuum prior to reaction. Irradiation of the degassed reaction
mixtures was performed with a UVA LED chip (4 x 4 cm?, 2 x 10
diodes, 20 W total, A,.x = 370 nm) mounted to an aluminium
heat sink and placed approximately 1 cm away from the reaction
vessel (internal temperature did not exceed 40 °C). Note that
carrying out the reaction in aerated solvents resulted in much

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lower yields probably due to undesired side reactions. After
irradiation, the crude reaction mixture was filtered (if neces-
sary), concentrated under vacuum, redissolved in deuterated
solvent (CDCl;/CD;CN 7 : 1) and directly analysed by NMR. The
NMR yields were determined by comparing the integrals of
diagnostic peaks of product 3 (*H: doublets at 3.82 and
3.69 ppm; '°F: singlet at —79.7 ppm) with nitromethane (5.4 uL,
0.1 mmol, 3H) or fluorobenzene (9.4 pL, 0.1 mmol, 1 F) as
internal standard (relative error 5%).

3. Results

The originally proposed mechanism for the NHC-catalysed
PEDA reaction is shown in Scheme 2.** This mechanism is
inspired by previous reports on photoenolization of aromatic
ketones and NHC-catalysed annulations and serves as the
starting point of our investigation.*** (TD)-DFT calculations
were performed on each of the four key stages of the mecha-
nism with the results being discussed in turn in the following
sections: (3.1) azolium formation - the reaction between the
NHC and the acyl fluoride starting material (1) affording ortho-
toluoyl azolium salt A, (3.2) photoenolization - the light-
mediated conversion of A into an ortho-quinodimethane inter-
mediate B, (3.3) annulation - the formal cycloaddition of diene
B with the ketone coupling partner 2 affording intermediate D
(3.4) dissociation - the final elimination of the NHC catalyst
affording the isochroman-1-one product 3. Our consolidated
results for all elementary steps and the revised mechanism can
be found at the end of the article (Fig. 3 and Scheme 4).

3.1. Azolium formation

The starting point of the catalytic cycle is the reaction of the
imidazolylidene organocatalyst with ortho-toluoyl fluoride 1
forming an ortho-toluoyl imidazolium intermediate A. We
analyzed the corresponding addition-elimination process
considering both cis and trans conformations of acid fluoride 4.
We found that trans-1 is 0.7 kecal mol " higher in energy than its
cis counterpart while the associated reaction barrier is slightly
higher for trans-1 (0.5 keal mol ™) than for cis-1 (see ESI, Fig. S1
and S271). The reaction of both conformers leads to an inter-
mediate complex cis- or trans-A---F to which the fluoride
remains attached in our calculations with implicitly modelled
solvent, despite a relatively long C-F bond distance of 1.59 A.
Since the fluoride appears to detach readily from the starting
material 1 under experimental conditions, we considered the
possibility of detachment-supporting factors in the environ-
ment, e.g., alkali metal cations nearby. In all cases, a continuum
energy (less than 7 kcal mol ™) was reached after about 2 A (data
not shown). However, even without cation support, the barriers
for the fluoride elimination are less than 4 kcal mol ™" (see ESI,
Fig. S3t), it can thus be concluded that this step is not rate
limiting. The apparently more favoured elimination in the
presence of larger alkali metal cations is nevertheless consistent
with our experimental findings, where only rubidium or
caesium carbonate led to good yields of isochroman-1-one
products 3 under catalytic conditions (see ESI, Fig. S297).

Chem. Sci., 2023, 14, 4027-4037 | 4029
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Regarding the conformation, ¢trans-A was computed to be less
stable than cis-A by 2.0 kcal mol~" which agrees with the crystal
structure obtained for independently prepared 1,3-dimethyl-2-
(2-methylbenzoyl)-1H-imidazol-3-ium tri-
fluoromethanesulfonate (4, see ESI, Fig. S307).

3.2. Photoenolization

For the photochemical step, we considered excitation, 1,5-HAT,
rotation and relaxation (Scheme 2, Section 3.2) as possible
processes. The S; optimization results showed that the S;
minimum structure of A is located close to its T; minimum, i.e.,
optimizations of either S; followed by T; or direct T; end up in
the same structure (barrierless, data not shown). The energy
difference between the S; and T, states along the S; surface scan
(see ESI, Fig. S41) was at all geometries before O-H formation
(1.3 A or lower O-H distance) about 10 kcal mol™, not indi-
cating a state crossing or population exchange. Instead, during
O-H formation, the ground state surface rises sharply in energy,
becoming the new S; state below 1 A O-H distance. Here, the
new lowest state in the system is the T;, with only minute energy
differences to the S; along the S; surface. In conclusion, an
initial singlet excitation of A can therefore easily overcome the
shallow (less than 10 keal mol ") barrier of O-H formation but
will likely transform to a triplet afterwards. The SOCMEs (see
ESI, Fig. S4) support this assessment: before O-H formation,
SOCMEs between S; and T, are 2 cm ™" or below. After the triplet
becomes the energetically lowest state, SOCMEs rise to more
than 10 cm ™. Both the energetic degeneracy between the states
and the high SOCME thus support that triplet formation occurs
readily, however after O-H formation.

The above excitation-S;-T; pathway is the most likely
mechanism, due to the following reasons: (a) despite the
required intense UV radiation (see Fig. S24-5S28 in the ESI{ for

45.2

[1.5]
TS

AG [kcal/mol]
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computed spectra) in the experimental setup, direct T,
absorption can be largely ruled out, as the computed oscillator
strengths are below 0.01 for direct triplet excitation and (b) even
though S; has a shallow minimum also on the enol side of the
O-H formation coordinate (see Fig. S4 in the ESIt), crossing
back to the S, surface and/or population exchange to the triplet
seem much more viable for that state due to the close surfaces
and/or high coupling elements. Nevertheless, we continued to
explore both states for the following steps.

Detailed analysis of the O-H coordinate revealed that 1,5-
HAT can occur from the first excited singlet state with a low
barrier (7.5 keal mol™'; see ESI, Fig. $47). Although the process
is slightly endergonic (7.9 kcal mol ") it should be feasible
under the experimental steady-state conditions, especially for
“hot” excited states. From the S,(B) geometry, several possibil-
ities for the next steps appear: one possibility is that S;(B)
crosses to the ground state surface allowing for the barrierless
tautomerization back to A as an unproductive decay channel.
This pathway seems to be quite likely, due to the close vicinity of
the S, surface and the S;(B) minimum geometry (red and green
curve in Fig. S4 of the ESI}). Another option is the formation of
metastable 0-QDM intermediates, likely (Z)-B due to the
immediate ring orientation after enolization, which however
can easily reorganize to A via 1,5-sigmatropic rearrangement
(8.0 keal mol ™" barrier, see Fig. S19 in the ESIf). This reverse
reaction seemingly outcompetes any productive cycloaddition,
as the computed cycloaddition barriers are much higher
(Fig. S20 and S21 in the ESI{).

However, as noted above, SOCMEs between S,(B) and the
triplet are significant (more than 10 cm™') and the energies are
close, hence strong population exchange is to be expected.
Furthermore, after S;(B) has depopulated into S¢(B), the not
fully relaxed S¢(B) can also undergo ISC and populate

Fig. 1 Calculated Gibbs free energy diagram (298 K, not to scale) for the photoenolization of azolium A, showing productive (bold) and
unproductive (dashed) pathways towards the formation of 0-QDM (E)-B. HAT = hydrogen atom transfer, [1,5] = 1,5 sigmatropic rearrangement,
TS = transition state, ISC = intersystem crossing. Manifold colours: green = Sq, red = Sy, blue = Ty.
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a metastable cisoid triplet dienol Ty(B) (crossing of green and
blue curves in Fig. S4 of the ESIT). These two possibilities are the
most likely pathways for a population of the triplet after O-H
formation. The same geometry is also obtained by assuming
(unlikely) direct initial T; population by light-driven excitation,
or early ISC from the S;, thus starting the O-H formation from
triplet azolium T,(A). In this case 1,5-HAT also proceeds with
a low barrier (9.0 kcal mol ") but is
(—11.9 kecal mol ™).

To avoid the unproductive pathways mentioned above,
moving from the Z to a kinetically more stable E form of the o-
QDM for the subsequent cycloaddition reaction steps is neces-
sary. To facilitate this, the triplet dienol must therefore be
sufficiently stable to allow for the interconversion of the cisoid
into the transoid conformation. This is supported by the
computed SOCMEs: at the Ty(B) geometry, the coupling to the
So(B) is found to be below 1 cm ™', and the energy difference to
So is large (about 20 keal mol ™, see rotation scan Fig. S7 in the
ESIT). We thus conclude that the region close to T;(B) geometry
is likely to perform the phenyl ring rotation.

The PES scan of the relevant dihedral of T,(B) revealed that
the rotational barrier is low (~8.5 kecal mol ™, see ESI, Fig. S87)
and the resulting triplet surface crosses the singlet surface at
two points close to the two 0-QDM isomer geometries (E and Z),
thereby effectively bypassing the otherwise high rotational
barrier in the ground state (>30 kcal mol ). Another possibility
for promoting the forward reaction is a base-assisted proton
transfer, which we did not explore in detail here.** In summary,
our computational picture renders the photoenolization step to
be rather inefficient: the excitation energy can be dissipated
through various unproductive channels back to the starting
material. Our results thus explain the high levels of conversion
observed (starting material is regenerated by the unproductive
pathways) and the long irradiation times (one active channel vs.
multiple unproductive channels) needed in the experiment
through a multitude of competing unproductive, yet not
wasteful, backward reactions (Fig. 1).

exergonic

3.3. Annulation

Next, we investigated the cycloaddition reaction of dienol (E)-B
with 2,2,2-trifluoroacetophenone 2 to determine if a stepwise
aldol-like sequence or a concerted Diels-Alder process is

View Article Online
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operational (Scheme 2, Section 3.3).°>”” We also examined the
impact of deprotonation of the dienol (E)-B on the corre-
sponding energies and reaction barriers. Unlike classical
benzophenone analogs, the NHC-bound cationic hydroxy-o-
QDM should be prone to inner salt formation. Furthermore,
depending on an endo or exo attack vector of the dienophile 2,
the formation of the new stereogenic center in the resulting
cycloadduct D/D’ gives rise to two possible diastereomers
(Scheme 3). All these potential variants (stepwise vs. concerted,
protonated vs. deprotonated and endo vs. exo approach) resulted
in eight possible mechanistic scenarios which were all tested
independently.

At first, we carried out our analysis performing separate PES
scans for C-C and C-O bond formation but opted for the C-C
coordinate due to C-O not always providing a TS with only
a single imaginary frequency even though energies were nearly
identical between C-O and C-C stationary points. Regardless of
the scanned coordinate, spontaneous ring formation was
always found after passing the (only) maximum along the PES,
ruling out the possibility of a stepwise scenario. However, this
concerted Diels-Alder behaviour could be due to our initially
chosen orientation for the reactant molecules. We therefore
verified our findings by testing various orientations with a bias
towards exclusive C-C or C-O bond formation, thus preventing
ring closure (data not shown). None of the tested trial orienta-
tions resulted in a stable zwitterionic intermediate C and all
were always energetically uphill, further supporting a concerted
mechanism.

For the remaining concerted scenarios, cycloaddition of the
deprotonated dienol (E)-B’ was always favored over the analo-
gous process directly from dienol (E)-B (reaction barrier
>16 kecal mol " lower, see ESI, Fig. S9 and $10 vs. S13 and S147).
While the catalytic PEDA reaction is necessarily conducted
under basic conditions to avoid re-protonation of the NHC
organocatalyst, a stoichiometric PEDA reaction starting from
independently prepared ortho-toluoyl azolium salt 4 can
proceed without an additional base, albeit with slightly lower
efficiency (85% NMR yield vs. quantitative with an additional
base, Fig. 2, entries 1-5).** Conducting the reaction under acidic
conditions with acetic acid led to a significant decrease in yield
of cycloadduct 3 (Fig. 2, entries 8-9). The computational results
also suggest that, even in this process, dienolate formation is
mandatory to account for the observed product formation.
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Scheme 3 Diastereochemical outcome of the endo and exo approach of the dienophile 2 in the cycloaddition of methyl or phenyl substituted

dienolates (E)-Me-B’ and (E)-Ph-B'.
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Scheme 4 Revised mechanism for the NHC-catalyzed PEDA reaction of acid fluorides.

We next investigated the orientation of the two reacting
partners in the cycloaddition step. Calculating the endo- and
exo-approaches of ketone 2 to deprotonated 0-QDM (E)-B’ led to
very similar reaction barriers (<1 kcal mol " difference; see ESI,
Fig. S13 and S141) that did not allow for an unambiguous
determination of any kinetically-controlled diastereoselectivity.
The cycloadduct syn-D’ which results from an exo-approach of 2
was, however, favored by 2.2 kcal mol ™" compared to the endo-
product anti-D’. We continued to include both diastereomers in
our calculations of subsequent steps as there is a large barrier
for the back reaction (>25 keal mol™"). It should be noted that
the deprotonated hemiketals syn-D’ and anti-D’ are also less
stable than the corresponding hemiketals syn-D and anti-D
(6.1and 9.3 kecal mol ™", respectively), which should also trans-
late to a more facile dissociation of the NHC in the final step
(Scheme 2, Section 3.4).

Any inherent endo/exo selectivity in the cycloaddition of
ortho-toluoyl-derived 0-QDM will still result in an enantioneu-
tral outcome after NHC elimination since both faces are equally
accessible. When there is an additional substituent on the
ortho-methyl group of the 0-QDM, however, diastereomers of
the product 3 are obtained. In our previous work, diaster-
eoselectivities of 2.6 : 1 and 10: 1 were observed in the catalytic
PEDA reactions of ortho-ethyl and ortho-benzyl benzoyl

4032 | Chem. Sci, 2023, 14, 4027-4037

fluorides, respectively. As the sense of this stereoselectivity was
not confirmed in our original report, we obtained X-ray crystal
structures of the major diastereomer of each reaction (see ESI,
Fig. S31 and S327). In both cases, the major isomer formed
experimentally is the t¢rans-isochroman-1-one, which results
from an endo approach of 2 to the respective (E,E)-0-QDMs Me-
(E)-B' or Ph-(E)}-B’ (via anti>Me-D’ or anti>-Ph-D/, Scheme 3).
Cycloaddition of the (E, Z) isomers was not considered as test
calculations indicated a significantly higher energy barrier (data
not shown). This preference is also supported by the DFT
calculations with relaxed surface scans of the endo and exo
approach of the dienophile 2 along the C-C coordinate
revealing that an endo attack is favored in both cases. The
reaction barriers for the endo cycloaddition of the dienolates
Me-(E)-B’ and Ph-(E)-B’ are calculated to be slightly lower than
for the exo approach (0.8 and 0.9 keal mol ", respectively), while
the endo cycloaddition leads to the thermodynamically more
stable hemiketalates anti>Me-D' and anti>-Ph-D’ (2.3 and
2.7 keal mol ™", respectively, see ESI, Fig. $15-S187).

3.4. Dissociation

Finally, we investigated the dissociation step from cycloadduct
D/D’ affording the isochroman-1-one product 3 and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Stoichiometric test reactions (0.1 mmol scale).

regenerating the NHC catalyst (Scheme 2, Section 3.4). As dis-
cussed above, the deprotonation of the dienol (E)-B followed by
reaction with 2 was found to be the energetically more favoured
route for the cycloaddition process and we therefore focused on
the respective hemiketalate D’ for calculating the dissociation
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step. Both potential diastereomers of D’ obtained in the
previous cycloaddition step were considered and a bond
dissociation PES scan (C-C bond distance) leading to elimina-
tion of the NHC was carried out. We found that the energy
barriers of both diastereomers towards dissociation differ by

Cycloaddition step determines diastereoselectivity
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Fig.3 Gibbs free energy (298 K, not to scale) diagram of the revised catalytic cycle. Zero energy values reset for each phase of the cycle (Scheme
4). Energies based on (TDA-)CAM-B3LYP/6-311G+(d) single points on corresponding 6-31G+(d) scans/frequencies.
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1.5 keal mol ™" (9.1 for syn-D’, 10.6 for anti-D'; see ESI, Fig. S22
and S237). The same applies to the backward reaction, for which
the barriers for both diastereomers differ by only 0.1 keal mol .
However, the backward reaction barrier overall is much higher
(17 kcal mol™") than the forward reaction, indicating that
dissociation of the NHC affording the final product 3 is a highly
favoured process.

4. Conclusions

Our study provides for the first time a mechanistic framework
which explains most experimental observations in the NHC
PEDA reaction cycle. From the adduct and subsequent photo-
assisted ring formation, we have seen that the presence of an
appropriate base is a critical factor. This is further corroborated
by the acidic character of the photoproduct. With our current
methodology, we could however not elucidate if the triplet state
of A is required to form the enol as 1,5-hydrogen atom transfer
from both the triplet and singlet excited states can eventually
lead to the same triplet excited dienol species. Population of
this triplet dienol is, however, necessary for the subsequent
steps as its low rotation barrier allows for relaxation to a meta-
stable (E)-ortho-quinodimethane species. Interestingly, the
productive path seems to be competing with a set of unpro-
ductive channels, but no identified unproductive pathway is
wasteful (i.e., leading to unwanted side reactions).

For the second half of the cycle, we identified an asynchro-
nous concerted Diels-Alder pathway for the ring formation.
Deprotonation of the ortho-quinodimethane seems to be
favorable while an endo-type transition state consistent with the
observed diastereoselectivity with ortho-ethyl and ortho-benzyl
substituted substrates is calculated to be more favored. After the
photoreaction, all reaction steps proceed with high product
stabilities, driving the reaction cycle back to the regenerated
NHC catalyst.
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