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ABSTRACT: The first broad spectrum investigation into the photoenolization/Diels-Alder (PEDA) sequence was carried out using M06-
2X/6-31+G(d,p) in conjunction with SMD solvation and supported by experimental UV-vis spectroscopy. A test set of 20 pro-dienes
was chosen to examine the role of the H atom acceptor group (substituted and unsubstituted carbonyl, thiocarbonyl and imine), the
H atom donor group, and bystander ring substituents. As reaction partners for the photogenerated dienes, a diverse test set of 20
dienophiles was examined, comprising electron rich, electron poor, neutral, strain activated, hydrocarbon and heteroatom-contain-
ing molecules including CO, and CO. A key finding of this work is the demonstration that the PEDA sequence of carbonyl based pro-
dienes is tolerant of most substitution patterns. Another is that thiocarbonyl derivatives should behave analogously to the carbonyls
but are likely to do so much more slowly, due to an inefficient intersystem crossing, an endothermic 1,5-hydrogen atom transfer
(HAT) step and a [1,5] sigmatropic H shift to re-generate the starting material that outcompetes the [4+2]cycloaddition. In contrast,
the T, state of the ortho-alkyl imines displays the incorrect orbital symmetry for 1,5-HAT and is correspondingly accompanied by
higher barriers, even in the excited state. However, provided these barriers can be overcome, the remaining steps in the PEDA se-
quence are predicted to be facile. The Diels-Alder reaction is predicted to be of much broader scope than reported synthetic litera-
ture: while electron poor dienophiles are expected to be the most reactive partners, ethylene and electron rich alkenes should react
at a synthetically useful rate. CO is predicted to undergo a facile (4+1)cheletropic addition instead of the normal [4+2]cycloaddition
pathway. This unique photoenolization/cheletropic addition sequence could provide metal-free access to benzannelated cyclopen-
tanones.

Scheme 1. The prototypical photoenolization/Diels-Alder (PEDA)
sequence. Key: IC = internal conversion; ISC = intersystem cross-
ing; HAT = hydrogen atom transfer; Cl = conical intersection.

INTRODUCTION

Keto-enol tautomerization is a fundamental process that un-
derpins organic reactivity.! Most thermal processes require
acid or base catalysis, and proceed via a stepwise mechanism
involving successive deprotonation and protonation (or vice
versa).” > However, keto-enol tautomerization can also be
triggered photochemically, where it has been harnessed in di-

The photoenolization mechanism has been studied spectro-
scopically and computationally.* Photoenolization has been
experimentally shown to occur on the triplet surface (Scheme
1, yellow shading).”® The T; triplet species F readily undergoes
1,5-hydrogen atom transfer (HAT) to generate a relatively sta-

verse areas such as natural product synthesis and polymer
synthesis.* An important class of photoenolization reactions
are those of benzaldehydes and acetophenones that carry an
ortho-CH bond such as A (Scheme 1). Orthoquinone dimethi-
des (0-QDMs, e.g. C) generated in this way have been widely
used in [4+2]cycloadditions with dienophiles (D) to form cy-
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ble triplet ortho-benzylic biradical G. This facile 1,5-HAT must
initially form the cisoid-hydroxy-biradical G, which can isomer-
ize to transoid-form H through bond rotation. Alternatively, G
can be converted directly into singlet (E)-configured o-QDM C
via a transition state that is close to the conical intersection.'®
12 (E)-0-QDM C can either isomerize to the (2)-0o-QDM B which
swiftly tautomerizes back to the starting material A, or can un-
dergo the aforementioned Diels-Alder reaction.

This photoenolization/Diels-Alder (PEDA) sequence has been
exploited in natural product total synthesis by a number of re-
search groups with selected examples depicted in Scheme 2.
The first syntheses were reported by Quinkert (estrone®3 14),
Prabhakar (alpinigenines> ), Kraus (podophyllotoxin,*” 8 an-
thracycline G-2N,*> 20 4-deoxyaklavinone,?* pleurotin?> 23),
and Nicolaou (hybocarpone,®* hamigerans®®). Recently, the
Gao group reported the use of a Lewis acid to facilitate the
Diels-Alder phase of the process, permitting the first catalytic
enantioselective processes. This methodology has been



applied at an early stage in the total syntheses of oncocalyx-
one B,?® mycloeptodiscin A, 27 28 (+)-xestoquinone and (+)-
adociaquinones A/B.?° The robust nature of the PEDA se-
quence has also permitted application outside of target-based
synthesis such as photoligation,*® photo-removable protect-
ing groups® and photo-activated fragrances.??
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Scheme 2. Selected applications of the photoenolization/Diels-Al-
der (PEDA) sequence in natural product total synthesis.24 26, 33,34

To date, most synthetic applications have focussed on the re-
action of ortho-methyl-benzaldehyde derivatives with C=C
dienophiles.?®> With the notable exceptions of trifluoromethyl
acetone®® 37 and CO,,% concerted Diels-Alder reactions with
other dienophiles are unexplored. (Stepwise annulations with
acylhydrazones® and aryl trifluoromethyl ketones3® 3’ have
also been described.) Likewise, aside from a series of recent
studies of ortho-amido imines,*>* photoenolization of ortho-
alkyl imines and thioketones is unexplored (Figure 1). Further-
more, previous computational investigations into this process
are limited in scope.* In recent findings, steric effects on the
(E)/(2) isomerization (Scheme 1, B/C) were identified by com-
parison of the photoenolization of 4'-tert-butyl-2',6'-dime-
thylacetophenone with 2',4',6'-tri-iso-propylacetophenone,**
while charged substituents on the aromatic ring were shown
to alter PEDA reactivity of benzophenone derivatives with
C0,.1? These studies highlight the potential for manipulating
the wavelength of activation and promoting or inhibiting the
subsequent reactivity. Herein we report the first broad scope
investigation into the influence of structure upon reactivity in
the PEDA process (Figure 1).

We identify significant opportunities for expansion in the
scope of PEDA processes through insights gained through
computational modelling and experimental spectroscopic
measurements. Specifically, the influence of four distinct
types of aromatic substrate variation upon reactivity are ex-
amined (Figure 1). We also examine known PEDA dienophiles
and many potentially new ones, through a systematically cho-
sen test set, which examines the importance of electronic ac-
tivation, strain activation, steric effects and the effect of het-
eroatom inclusion. Overall, the study aims to redefine the
scope and limitations of the PEDA process. We also report a
new (4+1)cycloaddition (cheletropic addition) reaction

between photogenerated 0-QDMs C (Scheme 1) and carbon
monoxide, which could be synthetically valuable for the prep-
aration of indanone systems.
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Figure 1. A summary of previous studies into the PEDA sequence
and the scope of the current investigation.

RESULTS AND DISCUSSION

To study structure-reactivity trends in PEDA reactions, we
conceived a test set of molecules 1-20 as precursors to the
photogenerated 0-QDM diene C (Chart 1). These structures
would identify: (a) the influence of variation in the H atom ac-
ceptor heteroatom Y, with carbonyl, thiocarbonyl, imine and
N-tosylimine groups modeled (1-9); (b) the effect of substitu-
tion at the carbon atom of the H atom acceptor group (1-9);
(c) the influence of substitution upon the H atom donor group
(2, 10-12); and (d) the effects of substituents of varying steric
and electronic demands at different aromatic ring locations
(13-20). First, the PEDA reactions were first screened with
three prototypical dienophiles (C;Hs, CO and CO,). Next, we
computationally examined the PEDA reactions of ortho-me-
thyl acetophenone (2) with 20 common dienophiles to study
strain, steric and electronic effects on the cycloaddition reac-
tion.
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Chart 1. A test set of 20 pro-dienes for PEDA reactions.

During the initial modeling. C;H4 and CO, were found to react
in the expected manner, i.e. as dienophiles in [4+2]-cycload-
dition. In the case of CO, however, the (4+1)cheletropic addi-
tion was found to be both kinetically and thermodynamically



favored for most of the substrates tested. The photoenoliza-
tion-cheletropic addition sequence is abbreviated as PECA
and is discussed in more detail below (vide infra).
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Figure 2. Computed Gibbs free energy surface (k) mol-! 298 K,
DMSO) for the PEDA reaction of o-methyl-acetophenone with
ethylene. Blue species are triplets and red species are singlets.
Calculations performed at the M06-2X/6-31+G(d,p) level with

SMD solvent corrections.

Figure 2 shows, as an example, the full potential energy sur-
face for the reaction of the ketone o-methyl-acetophenone
with ethylene, and serves to summarize what follows; corre-
sponding data for all other systems are provided in the Sup-
porting Information (Appendix S5). We first examine the initial
photochemical excitation of the ketone, by computational
modelling and experimental UV-vis absorption spectra. We

then study the 1,5-HAT process and configurational isomeri-
zation steps of the resulting triplet species, the latter of which
also corresponds to the conical intersection that returns the
molecule to the singlet surface. We conclude by studying the
cycloadditions of (E)-o-QDM with dienophiles.

Photochemistry. To calibrate theory and experiment, a subset
of the molecules in Chart 1 — specifically 1, 2, 3, 5, 6, 7a, 8a
and 9a —were synthesized and their UV-Vis spectra were
measured. Attempts to prepare NH imines 7, 8 and 9 were
thwarted by their hydrolytic instability, so the corresponding
NTs imines 7a, 8a and 9a were prepared instead. TD-DFT cal-
culations were performed on both NH and NTs imines. Thio-
aldehyde 4 was likewise unstable and could not be prepared
experimentally. TD-DFT calculations were performed on the
full test set and complete data is provided in Appendix S4 of
the Supporting Information.

Figure 3 shows experimental and computed spectra for o-me-
thyl benzophenone 3 and its thiocarbonyl (6) and NTs imine
(9a) derivatives along with their associated Jablonski dia-
grams; spectra for the other compounds studied are displayed
in Appendix S2 of the Supporting Information. Figure 4 shows
eight grouped sets of calculated spectra to identify the influ-
ence of different structural variations upon absorption max-
ima. Experimental spectra show good qualitative agreement
with calculations performed at the M06-2X/6-31+G(d,p) level.
We also benchmarked our computational spectra using CAM-
B3LYP and w-B97XD with the 6-31+G(d,p) and Def2-TZVP ba-
sis sets, (see Appendix S4 of the Supporting Information) and
found that the level of theory did not significantly affect the
observed spectra.
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Figure 3. Calculated and measured UV/vis spectra (298 K, DCM) and associated Jablonski diagrams for ortho-alkyl acetophenone and its
thioketone and NTs imine derivatives. Solid line = calculated spectrum at M06-2X/6-31+G(D,P) level of theory. Dashed line = experimentally



measured spectrum in dichloromethane. Corresponding data for the other compounds are provided in Appendix S2 of the Supporting Infor-
mation.
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Figure 4. Effect of substituents on the calculated UV/vis spectra (298 K, DMSO) o-alkyl acetophenone and thiocarbonyl and imine derivatives.

Jablonski diagrams and data in other solvents are provided in Appendix S4 of the Supporting Information.

o-Methyl benzophenone (3) shows a strong absorption at
around 250 nm, which corresponds to the S, (rt*) transition.
Following internal conversion to the S; (nmt*) state, this would
be expected, by El Sayed rules,* to undergo rapid intersystem
crossing to the nearby T, (mt*) state, followed by internal con-
version to the reactive T; (nmt*) state. The other ketone deriv-
atives display similar behavior, both with respect to their Ja-
blonski diagrams (Appendix S4) and their UV-Vis spectra (Fig-
ure 4). As expected, absorptions are red-shifted when the ex-
tent of conjugation is increased, and this is most pronounced
when a p-NMe; ring substituent is included (18), as this results
in captodative interactions with the carbonyl.

Based on the experimental and computational spectra, one
would expect the optimal wavelength for photoenolization of
acetophenone and its various substituted derivatives to be
around 230-260 nm. However, experimental conditions typi-
cally use UVA sources,?* 2% 33 34 where the molecule absorbs
only weakly. Indeed, action plots for these reactions are typi-
cally red-shifted from the absorption spectra, and show sig-
nificant so-called “dark” reactivity in the near UV region.!* Alt-
hough ~250 nm is the brightest (i.e., highest oscillator inten-
sity) state accessible with conventional UV sources, absorp-
tion into this would likely result in significant side reactions.
The S; state (~330 nm in 3) absorbs weakly but still has a non-
negligible oscillator intensity, is more likely to offer a better
trade-off between reactivity and selectivity. Consistent with
this, a recent study of the PEDA reaction of a derivative of 15
with N-ethyl maleimide found optimal yields at this wave-
length.*

The thiocarbonyl compounds exhibit UV/vis spectra that are
similar to the carbonyl series but, as expected for the heavier
sulfur atom, the peaks are significantly red-shifted (compare
6 vs. 3, Figure 3; 4 vs. 1 and 5 vs. 2, Figure 4). Because the nit*
and nut* transitions are affected to different extents, the T,
state (rut*) now lies significantly above S; (nmt*) and intersys-
tem crossing is expected to be less efficient.

The imines behave differently to the ketones and thioketones
in that their lowest triplet state T; now has rtrt* character and
not the nt* character expected for subsequent PEDA reactiv-
ity. In practical terms, this means that, in the T, state, the
SOMO on the heteroatom of the imines no longer lies in the
same plane as the H-atom donor but rather is orthogonal to it
(see Appendix S4.7 of the Supporting Information). This does
not render HAT impossible but rather the molecule has to un-
dergo greater geometric distortion to react and this is associ-
ated with a significantly higher reaction barrier (vide infra). As
a result, both radiative and non-radiative transitions back to
the ground state are likely to be competitive with HAT and this
accounts for why there are so few examples of imine-based
PEDA reactions in the literature. To the best of our knowledge,
the Kutateladze group®®“® has developed the only synthetic
examples of PEDA reactions using imines as H atom acceptors,
and all examples specifically involve amide (i.e., N-H bond) H
atom donors. Interestingly, prior theoretical and experi-
mental studies suggest that photoenolizations involving N—
H449 and O—H hydrogen atom donors®®>3 are different from
C—H HAT processes in that they occur from a singlet rut™* state,
rather than a triplet nit* state.>
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and (b) the isomerization reaction on the triplet surface (G to H), as well as the overall Gibbs free energy between the triplet cisoid-hydroxy

species (G) into the (E)-0-QDM (C).

To generalize PEDA reactions to o-alkyl imines, it may be nec-
essary to re-order the excited states. Our recent theoretical
and experimental work on acetophenone derivatives used as
Type | photo-initiators suggests that this may be possible us-
ing the electrostatic effects of charged substituents or Lewis
acids due to the different polarities and polarizabilities of the
nrt* and rut* states.'?>>°8 Work involving o-alkyl imines is cur-
rently underway.

Hydrogen atom transfer and cisoid—>transoid hydroxy biradi-
cal isomerization. Excited-state 1,5-HAT Gibbs free energy
barriers and reaction energies were calculated from the tri-
plet T, state (see Figure 5a). In general, the favorability of in-
tramolecular hydrogen atom transfer decreases along the se-
ries: O > N > S. In the oxygen case (Scheme 1), the ketone-
derived T, species F has a relatively high energy and the for-
mation of the triplet ortho-benzylic biradical G is energetically
favorable. The opposite is observed for the sulfur-containing
compounds. In this case, the T; thioketone is lower in energy
but the pathway to the 1,5-HAT product is endergonic. This is
because the 1,5-HAT reaction in the ketone is driven by the
conversion of the less stable alkoxy radical into the more sta-
ble benzylic radical (Scheme 3). This driving force is absent in
the thioketone as the more polarizable thiyl radical is more
inherently stable to begin with.>>%° The behavior of the imines
is intermediate. The nitrogen-centered radicals have a similar
thermodynamic driving force for the HAT reaction to the
alkoxy radicals but considerably higher reaction barriers as a
result of the reactant T state having the incorrect orbital sym-
metry (vide supra).

delocalized |oca|izec_i
benzylic radical \_ alkoxy radical

delocalized

G \_benzylic radical /
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Scheme 3. The singly-occupied molecular orbitals of triplet o-al-
kyl-acetophenone species F and 1,5-HAT product G calculated at
the RO-MO06-2X/6-31+G(d,p)//M06-2X/6-31+G(d,p) level of the-
ory; isovalues chosen to make the orbital surface areas con-
sistent.

Within the ketones (1-3, 10-20), substituent effects on the
thermodynamics of the HAT reaction follow expectations
based the ability of the substituents to better stabilize the re-
actant T;-keto (F) or product cisoid-enol (G). For instance, the
stabilizing effect of gem-dimethyl (11) or phenyl (12) substitu-
tion at the H atom donor site is significant in the product rad-
ical but not the reactant radical and these promote the HAT
reaction compared with the corresponding unsubstituted (2)
and methyl (12) substituted compounds. Thermodynamic fa-
vorability for the HAT reaction also increases as the ketone R
group is changed from 1 (R=H) to 2 (R=Me) to 3 (R=Ph), re-
flecting the increasing ability of this group to stabilize the ad-
jacent benzylic radical. While these groups stabilize both the
reactant and product radical, the latter effect is greater due
to additional captodative stabilization of the OH group in the
product. Similar arguments around captodative stabilization
also explain the effects of 4- and 5-NMe; and NO, ring substit-
uents (compare 2 with 17-20 in Figure 5a). Within the ke-
tones, the kinetics of the HAT reaction largely follow thermo-
dynamics except where stabilizing polar effects (e.g. 2 versus
1 or 3) or destabilizing steric effects (e.g. 14 versus 15) partic-
ipate.

Figure 5b shows the isomerization barriers and reaction Gibbs
free energies on the triplet surface, as well as the overall en-
ergy change from the triplet cisoid-hydroxy species into the
(E)-0-QDM. It is important to note that the isomerization tran-
sition state is close to a conical intersection that returns the
hydroxy biradical to the singlet surface®*?; as such, it func-
tions as a kinetic trap. On the triplet surface, reaction energies
are close to zero except when there are differential steric ef-
fects or hydrogen bonding in the product and reactant alco-
hols (or corresponding amines/thiols). The energy change
from the triplet cisoid hydroxy species to the (E)-0-QDM is of
course highly exergonic in all cases due to the m-bond for-
mation that accompanies it. The barriers also fall into a rela-
tively narrow range, with two notable exceptions. Delocaliza-
tion of the radical onto R (the substituent on the H atom



acceptor group) is not disrupted by bond rotation and hence
when R is phenyl the isomerization barriers are much lower
than otherwise (compare AG* for 3 vs. 2/1, 9 vs. 7/8). The bar-
riers are lower than expected for the thiol derivatives 4-6, pre-
sumably due to longer C=S vs. C-0 bond lengths, and hence
decreased steric clashing in the (E)-o-QDM. These low barriers
for the thiols allow the (E)-0-QDM form to be kinetically
trapped, even though the HAT reaction is itself energetically
unfavorable, and indicate that PEDA reactions with these sub-
strates, while more inefficient, may be feasible.

Cycloaddition Patterns of Reactivity. As shown in Scheme 1,
after passing through the conical intersection, the (£)-0-QDM
C is formed and can undergo a [4+2]cycloaddition with a
dienophile D. Alternatively, it can isomerize back to the (2)-o-
QDM B, which, since it is now on the singlet surface, will rap-
idly undergo a [1,5]-sigmatropic H shift back to the starting
material A. As a result, while the (E)- and (2)-o-QDMs can both
undergo cycloadditions reactions in principle, in practice they
are only kinetically competitive from the (E)-form (where
competing [1,5]-sigmatropic rearrangement is not possible).
Even for the (E)-0-QDM C, cycloaddition must outcompete ge-
ometrical isomerization, and so both barriers are important in
determining the outcome of the process. As an initial screen-
ing study, we examined the cycloaddition of every one of our
20 (E)-0-QDMs with three prototypical molecules: CH,CH,,
CO; and CO (Figure 6). In all cases, CO, and ethylene undergo
[4+2]cycloadditions to form six membered ring products. For
the CO, cycloaddition products, the favored lactone regioiso-
mer is the one where the incoming CO, dienophile and hy-
droxy-(E)-o-QDM diene C are polarity matched. Under typical
experimental conditions, these hydroxylactone products |
tautomerize to the more thermodynamically stable ortho-ac-
etyl benzoic acid.*> 38

A) preferred reactivity modes B) carbonyl substituents

MeOH

For the ketones and thioketones, CO reacts preferentially via
a cheletropic (4+1)cycloaddition pathway to form benzannel-
ated cyclopentanones J (Figure 6A). This is an interesting pro-
cess, since concerted cheletropic (4+1)cycloadditions involv-
ing CO are, to our knowledge, unknown,®* despite such pro-
cesses being highly sought after.®? It is the reverse of this pro-
cess, specifically the cheletropic elimination of CO that is gen-
erally encountered synthetically.%® % The selectivity for the
(4+1)- instead of the [4+2]cycloaddition is almost certainly
driven by the strong thermodynamic preference (of ca. 200 kJ
mol™) to form the indanone J instead of the considerably less
stable heterocyclic carbene K. Notably, for the imine-contain-
ing substrates, while there is still a very strong thermody-
namic preference for (4+1)cycloaddition over [4+2]cycloaddi-
tion, the [4+2] process has a lower barrier. At the same time,
because the [442] process is so thermodynamically disfa-
vored, it is unlikely to be the final product of the reaction un-
less substrates were designed to intercept the carbene via a
fast intramolecular reaction. In this case, an initially formed
[4+2]cycloadduct would most likely form reversibly, ulti-
mately leading to the (4+1)cycloadduct, in a similar manner to
that encountered in reactions between 0-QDMs and SO,.%°

Figure 6 shows the (kinetically preferred) barriers and reac-
tion Gibbs free energies for the cycloadditions (in red and blue
bars, respectively), with the competing (E)/(Z) isomerization
barrier (black bar) shown for comparison. For o-methyl aceto-
phenone 2, barriers to reaction with CO, CO; and ethylene are
relatively similar and thermally accessible, and all easily out-
compete isomerization. The same is true for o-methyl benzal-
dehyde 1, but for o-methyl benzophenone 3 the (E)/(Z) isom-
erization barrier is considerably lower for reasons discussed
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Figure 6. Gibbs free energy barriers (red bar) and reaction energies (blue bar) (k) mol-1, 298 K, DMSO) for cycloadditions between the ortho-
alkyl acetophenones and their derivatives with prototypical dienophiles CO, CO, and C;H4. The competing E/Z isomerization barrier is shown
for comparison (black bar). All barriers and reaction energies correspond to their preferred modes of reactivity. These are shown in panel A)



using acetophenone as an example; all other substrates show the same regioselectivity except for the reaction of CO with the imines, for
which [4+2]cycloaddition is kinetically but not thermodynamically preferred over (4+1) cheletropic addition. Results are shown as a function
of B) carbonyl substituents C) thiocarbonyl substituents D) imine substituents E) ortho-alkyl substituent F) peripheral ortho- substituents G)

aromatic electron donating / withdrawing groups.
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Figure 7. Gibbs free energy barriers (red) and reaction energies (blue) (k) mol-1, 298 K, DMSO) for the most kinetically favorable Diels-Alder
reaction between the (£)-o-QDM form (C) of ortho-methyl acetophenone 2 and the test set of 20 dienophiles, arranged in order of increasing

barrier height.

above. As a result, regeneration of the starting material through
geometrical isomerization followed by [1,5]-sigmatropic rear-
rangement will decrease the efficiency of the PEDA process. For
the corresponding thioketones and imines, cycloaddition barri-
ers are similar to the ketones, but the isomerization barriers are
larger and smaller, respectively. What this means is that, if the
inefficiencies of the photochemistry could be overcome, the
imines should be suitable reactants for PEDA chemistry, while
for the thioketones the substrate scope would be more limited.

Figure 6E shows the effect of the ortho-alkyl substituent on the
(4+1) and [4+2]cycloaddition. For a given model dienophile, the
thermodynamics remain similar, irrespective of the pro-diene’s
ortho-substituent. In terms of barrier, the substrates possess a
similar reactivity profile with the exception of isopropyl deriva-
tive 15, which has notably higher barriers as a result of steric
effects. Figure 6F shows the effect that a second, ortho-substit-
uent has on Diels-Alder / (4+1) reactivity. In general, the pres-
ence of the second ortho-substituent increases the cycloaddi-
tion barrier due to unfavourable steric interactions between
the spectator ortho-substituent and the C(Me)OH group of the
0-QDM. A notable exception is 16 in which, as noted previ-
ously,** the ortho-methoxy-substituent undergoes favourable
hydrogen bonding with the C(Me)OH group of the 0-QDM,
which makes the diene more electron rich and thus a better
electronic match with an electron deficient dienophile such as
CO,.

Figure 6G shows the effect of strong electron donating / with-
drawing spectator aromatic substituents. Notably, when an
electron withdrawing group is para- to the carbonyl (substrate
21), the (E)/(Z) isomerization barrier is greatly increased. Pre-
sumably this is due to the captodative effect of the hydroxyl-
and nitro-groups in the o-QDM structure, which stabilizes it
through conjugation. Consistent with this conjecture is the fact

that an electron donating group at the para position (substrate
19) does not decrease the isomerization barrier relative to the
unsubstituted system. Instead, it lowers the CO, [4+2]cycload-
dition barrier below that of the ortho-methoxy substrate 16 —
another finding that should have significant synthetic value.

Cycloaddition Structure-Reactivity Trends. Finally, we were in-
terested in understanding the scope of Diels-Alder reactivity
from a prototypical o-alkylacetophenone 2 against a broad va-
riety of common dienophiles. Our 20 dienophile test set is
shown in Figure 7, and covers electron-rich, electron-poor,
electronically neutral (unactivated) systems, and strain-acti-
vated examples. It includes carbo-dienophiles and heterodieno-
philes, double and triple bonded systems. As expected,®® the
electron-rich o-QDM diene is predicted to be most reactive to-
wards strongly activated dienophiles such as N-methyl malei-
mide, maleic anhydride, and methyl glyoxylate; conversely, re-
actions with relatively electron-rich dienophiles such as ethox-
yethene will be slower due to higher reaction barriers. Im-
portantly, none of these barriers should be prohibitively high to
require strong heating or catalysts for cycloaddition. Thus, the
boosted reactivity of the 0-QDM system (relative to a simple
1,3-butadiene that does not generate an aromatic ring on cy-
cloaddition) results in even ethylene reacting at a reasonable
rate. Reactions involving alkynes and some of the strain-acti-
vated examples display particularly exothermic reactivity. All re-
actions for which endo-exo stereoselectivity are possible were
found to be endo-selective.®’

Figure 8 demonstrates the relationship between the transition
state asynchronicity,®® or the absolute difference in bond
lengths for the two forming bonds in the Diels-Alder transition
state, and the barrier heights for each of the kinetically-pre-
ferred reactions involving the dienophiles presented in Figure
7. We find that, in general, activated dienophiles are more



asynchronous and display a positive relationship between asyn-
chronicity and barrier height, whereas electron-rich and strain-
activated dienophiles in our test set are less asynchronous and
display either a weak inverse relationship between barrier
height and asynchronicity (electron-rich), or no clear relation-
ship (strain-activated). Enhanced asynchronicity in Diels-Alder
reactions is generally assumed to be accompanied by lower bar-
riers,®® hence our findings with dienophiles that are electroni-
cally well matched to the hydroxy-o-QDM are surprising and de-
mand further investigation. Irrespective of these fascinating
mechanistic insights, the results from Figures 7 and 8 suggest
that the dienophile scope of PEDA sequences is much wider
than presently assumed.
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Figure 8. The relationship between transition-state barriers and
transition-state asynchronicity (absolute difference in bond lengths
for the two forming bonds in the Diels-Alder transition state) for
each of the preferred Diels-Alder reactions for each of the dieno-
philes in our test set. Lines are drawn to guide the eye and are not
intended to imply a linear relationship.

CONCLUSIONS

The photoenolization/Diels-Alder (PEDA) sequence between
ortho-acetophenones and dienophiles is finding increasingly
high-profile applications in target molecule synthesis, CO; stor-
age and photoligation applications. The process involves the
generation of transient ortho-quinonedimethide intermedi-
ates. Despite its successes, reported examples of the process
define a restricted structural space. Herein we used theory sup-
ported by spectroscopy to significantly expand the scope of the
process, through the first broad spectrum structure-reactivity
investigation of the four major productive steps of the PEDA
process.

To date, no synthetic applications of ortho-alkyl thiocarbonyl
and imine derivatives have been reported. This work shows
that, in principle, both should be accessible through rational
substrate design. These studies should address the problem of
enolization, which in the thiocarbonyl series this is hampered
by thermodynamic factors and in the imines by a high kinetic
barrier, caused by an incorrect orbital symmetry in the T; state.
In the thiocarbonyl series, one solution would be to stabilize the
1,5-HAT product through additional substitution at the H atom
donor site. In the imine series, the use of charged functional
groups or Lewis acids could be used to reorder the nmt* and rut*
states, analogous to analogous to recent studies of this and re-
lated chemistry.1% 558

This study predicts a significantly expanded scope for the Diels-
Alder reaction of photo-generated dienes than existing litera-
ture. The re-aromatization that occurs during the cycloaddition
event appears to greatly enhance the reactivity of the 0o-QDM
diene relative to a typical 1,3-butadiene. Moreover, this work
shows that the presence of additional ring substituents are
likely to further enhance this reactivity to such an extent that
otherwise unreactive dienophiles such as ethylene should react
rapidly at room temperature. Our calculations also question the
commonly held view that TS asynchronicity and reactivity are
inversely related.

Finally, we show that the enhanced reactivity of photo-gener-
ated 0-QDMs should permit the first concerted and uncatalyzed
(4+1)cycloadditions between dienes and CO. We predict that
this unique sequence will provide access benzannelated cyclo-
pentanonesin short order. Efforts are underway to examine the
synthetic feasibility, scope and applications of the process.

METHODS

Computational Procedures. Standard density functional theory
(DFT) and time-dependent density functional theory (TD-DFT)
calculations were performed using the Gaussian 16 electronic
structure package.”® The level of theory was chosen on the basis
of our previous studies of PEDA reactions,*" 2 and related pho-
tochemical processes.>> °7 %8 71 Where possible, calculated
spectra were benchmarked against experiment, and also
against those obtained using other levels of theory (vide infra).
Unless noted otherwise, geometries were optimized at the
MO06-2X72/6-31+G(d,p) level of theory; TD-DFT calculations of
excited states were performed at the same level of theory. Sol-
vent corrections in dichloromethane and dimethyl sulfoxide
were obtained with the SMD continuum solvent model.” For
potential energy surfaces, the thermocycle approach was em-
ployed to determine the 298 K Gibbs free energies in solution
in conjunction with the ideal gas partition functions under har-
monic oscillator — rigid rotor aproximation.” All energies given
are from the conformationally searched, global minimum en-
ergy structures in both gas and solvent phases, unless other-
wise indicated. Stability analysis was employed to approxi-
mately locate conical intersection points, an approach that we
have validated previously for PEDA reactions (see Appendix
§7.23, Supporting Information).*? Intrinsic reaction coordinate
(IRC) calculations” were used to verify the nature and connec-
tivity of key transition states. UV-Vis spectra were visualized
within Gaussview’® using default parameters. The orbital char-
acter of calculated photochemical transitions were manually
assigned by projecting canonical orbitals into Natural Transition
Orbitals (NTOs)”” and inspecting the transition density matrix
within Gaussview.

Experimental Procedures. 2-Tolualdehyde (1), 2-methylaceto-
phenone (2), and 2-methylbenzophenone (3) were used as pur-
chased without further purification. 1-(o-Tolyl)ethane-1-thione
(5) and phenyl(o-tolyl)methanethione (6) were prepared from
their corresponding ketones (i.e., 2 and 3) using Lawesson’s re-
agent’® via the procedure based on that of Jaiswal and co-work-
ers.” 4-Methyl-N-(2-methylbenzylidene)benzenesulfona-
mide® 7a and 4-methyl-N-(1-(o-tolyl)ethylidene)benzenesul-
fonamide® 8a were prepared from the corresponding ketones
by literature procedures, the latter of which were also used to



prepare 4-methyl-N-(phenyl(o-tolyl)methylene)benzenesulfon-
amide 9a.8! UV/vis spectroscopy measurements were per-
formed on an Agilent Technologies Cary 60 spectrometer in
quartz cuvettes (path length = 1 cm). Background subtractions
were performed at the beginning of each new day or when a
different cuvette was used. For each compound, standard solu-
tions in DMSO with concentrations in the range of 0.01-0.20
mM were prepared and Beers law calibration curves were es-
tablished. For full experimental details including detailed syn-
thetic procedures, compound characterisation data, and UV-vis
spectroscopy, the reader is referred to the Supporting Infor-
mation (Appendices S1-S3).
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