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ABSTRACT: Time Dependent Density Functional Theory (TD-DFT) has been used to assist the design and synthesis of a series
thioxanthone triplet sensitizers. Calculated energies of the triplet excited state (Er) informed both the type and position of auxo-
chromes placed on the thioxanthone core, enabling fine-tuning of the UV-Vis absorptions and associated triplet energies. The calcu-
lated results were highly consistent with experimental observation in both the order of the Amax and Er values. The synthesised com-
pounds were then evaluated for their efficacies as triplet sensitizers in a variety of UV and visible light preparative photochemical
reactions. The results of this study exceeded expectations; in particular [2+2] cycloaddition chemistry that had previously been sen-
sitized in the UV was found to undergo cycloaddition at 455 nm (blue) with a 2 to 9-fold increase in productivity (g/h) relative to
input power. This study demonstrates the ability of powerful modern computational methods to aid the design of successful and

productive triplet sensitized photochemical reactions.

INTRODUCTION

Excited state photochemistry! involves the formation of bonds by
the reaction of molecules in an electronically excited state. Its
purest embodiment occurs without catalysts or reagents by irra-
diation with UV light, most commonly in the region of 250-400
nm. This ‘reagentless’ approach to synthesis is highly desirable
in an ever more economic and green focused society. Reactions
typically occur from either the lowest energy excited singlet (S;)
or triplet (T)) states, the latter accessed via intersystem crossing
(ISC) from the singlet. These ‘electronic isomers’ of the ground
state species can react in exotic ways to give rapid access to com-
plex or highly strained species with favorable properties for drug
discovery? or further reactivity.> Unfortunately the overall effi-
ciency, and hence synthetic utility, of a photochemical reaction
is often dependent on the lifetime of these states relative to the
rate of chemical reaction, which in turn is determined by the
physical properties of the compound. Therefore, many interest-
ing photochemical reactions may remain of academic curiosity
due to poor yields and low-productivities. Whilst the short-lived
S, state is inherently difficult to control, the much longer lifetime
of the T state can be exploited to significantly enhance the over-
all quantum efticiency of a reaction.

Since the early 1960s* it has been understood that photo-
sensitizers can enable population of the T, excited state of a sub-
strate by energy transfer even though the substrate does not ab-
sorb at the sensitizer absorbing wavelength (Figure 1A). As a re-
sult a number of photochemical reactions have been enabled by
sensitization when direct irradiation has been ineffective.” The
ideal triplet sensitizer has a strong extinction coefficient to allow
for efficient light absorption at low concentrations, a relatively
small S;-T, energy difference for irradiation at the longest wave-
length, ISC close to unity for maximum quantum efficiency and
a long lived T, state for efficient energy transfer to a ground state
species. All these features can circumvent the most common

causes for a low productivity in a photochemical reaction. Fur-
thermore, where the singlet and triplet manifolds have different
reaction outcomes it is possible to switch between S; and T,
chemistry by addition of a sensitizer.®
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Figure 1. (A) Simplified Jablonski diagram of a triplet mediated
photochemical reaction: (1) Direct excitation of substrate to Si; (2)
Singlet decay by radiative and non-radiative processes; (3) ISC to
reactive Ti; (4) Photoexcitation of sensitizer; (5) Rapid ISC to T;;
(6) Triplet energy transfer to substrate; (7) Chemical reaction and
relaxation to ground state. (B) UV absorption of BP and ITX at
1x10* M, overlaid with UVA emission from medium pressure Hg
lamp.

In addition to an energy transfer pathway, sensitizers have
also allowed for efficient scale-up of photo-initiated processes by
alternative methods.” For example, in recent years there has been
explosive growth in the development of photoredox catalysis,®
i.e. organic or organometallic catalysts that upon photoexcitation
act as powerful one-electron oxidants or reductants in a variety
of bond forming processes. Modification of a ligand on a



transition metal complex’ or substituents on an organic dye'” al-
lows the redox potential to be fine-tuned to match that of a sub-
strate. Within this recent work it has been found that some of the
organometallic photoredox catalysts can alternatively function as
classic triplet sensitizers in, for example [2+2] photocycloaddi-
tions.!! However, the possibility that transition metal photocata-
lysts can react via either electron or energy transfer can make de-
termination of the mode of activation difficult as highlighted in a
recent study on eniminium [2+2] cycloaddition using laser flash
photolysis."?

Herein we report the rational design of a family of triplet
sensitizers for chemical synthesis'? that share a common chromo-
phore, but individually cover a range of triplet energies. From our
experience of photochemical synthesis in the UV, we were in-
spired to design a range of organic sensitizers that would span the
350-450 nm region.

A key goal of the present study was to see if it was possible
to move useful UV chemistry into the visible (> 400 nm) with
similar or better productivities to match readily available high in-
tensity LED light sources. It should be noted that use of sensitiz-
ers can result in practical issues, especially if energy transfer is
inefficient or the sensitizer has a low extinction coefficient (¢). In
these instances high sensitizer concentrations/equivalents are re-
quired (e.g. acetophenone & acetone), often resulting in degrada-
tion, purification and separation issues. With this in mind we con-
sidered the design of highly absorbing sensitizers that could be
used in low molar equivalences and be stable to high UV/Vis
powers (> 500W). Traditionally, sensitizer screens involve a
range of chromophores with different triplet energies, but very
different absorption characteristics (cf. BP and ITX, Figure 1B).
A sensitizer series based around single chromophore is therefore
highly desirable for consistency and reliability.

Scheme 1. Scale-up of [2+2] photocycloadditions using thi-
oxanthone sensitization.
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In 2016 as part of a campaign to enable the scale-up of UV
photochemistry using flow-reactors we designed a parallel tube

flow reactor (PTFR)' which displayed productivities of between
1-8 kg/day for a range of photochemical reactions in the UV
(Scheme 1). The large-scale examples in Scheme 1 required a
triplet sensitizer to enable a productivity increase to multi-kg/day
quantities. Of a number of sensitizers screened, isopropylthi-
oxanthone (ITX) was demonstrably superior in terms of produc-
tivity at exceptionally low loadings (1%). The isopropyl deriva-
tive proved to be more soluble than the parent thioxanthone, mak-
ing bulk purification by trituration easier. The high extinction co-
efficient of ITX (Figure 1B) is important for its excellent sensiti-
zation properties at the 1% loadings used, and remarkably we
found no sensitizer degradation was observed despite the very
powerful 3 kW Hg-UV lamp employed.

In 2019 Kappe!® reported a study of maleimide and maleic
anhydride [2+2] cycloadditions (UVA) using a variety of known
sensitizers chosen for their matching triplet energies. They also
observed that thioxanthone proved to be a superior sensitizer
where the substrate triplet energy was a suitable match. In the
visible region, Bach!® has shown that thioxanthone can be used
as a sensitizer by irradiation at the tail of the absorption using 420
nm light. Jockush and Sivaguru'” have shown that 2,2’-bromo
thioxanthone induces a moderate (~15nm) bathochromic shift en-
abling sensitized cycloadditions with near UV light (395-
405nm). However, photolabile halo derivatives (Cl, Br, I) can be
problematic due to the potential of photodehalogenation.'® A fur-
ther advantage of thioxanthone over other common sensitizers,
such as BP is the nature of the reactive triplet state. For TX this
is (m, 7*) whilst for BP it is (n, ©*) making TX less likely to take
part in competing H-atom abstractions which are well docu-
mented for BP and derivatives."

RESULTS and DISCUSSION

DFT Informed Sensitizer Design. It was our aim to induce pre-
dictable shifts in absorbance by substituting thioxanthone with a
range of auxochromes that electronically modify the UV/Vis ab-
sorption of a chromophore. Rather than embark on a time con-
suming hit-and-miss synthetic approach, we opted to use time-
dependent density functional theory (TD-DFT) to calculate the
triplet energies for a range of auxochrome substituted thioxan-
thone derivatives. This would enable the selection of potential
sensitizer candidates to be made before synthesis. In terms of
substituents we chose a balance between those that are known
auxochromes and would likely be photochemically robust. Based
on prior experience with substituted benzophenones and aceto-
phenones we narrowed down the auxochrome choice to fluoro-
and methoxy-substituents.

Initial TD-DFT calculations of thioxanthone derivatives
bearing these two auxochromes were highly informative in pre-
dicting a sensitizer series spanning a broad range of triplet ener-
gies. Once a range of nine candidates were selected from these
computational studies, they were then synthesized using an
Ullman coupling/Friedel Crafts approach (see SI).
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Figure 2. UV-Vis absorption spectra for the synthesized thioxanthone sensitizer series including the parent commercially available thioxan-
thone and 2-isopropyl thioxanthone. All were run at a concentration of 1x10* M in acetonitrile.

Photophysical Characterisation. The UV-Vis absorp- > 3-MeOTX > 3-FTX. Absorbing at slightly longer wave-
tion of the nine synthesized thioxanthone derivatives (plus TX length, and hence lower energy than TX are the 2-FTX and 2-
and ITX) are represented in Figure 2 as a composite spectrum iPrTX derivatives along with 4-MeOTX (Group 2). These ab-
for comparison. The placement of these auxochromes has the sorbances are clustered close together but an expansion of the
desired effect of shifting the UV-Vis absorption relative to the weak tail end at longer wavelengths suggests ITX > 2-FTX >
parent thioxanthone core. In the UV-Vis spectra, substituents in 4-MeOTX. The absorbances of the Group 2 series, along with
the 2-position induce a bathochromic shift whilst 3-substituents TX begin to overlap with the visible region of the spectrum
induce a hypsochromic shift compared to the parent thioxan- above 400 nm. Absorbing at significantly longer wavelengths
thone, in excellent agreement with DFT. The effect is more pro- are the series of 2-MeO derivatives with a clear energy order 2-
nounced for the MeO derivatives (compared to F) and the effect MeOTX > 2-F,2’-MeOTX > 2,2’-MeOTX (Group 3). This
is additive. The sensitizer absorption energies can be split into moves the lowest energy absorption bands well into the visible
three distinct groups. Absorbing at shorter wavelengths, and region and is expected to enhance their efficiency as visible
hence higher energies than the parent thioxanthone, are the se- light active triplet sensitizers with readily available and power-
ries of 3-substituted thioxanthones (Group 1). Within this group ful LED sources (e.g. 36 W at 455 nm).

a clear energy order is apparent with 3,3’-MeOTX > 3,3’-FTX

Table 1. Calculated and measured photophysical parameters for substituted thioxanthone derivatives

Entry X Mnax (MM)* B (cale)? Er (cale)* Er(Meas)!  Ts® ot Drsct
(kJ/mol) (kJ/mol) (kJ/mol)
1 3,3’-MeOTX 354 292 289 298¢ 10+3 ps 862 £40 ns 0.93
2 3,3’-FTX 362 290 285 289 ¢ 10.5+ 1.8 ps 456 + 25 ns 0.92
3 3-MeOTX 367 284 279 283 ¢ 31+4ps 867 + 50 ns >0.9
4 3-FTX 370 282 277 282 ¢ 21+3ps 520 +£25ns 0.83
5 TX (R/R’=H) 380 274 268 274¢ 70 ps?? 760+30ns 0767
6 ITX (R’=H, R = 2-Pr) 385 270 263 266 © 220+ 8 ps 880 + 50 ns 0.86
7 2-FTX 388 263 257 261 ¢ 270+ 10 ps 585 +20 ns 0.81
8 4-MeOTX 385 267 260 263 ¢ 1.9+0.4 ns 1.8+0.3 ps 0.70
9 2-MeOTX 399 252 245 242 F 33+02ns 1.7+£0.6 ps 0.83
10 2-F,2'-MeOTX 408 242 235 235f 9.1+0.7 ns 1.2+£02ps 0.62
11 2,2'-MeOTX 415 235 227 231°F 6.2+0.5ns 863 £ 60 ns 0.66

*Longest wavelength absorption maximum (MeCN); Calculated Er, no solvent model, B3LYP 6-31G (d,p); “Calculated Er, no solvent
model, B3LYP 6-31+G (d,p); “Measured Er (Phosphorescence, “MCH glass, 77 K; f2-MeTHF glass, 77 K); ¢Singlet lifetime measured
with TRIR, CD;CN; "Triplet lifetime measured with TRIR, CD;CN; ISC quantum yield calculated from bleach recovery kinetics



The TD-DFT calculated triplet energies for the thioxan-
thone derivatives are summarized in Table 1 along with the cor-
responding Amax and Er as measured by phosphorescence emis-
sion spectroscopy. Gratifyingly the TD-DFT calculated triplet
energies corresponded well with the order of the observed ab-
sorption Amax and measured Er values. The three lowest energy
(group 3) derivatives displayed overlapping fluorescence and
phosphorescence in MCH at 77 K which hampered the estima-
tion of the triplet energy. The analysis of the emission spectra
of these compounds in 2-MeTHF at 77 K more readily allowed
estimation of the triplet energy (Table 1, entries 9-11). The thi-
oxanthone derivatives span a remarkably wide range of triplet
energies from approximately 230 to 290 kJ/mol. As a point of
reference, benzophenone has a triplet energy of 289 kJ/mol,*!
thioxanthone 274 kJ/mol** and (Irf[dF(CFs)ppy]2(dtbpy))PFs is
255 kJ/mol.?

Also shown in Table 1 are the singlet and triplet lifetimes,
as measured using ps and ns time-resolved infrared spectros-
copy (TRIR) as this structurally sensitive technique allows
characterisation and dynamics of both the singlet and triplet
species, together with an estimation of the triplet quantum yield
in one convenient measurement at room temperature. These
measurements showed a large variation in singlet state lifetime
with the different thioxanthone derivatives. The higher energy
derivatives with substituents in the 3-position have much
shorter singlet state lifetimes before undergoing ISC to the tri-
plet state. These singlet lifetimes are approximately 1000x
shorter lived than the lowest energy derivatives (entries 8-11).

Consistent with previous computational studies of thi-
oxanthone,? DFT calculations predicted the lowest excited sin-
glet state (S;) was of wn* character and S, was nzt* in polar sol-
vents (MeCN). The T, states were calculated to be of n* char-
acter, regardless of solvent polarity. There was a strong corre-
lation between the measured singlet state lifetime and the
So(nm*)- Si(nm*) energy difference (See SI). The smaller the
energy difference, the faster the rate of ISC to the triplet state.
This could possibly be due to increased involvement of the nit*
state, when it is sufficiently close in energy, allowing faster ISC
to the triplet states due to El-Sayed’s rule.?® This has previously
been observed in the case of 1-azathioxanthones which were
investigated as antenna chromophores in lanthanide (I1I) based
dyes.” Triplet quantum yields (®isc) were estimated using
bleach recovery kinetics. These were generally between 80 —
90%, but the two lowest energy derivatives, along with 4-Me-
OTX, were measured at just 60 - 70%.

Sensitizer Evaluation in Alkene Isomerisation. We first
assessed the performance of these sensitizers in the simple
isomerization of trans-alkenes to photostationary cis/trans mix-
tures (Figure 3). Using the pure trans-isomers of both -Me sty-
rene (Erg) = 249 kJmol ™! Erz = 275 kJmol™)*! and methyl cin-
namate (Er = 229 kJmol!)?' each of the 10 sensitizers were in-
vestigated in turn for their ability to effect a photostationary
cis/trans isomer mixture. To allow rapid screening of the whole
sensitizer series with minimal material usage, 0.5 ml samples
(0.2 M, 5% sensitizer) in deuterated acetonitrile were irradiated
in NMR tubes placed next to a 9 W PL-S low pressure UVA
lamp. Multiple samples could be irradiated at once and the re-
action was monitored by periodic '"H-NMR analysis. Pleas-
ingly, for all 10-sensitizers isomerization to a photostationary
state was observed within a similar reaction time (30-45 mins),
implying equally efficient overall energy transfer rates. These

results immediately demonstrated that the full range of thioxan-
thone sensitizers can all act as effective sensitizers if the triplet
energy is sufficiently high.

Higher energy Group 1 sensitizers gave essentially 1:1
isomerized mixtures in both cases. Slight enrichment in the cis-
isomer was observed for the medium energy Group 2. Signifi-
cant enrichment in the cis-isomer was observed for the lower
energy Group 3 which reached a maximum of 5:1 for f-Me sty-
rene and 2:1 for methyl cinnamate when 2-F,2’-MeOTX was
used. Although initially a surprise, this is a known trend ob-
served by others and can be attributed to selective sensitization
of the trans-isomer with lower energy sensitizers.?” The subse-
quent drop in cis/trans ratio for the lowest energy sensitizer was
also noted in the earliest studies and the unusual behaviour ob-
served for low energy triplet sensitizers has been attributed to
non-vertical triplet energy transfer.”® Recently there has been
renewed interest in the use of organic/organometallic sensitiz-
ers for enrichment of cis-styrenes by selective isomerization of
trans.®
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Figure 3. Photostationary cis/trans ratios of f-Me styrene and
methyl cinnamate with the full range of substituted TX sensitizers
at 366 nm (low-pressure UVA lamp).

Sensitizer Evaluation in Preparative Photochemistry.
To investigate the effectiveness of the sensitizer set on a pre-
parative scale, reactions were screened for the intra- and inter-
molecular [2+2] cycloadditions shown in Figure 4 using a 125
W medium pressure Hg-lamp and a 150 ml immersion well
batch reactor. Despite the large predicted triplet energy range,
the intramolecular cross [2+2] (Reaction A) showed only mod-
erate variation of productivity across the sensitizer range. This
was maintained, even in the case of lowest energy derivative
(2,2’-MeOTX). The final yields, as determined by quantitative
NMR all exceeded 90% at full conversion.

The intermolecular [2+2] of THPA and propargyl alcohol
(Reaction B)*® also proceeded with a similar productivity of 22-
26 mmol/h with the first six highest energy sensitizers. The
productivity then drops off sharply to 8 mmol/h with 4-Me-
OTX. This is presumably when the triplet energy of the sensi-
tizer falls below that of THPA. At full conversion the [2+2]
yields all reached around 75%, which is typical for this reac-
tion.
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Figure 4. Initial productivities of intra- and intermolecular [2+2]
cycloadditions (A) and (B) with a 150 ml immersion well batch
reactor and 125 W Hg lamp

Reactions (A) and (B) are both well-studied and reliable
triplet sensitized photochemical reactions. To further test the
synthetic use of the sensitizer set, a reaction was investigated
which is more sensitive to variations in reaction conditions
(Figure 5). Reaction (C) is a novel cross [2+2] / retro-Mannich
sequence giving y-amino acid derivative 10.%! In all cases the
initial productivity was around 3 mmol/h but there was a large
variation in yield across the sensitizer series, with the higher
energy sensitizers giving the greatest yields. 3,3’-MeOTX
stands out as giving the highest isolated yield of 66%. Con-
versely, the lowest energy sensitizer (2,2’-MeOTX) resulted in
almost full degradation of the reaction mixture within a short
period of time. It is possible that the lower energy sensitizers
could be undergoing electron transfer from the electron rich
enamine or amine intermediate.*?
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Figure 5. Isolated yields of [2+2] / retro-Mannich product 10

The above examples were optimized on a preparative
scale with a 150 ml batch reactor due to the ready availability

of the starting materials. In cases where the photochemical pre-
cursor synthesis is more difficult, it was prudent to screen irra-
diation conditions on a small scale to save material and prevent
unnecessary wastage of the sensitizer. The NMR technique de-
scribed above was used for optimisation of the cycloaddition of
amino acrylate 11 (Reaction D), which had previously been car-
ried out under acetophenone sensitisation.* Nearly all the TX
sensitizers proved to be very effective in the conversion of en-
amide 11 (Figure 6). However, unlike the related styrene reac-
tion (Reaction A), the lowest energy sensitizers became inef-
fective (Er < 2-FTX).

The unoptimized cross [2+2] of the enamide 13 to 14 rep-
resented a more complex multi-chromophore system and
proved to be consistently low yielding, requiring long reaction
times, with both benzophenone and ITX sensitizers (Reaction
E, Table 2, Entry 1&2). Using the NMR tube irradiation method
we were able to screen the full sensitizer series in deuterated
acetonitrile, using just 0.5 mmol of enamide 13. It was found
that there was a large variation in yield and productivity across
the sensitizer range. The maximum yield was limited to just
above 50% and obtained with the highest energy sensitizer 3,3’-
MeOTX. Moving down in triplet energy it can be seen that the
yields and productivity drop off rapidly (Figure 6).
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Figure 6. 0.5 ml NMR tube sensitizer screen (366 nm) for rapid
optimization of reactions (D) and (E). Yield determined by adi-
ponitrile internal standard after 15 min (D) and 30 min (E)

The value of this rapid NMR method can be seen in the
translation of the screening results to the scale-up of Reaction
E (Table 2). Using the conventional benzophenone sensitizer
gave just over lg of 14 after %h irradiation. Conversely using
the 3,3'-MeOTX sensitizer identified from above we were able
to prepare 5.8g of product in 7 h and in the same yield as iden-
tified from screening. This result is of significance since the
DFT calculations indicate both benzophenone and 3,3'-MeOTX
share very similar triplet energies, yet 3,3'-MeOTX is a far su-
perior sensitizer. Both 3-FTX and ITX showed the same drop
off in yield and productivity as observed in the NMR screening
reactions.



Table 2. Preparative scale reactions using 125 W medium-
pressure Hg-lamp in a 150 ml batch reactor

co, hv MeO,C,
K- _CO,Me __125W, 150 mi batch
L Ph CO,Me
Ph \ﬂ/ MeCN, sensitizer (0.005 M) Ez 2

13 14

Entry  Sensitizer Conc.  Time Yield Mass (g)
M) (h)

1 BP 0.05 9 46 1.3
2 ITX 0.05 12 38 1.1
3 3-FTX 0.05 5 51 1.45
4 3,3-MeOTX 0.1 3 56 3.2
5 3,3-MeOTX 0.2 7 51 5.8

Development of a Visible Light Reactor for Prepara-
tive Photochemistry. We then turned our attention to the
Group 3 sensitizers, which due to their longer wavelengths of
absorption (> 400 nm) should be capable of facilitating triplet
state photochemistry in the visible region. Our aim was to ena-
ble preparative scale photochemistry with low sensitizer load-
ings (< 1 mol%) using readily available powerful visible light
LED sources. Reported visible light mediated photoredox reac-
tions are often driven by a 40 W Kessil lamp or a flexible LED
strip placed side-on and a few centimetres away from a vial
containing the reaction solution. The overall light capture is
poor and as a result the reactions are often left on overnight to
drive a successful reaction to completion (Figure 7A). The side-
on method of irradiation is necessary since the vials are stirred
over a magnetic stirrer and there is no room below for a com-
mercial light source. A successful (4x1.1 W) device for ad-
dressing this problem was recently described by McMillan et
al** for optimizing photoredox chemistry and has been com-
mercialised and utilised in a number of labs worldwide.

For our present triplet sensitizer focussed chemistry we
required significantly higher-powered devices to take produc-
tivities from mg/h to multi-grams/h. We have recently shown
that excited state photochemistry can be scaled-up predictably
with increasing lamp power since the reactions are often photon
limited and have a linear relationship with photon-flux.*

Our past experience with the design of UV flow reactors
for excited state photochemistry'***¢ demonstrated that much
higher productivity levels (> kg per day) could be achieved if
careful attention was paid to light capture by the photosylate.
We therefore sought to engineer a visible light system for sen-
sitised photochemistry at input powers of at least 30 W, which
could exploit the high-power density of modern visible LED’s
in conjunction with readily available lab components such as
hotplate stirrer (Figure 7B). To achieve this, we designed a
high-intensity blue light reactor system based around chip-on-
board (COB) LEDs with peak emissions at 455 nm. As these
COBs have an output of 36 W from a circular area of only 22
mm diameter, they are ideal for delivering a high photon flux
to a standard round bottom flask (50-100 ml). Figures 7C and
D show a 36 W COB attached to a standard magnetic stirrer in
close proximity to a round bottom flask. The magnetic stirrer
surface acts as a heat sink and a small fan prevents hot air stag-
nating around the flask.
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Figure 7. (A) Inefficient side-on irradiation with external lamp
over magnetic stirrer. (B) Novel integrated COB LED and mag-
netic stirrer for maximum light capture. (C) Prototype 455 nm 36
W COB reactor system. (D) Trial reaction, demonstrating irradi-
ation of a stirred vessel

Scale-up of Triplet Sensitized Photochemistry with
Visible Light. Simple alkene [2+2] cycloadditions cannot be
achieved by direct UV irradiation as alkene absorption is nor-
mally < 200 nm. Conjugated alkenes such as styrene undergo
sensitized photochemistry from an easily accessible triplet. The
cinnamyl alcohol derived diene 15 was chosen as a test sub-
strate. Yoon'!® was the first to demonstrate that this substrate
underwent [2+2] cycloaddition to the cyclobutene ether 16 in
80% yield after irradiation with white light (23 W) for 28 h with
1 mol% (Ir[dF(CF;)ppy](dtbpy))PFs catalyst. We repeated this
useful reaction using 2,2°-MeOTX (1 mol%) as sensitizer in a
MeCN solution of 15 (0.5 M) with the 455 nm 36 W COB re-
actor. Remarkably, after just 3 h irradiation (Table 3, Entry 1)
the reaction was complete allowing for the isolation of 1.5g
(89%) of 16 (0.5 g/h). The aza analogue 17°7 performed even
better, providing a high yield (87%) of the bicyclic amine 18
with a productivity of 1.43 g/h.

Interestingly, Oderinde et al recently reported®™ that the
cycloaddition of 17 proceeded using 450 nm irradiation (34 W)
and 5 mole % (Ir[dF(CF3)ppy]2(dtbpy))PFs to give 152 mg of
18 in over 24 h. As a like for like comparison this demonstrates
that, in conjunction with the 36 W COB reactor, 2,2’-MeOTX
at just 1 mol% loading is over 225 times more productive (g/h).
As this is the most commonly'' used Iridium based sensitizer
for cycloaddition, 2,2’-MeOTX and related sensitizers may
find use as convenient and low cost alternatives.

The intramolecular cross [2+2] cycloaddition of amino
styrenes has previously been carried out by us in the UV at high



concentrations (0.1-0.4 M) with a 400 W Hg lamp, ITX sensi-
tizer in a Pyrex immersion well batch reactor.* In this work we
first chose to study these reactions with the visible light absorb-
ing Group 3 sensitizers using the blue 36 W COB and enamide
1. As can be seen from Figure 8 all three sensitizers (1 mol %)
were highly effective at 455 nm. In particular 2,2’-MeOTX
gave complete conversion to 2 in under 2 h (0.5 M), presumably
due to the more optimal overlap of the absorption bands with
the emission of the COB at 455 nm.
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Figure 8. A comparison of (A) UV-Vis absorption spectra and
(B) reaction profiles for 3-different visible light sensitizers at 455
nm with the blue COB LED reactor.

We then undertook a preparative study of 5 different en-
amides using the absorption matched 2,2’-MeOTX/COB sys-
tem (Table 3, entries 3-7). In all cases this proved to be a re-
markably efficient combination, with their productivities ex-
ceeding all expectations e.g. up to 6 g/h of 20. To put this in
context, for entries 4 and 7, a single 36 W COB system ap-
proached the productivity of the much larger and more power-
ful 400 W Hg lamp. For this reaction class the visible light COB
/2,2’-MeOTX combination was 6 - 9x more energy efficient
than the ITX/Hg lamp reaction. Unlike the NH cinnamate 8 the
Boc protected derivative 25 undergoes cycloaddition without
degradation with the low energy sensitizer 2,2°-MeOTX. Com-
pared to the UV conditions this reaction also showed a 9% in-
crease in energy efficiency when carried out with 2,2’-MeOTX
and the blue COB reactor.

Moving away from styrene chromophores we studied the
performance of the alkoxy-maleimide 27 which proved to be a

productive cycloaddition using a 125 W Hg UV lamp when ir-
radiated directly (no sensitizer). Pleasingly, carrying out the
same reaction at 455nm with 2,2°’-MeOTX gave the product 28
but with more than twice the energy efficiency (productivity
per W). Finally, the well-studied Cookson’s dione*® 30 was pro-
duced in high yield at 455 nm with 2,2°-MeOTX and with more
than twice the productivity per W compared to the customary
direct irradiation with UV. As with all the other examples the
reaction was repeated with 455 nm in the absence of sensitizer
and surprisingly was observed to proceed with identical
productivity (6 g/h). This interesting observation has not been
previously reported in the literature and close inspection of the
UV-Vis spectra of the pale yellow starting dione revealed a
weak, but significant absorption tail overlapping with the out-
put of the 455 nm COB. This move to the visible should prove
to be a useful observation for a variety of Cookson’s dione type
cycloadditions* which have previously thought to have been
restricted to the UV.

CONCLUSION

This study has demonstrated that modern DFT methods can be
used to inform the design (pre-synthesis) of a family of thioxan-
thone sensitizers that span the UV-Vis region (300-450nm).
Based on this design 9 previously untested sensitizers were syn-
thesised and their DFT calculated triplet energies (Er) found to
be in excellent agreement with those measured by phospho-
resce. A rapid NMR screening method was developed to test
the efficacy of the entire sensitizer range and proved very ef-
fective in optimizing conditions for the scale-up of [2+2] cy-
cloadditions. A new 36 W COB reactor system was developed
for the optimal visible light (455 nm) irradiation of stirred ves-
sels. The lower triplet energy sensitizers were found to perform
as outstanding sensitizers at 455 nm for a variety of photocy-
cloaddition reactions previously attempted in the UV. For ex-
ample, on a W per W basis the 2,2’-MeOTX sensitizer, at just
1% loading, proved to be 2-9 times more productive than the
corresponding UV reactions. Furthermore, for the same power
input 2,2°-MeOTX outperformed Iridium based visible light
sensitization of [2+2] cycloadditions by over 200 times (g/h).
These outstanding results pave the way for the rational compu-
tational design of low-cost, non-metal based organic sensitiz-
ers. This should enable the transfer of a range of useful prepar-
ative photochemical reactions from the UV to the visible region
of the spectra, where modern, compact, powerful and efficient
LED based sources are available.



Table 3. Visible light 2,2°-MeOTX triplet sensitized [2+2] cycloadditions of alkenes with a 36 W 455 nm COB and comparison

to ITX sensitized process in UV

| 36 WBIlue/22-MeOTX | UV/ITX |
#  Starting Material Product Time  Yield % (g) Productivity Productivity Efficiency
h g/h (mg/h/W)  g/h (mg/h/W)  Blue vs. UV
1 PR N Ph. 3 89 (1.54) 0.51 (14.2) 0.85(6.8) 2.1x
15 Eps °
2 PR, 5 87 (7.13) 143 (39.7) 1.1509.2) 4.3x
Ph NN N E\:NBZ
z 17 18
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General Details

All reagents and solvents were used as purchased and no special precautions were taken to dry or
otherwise further purify. For the purposes of thin layer chromatography (tlc), Merck silica-aluminium
plates were used, visualising with UV light (254 nm) and/or dipping in potassium permanganate
followed by heating. For column chromatography, Sigma Aldrich technical grade 60A silica gel was
used. All NMR data was collected using either a Jeol Eclipse 400 MHz, Varian 400 MHz or Varian 500
MHz instruments. Data was processed directly using MestReNova (version 11.0.2). Chemical shifts (8)
are given in parts per million (ppm). Reference values for residual solvents were taken as 6 = 7.27
(CDCl3), 2.50 (DMSO-ds) and 2.05 (acetone-ds) for '"H NMR and & = 77.16 ppm (CDCls), 39.52
(DMSO-de) and 206.26 (acetone-ds) for *C NMR. Multiplicities for coupled signals were denoted as:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br. = broad, app. = apparent and dd =
double doublet etc. Coupling constants (J) are given in Hz and are quoted to the nearest 0.1 Hz. Where
appropriate, COSY, DEPT, HMQC and NOE NMR experiments were carried out to aid assignment.
Mass spectrometry data was collected was carried out by the University of Bristol mass spectrometry
service using Fisons Autospec or Bruker Daltonics MicrOTOF II instruments. Infrared data was
collected using a Perkin-Elmer Spectrum One FTIR machine as thin films or solids compressed on a
diamond plate. Melting points are uncorrected and were recorded on Stuart Scientific apparatus.

General Batch Irradiation Procedure

For all photochemical reactions, solvents were “degassed” by evacuating a stirred vessel under vacuum
and re-filling with N,. For the duration of the reaction, N> was bubbled through the solution. When
photochemical reactions were followed for their duration by NMR, 1,3,5-trimethoxybenzene was used
as an internal standard. In all cases, a stock solution (0.05 M) of this was added to aliquots of the reaction
mixture prior to NMR sample preparation. Batch reactors, 125 W and 400 W medium pressure mercury
lamps were purchased from Photochemical Reactors Ltd. Reading. In all cases, Pyrex immersion wells
were used for irradiations.

Synthesis of Thioxanthone Derivatives

Newman-Kwart Rearrangements

Substituted thiosalicylic acids were prepared from the corresponding methyl thiosalicylic acids via a
Newman-Kwart rearrangement as shown (Scheme S1). The thermal Newman-Kwart rearrangement
was successfully carried out as a melt for 4-substituted derivatives but the 5-substituted derivatives
resulted in extensive degradation.

S
R; CO,Me 1) LiOH
RZJ@:COZME 4>Me2N)kCI RZJ@:COZME 200°C QDi ’ MeOH, reflux R I ICOQH
DABCO melt Ry S 2) HCI R SH
Ri OH DMF 55°C Ri j\ J i
3 hrs s N7 o 7‘
I

R{=MeO, Rp=H: 83% R;=MeO, R,=H: 70%

R4=F, Ry=H: 78% R4=F, Ry=H: quant.

R4=H, Ry=MeO: 78% Ry=H, R,=MeOQ: degradation

Ry=H, Rp=F:  75% Ry=H, Ry=F :  impure <40%

Scheme S1: Synthesis of thiosalicylic acids

A modification of the photoredox mediated Newman-Kwart rearrangement developed by Nicewicz'
gave the 5-methoxysalicylate derivative in excellent yield (Scheme S2). Unfortunately, the 5-fluoro
derivative failed to react under the photoredox conditions.
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MeO. CO,Me N BF, MeO CO,Me
L B & s
o) Ar O” TAr s 3.78 g, 88%

—_
S)\N/ 36 W Blue COB LED O%\N/

| Ar = pMeOPh |
Scheme S2: Photoredox mediated Newman-Kwart
Synthesis of O-aryl thiocarbamates

To a solution of the relevant methyl salicylate derivative (200 mmol) and dimethylthiocarbamoyl
chloride (37.1 g, 300 mmol) in DMF (100 ml) was added DABCO (33.7 g, 300 mmol) before heating
at 55°C for 3 hrs. The mixture was poured over water (500 ml) and extracted with EtOAc (3x300 ml).
The combined extracts were dried (MgSO,), filtered and evaporated to a yellow solid which was washed
with Et,O and dried to give the thiocarbamate as a colourless powder.

MeO SH

4-methoxythiosalicylic acid

4-methoxythiosalicylic acid

The general procedure for O-aryl thiocarbamate synthesis was first followed using methyl 4-
methoxysalicylate (45 g, 247 mmol), dimethylthiocarbamoyl chloride (42.7 g, 346 mmol) and DABCO
(38.8 g, 346 mmol). After heating at 55°C for 3 hrs the work-up procedure was followed to give methyl
2-((dimethylcarbamothioyl)oxy)-4-methoxybenzoate as a colourless powder (55.2 g, 83%): m.p. 128-
129°C (lit. 122-124 °C)?

The O-aryl thiocarbamate (57.8 g, 215 mmol) was then heated as a melt at 200°C under N> for 5.5 hrs.
The cooled mixture was purified by chromatography on silica (40 — 50% EtOAc in petrol) and the
concentrated fractions were triturated with Et;O and filtered to give methyl 2-
((dimethylcarbamoyl)thio)-4-methoxybenzoate as a pale orange solid (40.4 g, 70%). To a solution of
the S-aryl thiocarbamate (40.0 g, 149 mmol) in MeOH (110 ml) was added LiOH (8.91 g, 372 mmol)
and the mixture heated at reflux for 2.5 hrs. The cooled solution was quenched with 3M HCI (130 ml),
diluted with water (100 ml) and the resulting slurry extracted with EtOAc (500 ml and 2x250 ml). The
combined extracts were dried (MgSOs), filtered and evaporated to give 4-methoxythiosalicylic acid as
a white solid (28.0 g) of sufficient purity for further use: du (400 MHz, DMSO-d¢) 7.88 (1H, d, /= 8.8
Hz, Ar.H), 7.11 (1H, d, J= 2.6 Hz, Ar.H), 6.75 (1H, dd, J= 8.8, 2.6 Hz, Ar.H), 3.79 (3H, s, OCH3); 8¢
(101 MHz, DMSO-ds) 167.3 (C), 161.7 (C), 140.8 (C), 133.3 (CH), 118.8 (C), 115.0 (CH), 110.9 (CH),
55.5 (CHs)

4-fluorothiosalicylic acid

F SH

4-fluorothiosalicylic acid

The general procedure for O-aryl thiocarbamate synthesis was first followed using methyl 4-
fluorosalicylate (29.8 ml, 200 mmol), dimethylthiocarbamoyl chloride (37.1 g, 300 mmol) and DABCO
(33.7 g, 300 mmol). After heating at 55°C for 3 hrs the work-up procedure was followed to give methyl
2-((dimethylcarbamothioyl)oxy)-4-fluorobenzoate as a colourless powder (42.3 g, 78%): m.p. 106-
107°C (lit. 106.8-107.2°C)?

The O-aryl thiocarbamate (41.0 g, 159 mmol) was heated as a melt at 200°C under N, for 2.5 hrs to
give methyl 2-((dimethylcarbamoyl)thio)-4-fluorobenzoate. The resulting material was of sufficient
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purity for subsequent hydrolysis. To a solution of the S-aryl thiocarbamate (41.0 g, 159 mmol) in MeOH
(110 ml) was added LiOH (9.53 g, 398 mmol) and the mixture heated at reflux for 2.5 hrs. The cooled
solution was quenched with 3M HCI (140 ml), diluted with water (100 ml) and the resulting slurry
extracted with EtOAc (3x250 ml). The combined extracts were washed (I M HCI, brine), dried
(MgSO0s), filtered and evaporated to give 4-fluorothiosalicylic acid as a white solid (27.6 g) of sufficient
purity for further use: éy (500 MHz, DMSO-ds) 8.11 (1H, dd, /= 8.7, 6.0 Hz, Ar.H), 7.33 (1H, dd, /=
10.2, 2.5 Hz, Ar.H), 7.20 (1H, app. td, J = 8.2, 2.5 Hz, Ar.H); 8¢ (126 MHz, DMSO-ds) 166.8 (C),
164.8 (d,J=253.1 Hz, C), 142.4 (d, /= 7.7 Hz, C), 134.7 (d, /= 9.8 Hz, CH), 124.8 (d, /= 2.8 Hz, C),
113.5(d, J=21.9 Hz, CH), 111.7 (d, J = 26.8 Hz, CH); 3¢ (377 MHz, CDCls) -105.1

MeO\C[COZH
SH

5-methoxythiosalicylic acid

5-methoxythiosalicylic acid

The general procedure for O-aryl thiocarbamate synthesis was first followed using methyl 5-
methoxysalicylate (29.8 ml, 200 mmol), dimethylthiocarbamoyl chloride (37.1 g, 300 mmol) and
DABCO (33.7 g, 300 mmol). After heating at 55°C for 3 hrs the work-up procedure was followed to
give methyl 2-((dimethylcarbamothioyl)oxy)-5-methoxybenzoate as a colourless powder (42.3 g, 78%):
m.p. 103-104°C (lit. 99.5-100.5°C)*

A solution of the O-aryl thiocarbamate (4.31 g, 16 mmol) and 2, 4, 6-tris(4-methoxyphenyl)pyrylium
tetrafluoroborate (0.08 mmol, 39 mg) in MeCN (80 ml) was irradiated with a 36 W blue COB LED for
7 hrs. The solvent was removed in vacuo and chromatography on silica (10% EtO in DCM) yielded
methyl 2-((dimethylcarbamoyl)thio)-5-methoxybenzoate as a pale yellow solid (3.78 g, 88%). To a
solution of the S-aryl thiocarbamate (23.0 g, 85.5 mmol) in MeOH (60 ml) was added LiOH (5.13 g,
214 mmol) and the mixture heated at reflux for 2.5 hrs. The cooled solution was quenched with 3M
HCI (80 ml) and the resulting slurry extracted with EtOAc (250 ml and 3x100 ml). The combined
extracts were washed (1 M HCI, brine), dried (MgSO,), filtered and evaporated to give 5-
methoxythiosalicylic acid (15.7 g) as a pale yellow solid of sufficient purity for further use: 6u (400
MHz, DMSO-ds) 7.42 (1H, d, /= 3.0 Hz, Ar.H), 7.41 (1H, d, J= 8.7 Hz, Ar.H), 7.04 (dd, /= 8.7, 3.0
Hz, Ar.H), 3.75 (3H, s, OCH3); d¢ (101 MHz, DMSO-ds) 167.4 (C), 156.4 (C), 131.9 (CH), 128.4 (C),
127.5 (C), 119.6 (CH), 115.4 (CH), 55.3 (CH3)

F\C[COZH
SH

5-fluorothiosalicylic acid

5-fluorothiosalicylic acid

The general procedure for O-aryl thiocarbamate synthesis was first followed using methyl 5-
fluorosalicylate (40 g, 235 mmol), dimethylthiocarbamoyl chloride (34.9 g, 282 mmol) and DABCO
(31.6 g, 282 mmol). After heating at 55°C for 3 hrs the work-up procedure was followed to give methyl
2-((dimethylcarbamothioyl)oxy)-5-fluorobenzoate as a colourless powder (45.3 g, 75%): m.p. 120-
121°C

The O-aryl thiocarbamate (43.1 g, 168 mmol) was then heated as a melt at 215 °C under N, for 5.5 hrs.
The cooled mixture was purified by chromatography on silica (30% EtOAc in petrol) to give a dark oil
(25.8 g) which contained the S-aryl thiocarbamate in approximately 60% purity due to a significant
unknown by-product. To the crude mixture in MeOH (100 ml) was added LiOH (6.36 g, 265 mmol)
and the solution heated at reflux for 3 hrs. The cooled solution was quenched with 3M HCl (100 ml),
extracted with DCM (3x150 ml), the organic extracts concentrated in vacuo and re-dissolved in water
(150 ml) with K»COs (25 g, 181 mmol). The aqueous solution was washed with DCM (2x50 ml) and
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acidified with HCI1 (12 M, 30 ml) to give a pale yellow suspension which was extracted with DCM
(3x50 ml). The combined extracts were dried (MgSO,), filtered and evaporated to give 5-
fluorothiosalicylic acid (9.3 g) containing significant impurities, but of sufficient purity for further use

Ullmann-Coupling / Friedel-Crafts Cyclization to Thioxanthones

Ulimann-type coupling R4 Friedel-Crafts cyclization o
Rj@cozH ArX (X =1, Br) RZ@ /@Rs Conditions A or B Rst
RO Ten MR Lo kT B, RS R
3
Thiosalicylic acid ArX
Entry R4 R2 X R3 R4 Rs Product
1 H H | MeO H H 93%
2 H H Br H MeO H 85%
3 H H Br H H MeO 92%
4 H H | H F H 95%
5 H H | H H F 84%
6 MeO H | H MeO H 87%
7 F H | H F H 78%
8 H F Br H H MeO 55%
9 H MeO Br H H MeO 62%
Table S1: Ullmann-type coupling of thiosalicylic acids with aryl bromides and iodides
Entry Conditions R1 R2 R3 R4 Rs Product
1 A H H MeO H H 81%
2 B H H H MeO H 76%
3 A H H H H MeO 49%
4 B H H H F H 83%
5 A H H H H F 94%
6 B MeO H H MeO H 69%
7 B F H H F H 84%
8 A H F H H MeO 62%
9 A H MeO H H MeO 80%

Table S2: Intramolecular Friedel-Crafts cyclization to thioxanthones

4-methoxythioxanthone (4-MeOTX)
o

CLO

OMe
4-methoxythioxanthone

(4-MeOTX)
Thiosalicylic acid (30.8 g, 200 mmol) and K,CO;3 (30.4 g, 220 mmol) were added to DMF (300 ml) in
a 1 L flask. Cul (3.8 g, 20 mmol) and 2-iodoanisole (28.6 ml, 220 mmol) were then added and the
mixture heated at 145°C for 19 hrs before cooling and pouring over water (500 ml). The aqueous
mixture was filtered before acidifying with 3 M HCI (80 ml). The resulting slurry was filtered and the
residue washed with water, stirred in EtOH, filtered again and dried to give 2-((2-
methoxyphenyl)thio)benzoic acid as a grey power (48.3 g, 93%).

A mixture of the thioether (52 g, 200 mmol) and polyphosphoric acid (100 g) was heated at 130°C for
1 hr before allowing to cool and quenching with water (150 ml). The mixture was mechanically broken
up to a suspension which was extracted with DCM (500 ml). The aqueous solution was further extracted
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with DCM (2x250 ml) and the combined extracts washed with sat. aq. NaHCO3 (2x100 ml), dried
(MgSO0y), filtered and evaporated to a beige solid (41.5 g) which was recrystallized from MeCN (600
ml) to give 4-methoxythioxanthone as a fluffy solid (39.3 g, 81%): m.p. 168 — 169 °C (lit. 165 °C)?;
Amax(MeCN)/nm 385 (/M em™ 5,940); 55 (400 MHz, CDCls) 8.60 (1H, app. d, /= 8.1 Hz), 8.25 (1H,
app. d, J=8.4 Hz), 7.66 — 7.58 (2H, m), 7.50 — 7.41 (2H, m), 7.13 (1H, app. d, J= 7.9 Hz), 4.03 (3H,
s, OCHzs); 8¢ (101 MHz, CDCls) 180.2 (C), 154.5 (C), 137.5 (C), 132.3 (CH), 130.4 (C), 129.8 (CH),
129.1 (C), 127.7 (C), 126.8 (CH), 126.4 (CH), 126.1 (CH), 121.8 (CH), 112.33 (CH) 56.6 (CH); ESI-
HRMS m/z 243.0474 (MH" C14H,10,S requires 243.0474)

3-methoxythioxanthone (3-MeOTX)
[0}

II S II OMe

3-methoxythioxanthone
(3-MeOTX)
Thiosalicylic acid (30.8 g, 200 mmol) and K,COj3 (30.4 g, 220 mmol) were added to DMF (400 ml) in
a 1 L flask. Cul (3.8 g, 20 mmol) and 3-bromoanisole (27.9 ml, 220 mmol) were then added and the
mixture heated at 145°C for 20 hrs before cooling and pouring over water (600 ml). The aqueous
mixture was filtered before acidifying with 3 M HCI1 (90 ml). The resulting slurry was filtered and the
residue washed with water, stirred in EtOH, filtered again and dried to give 2-((3-
methoxyphenyl)thio)benzoic acid as a grey power (44.2 g, 85%).

A mixture of the thioether (10 g, 38.4 mmol) in anhydrous DCM (70 ml) with a few drops of DMF was
cooled in an ice bath before the addition of (COCl); (3.9 ml, 46 mmol). The stirred mixture was removed
from the ice bath until the reaction had reached completion before removing the solvent in vacuo. The
residue was re-dissolved in anhydrous DCM (100 ml) and the solution cooled in an ice bath before the
addition of AICl; (6.13 g, 46 mmol). After stirring overnight the mixture was quenched with water,
extracted with DCM (3x150 ml), washed with sat. aq. NaHCO3, dried (MgSOs), filtered and evaporated
to a beige solid (9 g) which was recrystallized from MeCN (50 ml) to give 3-methoxythioxanthone as
an off-white powder (7.1 g, 76%): m.p. 133 — 134 °C (lit. 129 °C)*; Anax(MeCN)/nm 367 (/M 'cm’!
5,550); du (400 MHz, CDCl;) 8.62 — 8.58 (1H, m), 8.55 (1H, d, /= 9.0 Hz), 7.62 — 7.51 (2H, m), 7.49
—7.44 (1H, m), 7.03 (1H, dd, J = 9.0, 2.5 Hz), 6.96 (1H, d, J = 2.4 Hz), 3.92 (3H, s, OCH3); dc (101
MHz, CDCl3) 179.2 (C), 162.7 (C), 139.7 (C), 137.1 (C), 132.1 (CH), 132.1 (CH), 129.9 (CH), 129.5
(C), 126.4 (CH), 125.9 (CH), 123.2 (C), 115.3 (CH), 108.2 (CH), 55.8 (CH3); ESI-HRMS m/z 243.0475
(MH" C14H1105S requires 243.0474)

2-methoxythioxanthone (2-MeOTX)
0

S

2-methoxythioxanthone
(2-MeOTX)
Thiosalicylic acid (30.8 g, 200 mmol) and K>CO3 (30.4 g, 220 mmol) were added to DMF (300 ml) in
a1 L flask. Cul (3.8 g, 20 mmol) and 4-bromoanisole (27.9 ml, 220 mmol) were then added and the
mixture heated at 145°C for 20 hrs before cooling and pouring over water (600 ml). The aqueous
mixture was filtered before acidifying with 3 M HCI (90 ml). The resulting slurry was filtered and the
residue washed with water, stirred in MeOH, filtered again and dried to give 2-((4-
methoxyphenyl)thio)benzoic acid as a grey power (47.8 g, 92%).

A mixture of the thioether (46 g, 177 mmol) and polyphosphoric acid (180 g) was heated at 130°C for
4.5 hrs before allowing to cool and quenching with water (150 ml). The mixture was mechanically
broken up to a suspension which was extracted with DCM, washed with sat. aq. NaHCOs3, dried
(MgSO0.), filtered and evaporated to a yellow solid (25) which was recrystallized from MeCN (200 ml)
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to give 2-methoxythioxanthone as a fluffy yellow solid (20.8 g, 49%): m.p. 128 — 129 °C (lit. 129 °C)°;
Amax(MeCN)/nm 399 (e/M'em™ 6,050); 8 (400 MHz, CDCl3) 8.65 — 8.61 (1H, m), 8.08 (1H, d, J=2.9
Hz), 7.64 — 7.56 (2H, m), 7.51 — 7.45 (2H, m), 7.26 (1h, dd, J = 8.8, 3.0 Hz), 3.94 (3H, s, OCH3); 6¢
(101 MHz, CDCl3) 179.8 (C), 158.6 (C), 137.7 (C), 132.2 (CH), 130.4 (C), 130.0 (CH), 129.3 (C),
128.8 (C), 127.4 (CH), 126.2 (CH), 126.1 (CH), 122.9 (CH), 110.5 (CH), 55.9 (CH3); ESI-HRMS m/z
243.0476 (MH" C14H110,S requires 243.0474)

CLO,

3-fluorothioxanthone
(3-FTX)

3-fluorothioxanthone (3-FTX)

Thiosalicylic acid (30.8 g, 200 mmol) and K,COj3 (30.4 g, 220 mmol) were added to DMF (300 ml) in
a1 L flask. Cul (3.8 g, 20 mmol) and 3-fluoroiodobenzene (25.8 ml, 220 mmol) were then added and
the mixture heated at 145°C for 19 hrs before cooling and pouring over water (500 ml). The aqueous
mixture was filtered before acidifying with 3 M HCI (90 ml). The resulting slurry was filtered and the
residue washed with water, stirred in hot MeOH (70 ml), filtered again and dried to give 2-((3-
fluorophenyl)thio)benzoic acid as a grey power (47.1 g, 95%).

To a stirred mixture of the thioether (10 g, 40.3 mmol) in anhydrous DCM (90 ml) with a few drops of
DMF was added (COCI), (4.1 ml, 48.5 mmol). When the reaction had reached full conversion after 3
hrs the solvent was removed in vacuo, the residue was re-dissolved in anhydrous DCM (130 ml) and
the solution cooled in an ice bath before the addition of AICl; (6.5 g, 48.7 mmol). After stirring for 1 hr
the mixture was quenched with water (80 ml) and extracted with DCM (3x150 ml). The combined
organic extracts were washed with sat. aq. NaHCOs3, dried (MgSOs), filtered and evaporated to a beige
solid which was recrystallized from MeCN (90 ml) to give 3-fluorothioxanthone as a colourless powder
(7.7 g, 83%): m.p. 166 — 167 °C; Amax(MeCN)/nm 370 (e/M'cm™ 5,710); 8y (400 MHz, CDCl;) 8.63
(1H, dd, /=9.0, 6.0 Hz), 8.61 —8.57 (1H, m), 7.62 (1H, ddd, /= 8.4, 7.0, 1.5 Hz), 7.56 — 7.52 (1H, m),
7.49 (1H, ddd, J=8.2,7.0, 1.3 Hz), 7.24 (1H, dd, J= 8.8, 2.5 Hz), 7.17 (1H, ddd, /= 9.0, 8.0, 2.5 Hz);
d¢ (101 MHz, CDCl3) 179.1 (C), 164.8 (d, J =256.8 Hz, C), 139.8 (d, /=10.2 Hz, C), 136.9 (C), 133.2
(d, J=9.9 Hz, CH), 132.5 (CH), 130.0 (CH), 129.2 (C), 126.8 (CH), 126.1 (d, J = 2.1 Hz, C), 126.0
(CH), 115.1 (d,J=22.5Hz, CH), 112.0 (d, J = 24.6 Hz, CH); dr (376 MHz, CDCl3) -104.8; ESI-HRMS
m/z 231.0271 (MH" C13HsOFS requires 231.0274)

2-fluorothioxanthone (2-FTX)
o

CLO

2-fluorothioxanthone
(2-FTX)
Thiosalicylic acid (30.8 g, 200 mmol) and K,COj3 (30.4 g, 220 mmol) were added to DMF (400 ml) in
a1 L flask. Cul (3.8 g, 20 mmol) and 4-fluoroiodobenzene (24.2 ml, 220 mmol) were then added and
the mixture heated at 145°C for 12 hrs before cooling and pouring over water (500 ml). The aqueous
mixture was filtered before acidifying with 3 M HCI (90 ml). The resulting slurry was filtered and the
residue washed with water, stirred in hot MeOH (70 ml), filtered again and dried to give 2-((4-
fluorophenyl)thio)benzoic acid as a grey power (41.9 g, 84%).

A mixture of the thioether (40.5 g, 163 mmol) and polyphosphoric acid (150 g) was heated at 130°C
for 11 hrs before allowing to cool and quenching with water (150 ml). The mixture was mechanically
broken up to a suspension which was extracted with DCM (500 ml). The aqueous solution was further
extracted with DCM (2x250 ml) and the combined extracts washed with sat. aq. NaHCO3 (2x100 ml),
dried (MgSO0s,), filtered and evaporated to give 2-fluorothioxanthone as an off white solid (35.4 g, 94%):
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m.p. 170 — 171 °C (lit. 171 °C)"; Amax(MeCN)/nm 388 (¢/M"'em™ 6,310); 8y (400 MHz, CDCls) 8.63 —
8.58 (1H, m), 8.29 (1H, dd, J = 9.6, 2.9 Hz), 7.66 — 7.54 (3H, m), 7.49 (1H, ddd, J= 8.2, 6.9, 1.4 Hz),
7.38 (1H, ddd, J = 8.8, 7.5, 2.9 Hz); 8¢ (101 MHz, CDCl3) 179.3 (d, J= 2.4 Hz, C), 161.3 (d, J = 247.6
Hz, C), 137.3 (C), 132.7 (d, J = 2.4 Hz, C), 132.6 (CH), 131.0 (d, J = 6.5 Hz, C), 130.1 (CH), 128.43
(C), 128.1 (d, J= 7.4 Hz, CH), 126.7 (CH), 126.1 (CH), 121.2 (d, J = 24.2 Hz, CH), 115.5 (d, J= 22.9
Hz, CH); 8¢ (376 MHz, CDCls) -113.6; ESI-HRMS m/z 231.0270 (MH" C,3HsOFS requires 231.0274)

3,6-dimethoxythioxanthone (3,3°-MeOTX)

o
MeO II S II OMe

3,6-dimethoxythioxanthone
(3,3-MeOTX)
4-Methoxythiosalicylic acid (17.6 g, 96 mmol) and K,CO; (14.6 g, 106 mmol) were added to DMF
(200 ml) in a 1 L flask. Cul (1.83 g, 9.6 mmol) and 3-bromoanisole (13.4 ml, 106 mmol) were then
added and the mixture heated at 145°C for 2.5 hrs before cooling and pouring over water (300 ml). The
aqueous mixture was filtered before acidifying with 3 M HCI (40 ml). The resulting slurry was filtered
and the residue washed with water, dissolved in EtOAc (300 ml), washed with brine, dried (MgSO.)
and filtered. The solution was evaporated in vacuo to give 4-methoxy-2-((3-
methoxyphenyl)thio)benzoic acid as a white power (24.2 g, 87%).

To a stirred mixture of the thioether (10 g, 34.4 mmol) in anhydrous DCM (70 ml) with a few drops of
DMF was added (COCl); (3.5 ml, 41.3 mmol). When the reaction had reached full conversion after 1
hr the solvent was removed in vacuo, the residue was re-dissolved in anhydrous DCM (130 ml) and the
solution cooled in an ice bath before the addition of AICl; (5.51 g, 41.3 mmol). After stirring for 1 hr
the mixture was quenched with water (50 ml) and extracted with DCM (3x150 ml). The combined
organic extracts were washed with sat. aq. NaHCO3, dried (MgSOs), filtered and evaporated to a beige
solid (9.2 g) which was recrystallized from MeCN (90 ml) to give 3,6-dimethoxythioxanthone as a
colourless powder (6.5 g, 69%): m.p. 175°C; Amax(MeCN)/nm 354 (¢/M'em™ 5,850); 8u (400 MHz,
CDCls) 8.52 (2H, d, J=9.0 Hz), 7.00 (2H, dd, /= 9.0, 2.5 Hz), 6.92 (2H, d, J = 2.5 Hz), 3.91 (6H, s,
OCH3s); 6c (101 MHz, CDCl3) 178.5 (C), 162.4 (C), 139.3 (C), 132.0 (CH), 123.3 (C), 114.9 (CH),
108.2 (CH), 55.8 (CHs); ESI-HRMS m/z 273.0572 (MH" C5H;305S requires 273.0580)

(e}
Jeseot

3,6-difluorothioxanthone
(3,3-FTX)

3,6-difluorothioxanthone (3,3’-FTX)

4-Fluorothiosalicylic acid (27 g, 157 mmol) and K,CO; (24.2 g, 175 mmol) were added to DMF (250
ml)ina 1 L flask. Cul (3.1 g, 16 mmol) and 3-fluoroiodobenzene (20.6 ml, 175 mmol) were then added
and the mixture heated at 145°C for 3 hrs before cooling and pouring over water (400 ml). The aqueous
mixture was filtered before acidifying with 3 M HCI (70 ml). The resulting slurry was filtered and the
residue washed with water, stirred in hot MeOH (80 ml), filtered again and dried to give 4-fluoro-2-((3-
fluorophenyl)thio)benzoic acid as a white power (32.5 g, 78%).

To a stirred mixture of the thioether (10 g, 37.6 mmol) in anhydrous DCM (90 ml) with a few drops of
DMF was added (COCI); (3.8 ml, 45 mmol). When the reaction had reached full conversion after 2 hrs
the solvent was removed in vacuo, the residue was re-dissolved in anhydrous DCM (130 ml) and the
solution cooled in an ice bath before the addition of AICIs (6.0 g, 45 mmol). After stirring for 1 hr the
mixture was quenched with water (80 ml) and extracted with DCM (3x150 ml). The combined organic
extracts were washed with sat. aq. NaHCOs3, dried (MgSOs), filtered and evaporated to a pale orange
solid (9.0 g) which was recrystallized from MeCN (100 ml) to give 3,6-difluorothioxanthone as a

S10



colourless powder (7.8 g, 84%): m.p. 207 — 208 °C; Amx(MeCN)/nm 361 (/M 'em™ 5,290); 54 (400
MHz, CDCl;) 8.62 (2H, dd, J = 9.0, 5.8 Hz), 7.25 — 7.16 (4H, m); 3¢ (101 MHz, CDCls) 178.0 (C),
164.8 (d,J=257.2 Hz, C), 139.2 (d, J=10.0 Hz, C), 133.3 (d, /= 10.0 Hz, CH), 125.9 (d, /= 2.5 Hz,
), 115.4 (d, J = 22.3 Hz, CH), 112.0 (d, J = 24.8 Hz, CH); & (376 MHz, CDCls) -104.5; ESI-HRMS
m/z 249.0174 (MH" C,3H;0F.S requires 249.0180)

2-methoxy,7-fluorothioxanthone (2-F,2’-MeOTX)

0]
S

2-methoxy,7-fluorothioxanthone
(2-F 2-MeOTX)
5-Fluorothiosalicylic acid (9.3 g, 54 mmol) and K,COs (7.5 g, 54 mmol) were added to DMF (100 ml)
in a 250 ml flask. Cul (0.95 g, 5.0 mmol) and 4-bromoanisole (6.8 ml, 54 mmol) were then added and
the mixture heated at 145°C for 23 hrs before cooling and pouring over water (200 ml). The aqueous
mixture was filtered through celite before acidifying with 3 M HCI (25 ml). The resulting slurry was
filtered and the residue dissolved in EtOAc (200 ml), dried (MgSO.) and filtered. The solution was
evaporated in vacuo to a slurry which was washed with Et2O and dried to give 5-fluoro-2-((4-
methoxyphenyl)thio)benzoic acid as a white powder (8.2 g, 55%).

A mixture of the thioether (1.0 g, 3.6 mmol) and polyphosphoric acid (5 ml) was heated at 120°C for 1
hr before allowing to cool and quenching with water (10 ml). The mixture was mechanically broken up
to a suspension which was extracted with DCM and Et,O. The combined extracts were dried (MgSOs),
filtered and evaporated to a yellow solid (0.68 g) which was recrystallized from MeCN (12 ml) to give
2-methoxy,7-fluorothioxanthone was a fluffy yellow powder (858 mg, 62%); m.p. 160 - 161°C;
Amax(MeCN)/nm 408 (/M 'em™ 6,220); 8u (400 MHz, CDCls) 8.29 (1H, dd, J=9.7,2.9 Hz), 8.04 (1H,
d, /=29 Hz),7.57 (1H, dd, /= 8.8, 4.8 Hz), 7.49 (1H, d, /= 8.8 Hz), 7.41 — 7.33 (1H, m), 7.30 — 7.24
(1H, m), 3.94 (3H, s); 6c (101 MHz, CDCl3) 179.0 (d, J=2.3 Hz, C), 161.2 (d, /= 247.3 Hz, C), 158.7
(C), 132.94 (d,J=2.4 Hz, C), 130.3 (d, /= 6.5 Hz, C), 129.5 (C), 129.2 (C), 128.1 (d, J=7.5 Hz, CH),
127.4 (CH), 123.2 (CH), 121.0 (d, J=24.2 Hz, CH), 115.4 (d, J=22.8 Hz, CH), 110.4 (d, /= 1.5 Hz,
CH), 55.8 (CHs3); 8 (376 MHz, CDCl;3) -113.9; ESI-HRMS m/z 261.0376 (MH" C14H10O2FS requires
261.0380)

2,7-dimethoxythioxanthone (2,2’-MeOTX)

0
MeOOMe
s

2,7-dimethoxythioxanthone
(2,2-MeOTX)
5-Methoxythiosalicylic acid (15.5 g, 84 mmol) and K,COs (12.8 g, 93 mmol) were added to DMF (200
ml)in a1 L flask. Cul (1.6 g, 8.4 mmol) and 4-bromoanisole (13.4 ml, 93 mmol) were then added and
the mixture heated at 145°C for 23 hrs before cooling and pouring over water (300 ml). The aqueous
mixture was filtered before acidifying with 3 M HCI (40 ml). The resulting slurry was filtered and the
residue, dissolved in EtOAc (200 ml), washed with brine, dried (MgSOs4) and filtered. The solution was
evaporated in vacuo to a slurry which was washed with Et,O and dried to give 5-methoxy-2-((4-
methoxyphenyl)thio)benzoic acid as an off white solid (15.1 g, 62%).

A mixture of the thioether (13.9 g, 48 mmol) and polyphosphoric acid (130 g) was heated at 120°C for
1 hr before allowing to cool and quenching with water (100 ml). The mixture was mechanically broken
up to a suspension which was extracted with DCM, washed with sat. aq. NaHCOs3, dried (MgSOs),
filtered and evaporated to a yellow solid (11.8 g) which was recrystallized from MeCN (155 ml) to give
2,7-dimethoxythioxanthone as a fluffy yellow solid (10.5 g, 80%): m.p. 155 — 157 °C; Amax(MeCN)/nm
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415 (/M 'em™ 6,270); 81 (400 MHz, CDCl3) 8.08 (2H, d, J = 2.9 Hz), 7.49 (2H, d, J = 8.9 Hz), 7.25
(2H, dd, J = 8.9, 2.9 Hz), 3.94 (6H, s); 8¢ (101 MHz, CDCl;) 179.5 (C), 158.4 (C), 129.7 (C), 129.6
(C), 127.5 (CH), 122.8 (CH), 110.4 (CH), 55.8 (CHs); ESI-HRMS m/z 273.0573 (MH" C;5H;305S
requires 273.0580)

UV-Vis Spectra of Thioxanthone Derivatives

Group 2
1 Group 1 Group 3

0.9 A ! ‘é. “ r :
08 W mu&».&*oﬁﬁtw M

0.6
0.5
0.4
0.3
0.2
0.1

0

Absorbance

330 350 370 390 410 430 450
Wavelength (nm)

Figure S1: Composite UV-vis spectra of TX derivatives (MeCN, 1x10** M)
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Figure S2: Individual UV-vis absorption spectra of TX derivatives
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Triplet Measurements of Thioxanthone Derivatives
Low temperature (77 K) emission measurement:

The low temperature emission spectra were measured in FLS900 Fluorescence spectrometer
(Edinburgh Instrument). The room temperature absorption spectra were measured in UV-Vis
spectrometer (Agilent Cary 60). For all the measurements 10 4 M concentration was used.
Methylcyclohexane (Alfa Aesar), 2-methyl tetrahydrofuran (Alfa Aesar) were used as received.

Thioxanthone in Methylcylcohexane
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Figure S3: Room temperature absorption and glass temperature emission spectra of
thioxathone in methylcyclohexane. The excitation wavelength was 380 nm.

In Figure S3, the room temperature absorption and glass temperature emission spectra are presented for
the thioxanthone. It is well known that the thioxanthone is nonemissive in nonpolar solvents at room
temperature. Therefore, the strong red-shifted emission observed in nonpolar solvent
(Methylcyclohexane) at glass temperature is safely assigned to the emission from the triplet state. The
highest energy emission band (436 nm) is used as the lowest triplet energy and it matches well with the
reported triplet energy of thioxanthone. The emission and absorption spectra of other molecules are
presented in Figure S4
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Figure S4. Room temperature absorption and glass temperature emission spectra of different thioxathone derivatives
in methylcyclohexane. The lowest energy bands are mentioned and the calculated triplet energies are reported. The
excitation wavelengths are: 350 nm (3,3’- MeOTX), 360 nm (3,3’-FTX), 370 nm (3-MeOTX), 375 nm (3-FTX), 380
nm (ITX), 385 nm (2-FTX), 390 nm (4-MeOTX) respectively.

The emission results at 77K in 2-MeTHF for the last three derivatives, 2-MeOTX, 2-F,2’-MeOTX, 2,2’-
MeOTX are shown in Figure S5
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2-MeOTX in 2-methy! tetrahydrofuran
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Figure S5. Room temperature absorption, room temperature emission and 77K emission of the thioxanthone derivatives in 2-
methyl tetrahydrofuran. For all the measurements 390 nm excitation wavelength was used. Here we have plotted all the spectra
with x-axis normalized.

ps and ns TRIR Studies

Instrumentation

We performed ps and ns time-resolved infrared (TRIR) measurements in order to measure the singlet
and triplet lifetimes. All the measurements were performed in CD;CN (1 mM). Each solution was
degassed using three freeze pump thaw cycles before time-resolved measurements. The sample Harrick
cell (path length 400 um) with CaF, windows was continuously raster scan in order to avoid
photodamage. The detailed description of the TRIR measurements at the Nottingham has been
discussed in detail elsewhere.® Breifly, 800 nm, 100 fs, 80 MHz fundamental pulses are generated with
a commercial Ti:Sapphire oscillator (MaiTai). The input pulses are amplified in a Ti:Sapphire amplifier
(Spitfire Pro/Spectra Physics) to produce 800 nm, 100 fs, 1 kHz, 2 mJ pulses. Half of the output is used
to pump a TOPAS-C (Light Conversion) that produces tunable IR pulses using a difference frequency
generator. The other part of the amplifier output is used to pump a harmonic generator (Timeplate
tripler, Minioptic Technology) to produce 400 nm, 100 fs pump pulses. For 355 nm picosecond
experiments, we have used a second TOPAS output pumped by the 800 nm fundamental. The IR beam
passes through a Ge beam splitter and half of the IR beam is reflected onto a single element MCT
detector (Kolmar Technology) to serve as a reference and the other half is focused and overlaps with
the pump beam at the sample position. The pump pulse was delayed relative to the probe pulse by using
a translation stage (LMA Actuator, Aerotech, USA. The polarization of the pump pulse was set at the
magic angle (54.7°) relative to the probe pulse to avoid rotational diffusion. For a measurement with a
longer time delays a Q-switched Nd:YVO ns-laser (ACE- 25QSPXHP/MOPA, Advanced Optical
Technology, UK) was employed as a pump source and this was synchronized relative to the Spitfire
Pro amplifier output. The IR probe beam was dispersed with a spectrograph and detected with a 128
element HgCdTe linear array detector (Infrared Associates, USA).
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ps (400 nm excitation) TRIR spectra and kinetics of ITX

The ps and ns TRIR spectra of ITX in CD3CN as the photophysical properties (singlet lifetime, triplet
quantum yield) are well known. The ps TRIR spectra of ITX in the 1650-1450 cm™ region for selected
time delays after 400 nm excitation were presented in Figure S6. The negative peaks at 1637 and 1592
cm’! are associated with the ground state bleach and are assigned to v(C=0) and v(C=C) bands
respectively. The transient peak at 1477 cm™ appears immediately after the flash and is assigned to the
singlet excited state. The 1477 cm™ band decays at the same rate (240 £10 ps) as a new band at 1518
cm’ grows in and this peak is assigned to the triplet state.

(@) (b)

1518 cm’

Time delay/ps
—_—1—2—A4
—10——20——50
—— 100 200 500
~——— 1000 —— 1500

1518

IAOD= 0.00025

1477 cm’
1592 cm”’

guarasn a4 N N N a

0 500 1000 1500

A Absorbance

A Absorbance

____________ (© Time delay/ps
8z
S8 1518 cm™!
o =
1637 1592 AOD= 0.00025 s g
(2=
23 1592 cm”’
T T y <>
1600 1550 1500 0 500 1000 1500
Wavenumber/cm-! Time delay/ns

Figure S6. (a) ps-TRIR spectra of ITX for selected time delays in CD3CN following photoexcitation (400 nm). (b) and (c) show
selected TRIR kinetic traces associated with the formation and decay of the parent (1592 cm™), singlet (1477 cm™) and triplet (1518
cm™) excited state bands obtained from TRIR spectra.
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Estimation of triplet quantum yield for ITX from the parent bleach recovery kinetics

The triplet quantum yield (®isc) is estimated from the parent bleach recovery kinetics using the
approximation that triplet quantum yield is given by the AA™/ AA” ratio.

0.000004 0O T

-0.00005 Op = AA™X/ AA= =0.86

oD
AAT

<
-0.000104 o

il o X 1)
-0.00015- Wgz on
(bleach recovery)

200 0 200 400 600 800 1000 1200
Time delay/ps

Figure S7. ps intensity kinetics of 1592 cm™ band. The initial bleach recovery is associated with ground state recovery
due to radiative (fluorescence) and nonradiative (internal conversion) decays. The bleach recovery at longer time is used
to calculate the triplet quantum yield.
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Figure S8. Selected TRIR kinetic traces associated with the singlet, triplet excited states and ground state displaying decay of
the singlet state, formation and decay of the triplet state, and ground state recovery for the thioxathone derivatives in CD3CN.
The characteristic transient IR peaks associated with excited state singlet, triplet state and parent of TX {(a) and (b)}; 3,3’-
MeOTX {(c) and (d) — please note the insert to (c) which shows the results from global analysis to more clearly show the decay
of the singlet and the growth of the triplet}; 3,3’-FTX(e) and (f)}; 3-MeOTX{(g) and (h) — please note the insert to (h) which
shows the results from global analysis to clearly show the recovery of parent}; 3-FTX {(i) and (j2-FTX {(k) and (1)}; 4-MeOTX
{(m) and (n)}; 2-MeOTX {(0) and (p)}; 2-F,2’-MeOTX {(q) and (r)}; 2,2’-MeOTX {(s) and (t)} are shown.
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TD-DFT Calculations of Thioxanthone Derivatives

Calculations were carried out with Gaussian09W on a standard desktop PC (Octo-Core Intel i7-9700,

16 GB RAM)’
Optimised co-ordinates
3,3°-MeOTX
Charge = 0 Multiplicity = 1
# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
# opt b3lyp/6-31g(d,p) geom=connectivity geom=connectivity
2.62616 -1.20095 -0.00017 C 2.62328 -1.20037
1.39402 -0.55507 0 1.39404 -0.55274

1.28285 0.84041 0.00005
2.47053 1.60535 0.00005
3.72255 1.00171 -0.00003
3.78835 -0.40397 -0.00007
2.72348 -2.28645 -0.00043
2.38366 2.69979 0.00015
4.62038 1.61058  -0.0001
0 1.58152 0.00001

0 2.8042  -0.0001
-1.28284  0.84041 0.0001
-1.39401 -0.55506 0.00011
-2.47052  1.60536 0.00015
-2.62617 -1.20095 0.00004
-3.72255 1.00172 0.00011
-2.38365 2.69979  0.00022
-3.78835 -0.40397 -0.00004
-2.72348 -2.28644  0.00004
-4.62037 1.61059 0.00022
0 -1.61602 0.00032
4.93884 -1.14594 0.00012
-4.93884 -1.14593 -0.00039
6.20772 -0.44281 -0.00029
6.30771 0.15996  0.90692
6.92256 -1.27695  0.00003
6.30746  0.15922 -0.90801
-6.20774 -0.44282 -0.00018
-6.30761 0.1599 -0.90743
-6.92257 -1.27696 -0.00055
-6.30761  0.15926 0.90751

1.28096 0.84344
2.47416  1.60622
3.7217  1.00077
3.79028  -0.4068
2.7164  -2.2876
2.39494  2.70044
4.62526  1.60869
0 1.57574

0 2.80559
-1.28096  0.84344
-1.39404 -0.55274
-2.47416  1.60621
-2.62328 -1.20037
-3.7217  1.00076
-2.39494  2.70044
-3.79028 -0.40681
-2.7164  -2.2876
-4.62526  1.60869
0 -1.61508
4.93565 -1.14493
-4.93564 -1.14493
6.21232  -0.4448
6.30693  0.15462
6.92471  -1.2814
6.32249 0.16143
-6.21231 -0.44479
-6.3225 0.16135
-6.9247 -1.28139
-6.3069 0.1547

I I T OIIIITOO0OO0YVIITIOIOOOOOOOIIITOOOOOO
I T T OIIIITOO0OO0YVIITIOIOOOOOOOIIIOOOODO

-0.00502
-0.01169
-0.00732
0.0044
0.01178
0.00703
-0.00855
0.00759
0.02098
-0.01455
-0.02539
-0.00723
-0.01175
0.00465
-0.00519
0.01197
0.00801
0.00702
-0.00895
0.02126
-0.02879
0.01343
0.01336
0.02703
0.93764
0.03003
-0.87729
0.02696
-0.87741
0.0301
0.93752
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3,3-FTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

-1.26551
-0.61501
0.77732
1.54813
0.94041
-0.46211
-2.35447
2.64275
1.53502
1.52289
2.74215
0.77732
-0.61501
1.54813
-1.26551
0.94041
2.64275
-0.46211
-2.35447
1.53502
-1.6754
-1.0552
-1.0552

MMM OLVUITITOIOOOO0OO0O00OIITITOOOOOON

-0.00002
0.00023
0.00019

0

-0.00028

-0.00035
0.00006
0.00013

-0.00052
0.00026
0.00029
0.00019
0.00023

0

-0.00002

-0.00028
0.00013

-0.00035
0.00006

-0.00052

0.0007

-0.00064

-0.00064

-2.63026
-1.38956
-1.28649
-2.47299
-3.72298
-3.77003
-2.70765
-2.38499
-4.63664
0

0
1.28649
1.38956
2.47299
2.63026
3.72298
2.38499
3.77003
2.70765
4.63664
0
-4.96142
4.96142

# opt b3lyp/6-31g(d,p)

scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C

MmOV ITITOIOOOOO0O00OIITITIOOOOON

-0.00061
-0.00005
0.00053
0.00052
-0.00005
-0.0006
-0.00104
0.00098
-0.00007
0.00118
0.00224
0.00053
-0.00005
0.00052
-0.00061
-0.00005
0.00098
-0.0006
-0.00104
-0.00007
-0.00005
-0.00115
-0.00115

-1.26507
-0.61344
0.78027
1.54896
0.93951
-0.46314
-2.35651
2.64344
1.53631
1.51891
2.74415
0.78027
-0.61344
1.54896
-1.26507
0.93951
2.64344
-0.46314
-2.35651
1.53631
-1.67511
-1.05758
-1.05758

-2.62752
-1.38777
-1.2855
-2.47498
-3.7233
-3.76787
-2.70291
-2.39519
-4.63782
0

0

1.2855
1.38777
2.47498
2.62752
3.7233
2.39519
3.76787
2.70291
4.63782
0
-4.95934
4.95934
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3-MeOTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

3.24792
2.05814
2.06601
3.31133
4.50088
4.46827
3.22775
3.31948
5.45727
5.40137
0.8388
0.9423
-0.49608
-0.71805
-1.61995
-1.99818
-2.91551
-1.44646
-3.09324
-2.18157
-3.76227
0.5868
-4.29878
-5.50802
-5.5598
-6.28674
-5.55979

I I T OO0V ITITOIOOOOOO0OOIIIITOOOOOO

-1.5541
-0.81243
0.582
1.24643
0.52347
-0.87943
-2.64447
2.34256
1.04449
-1.44374
1.42904
2.64574
0.79217
-0.5909
1.64938
-1.13565
1.14761
2.73346
-0.24887
-2.21006
1.82586
-1.75802
-0.89621
-0.09444
0.514
-0.86938
0.51373

-0.00014
0.00008
0.00002

-0.00026

-0.00049

-0.00044

-0.0001

-0.00027

-0.00073

-0.00063
0.00021
0.00033
0.00022
0.00025
0.00017
0.00013
0.00005
0.00022

-0.0001
0.00022
0.00009

0.0005

-0.00054

-0.00037

-0.90783

-0.00053
0.90726

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C 3.24499 -1.55372
2.05806 -0.81065
2.06497 0.58505
3.31209  1.24684
4.49912  0.52204
4.46598 -0.88101
3.22702 -2.64668
3.32918  2.34163
5.45822 1.04176
5.39999 -1.44787
0.83809 1.42323
0.94303  2.64581

-0.49369  0.79517

-0.71684  -0.5888

-1.62312  1.65052
-1.9945 -1.13542

-2.91401  1.14628

-1.45745 2.735
-3.0942 -0.25196

-2.17371  -2.21179

-3.76642  1.82359
0.58746 -1.75608

-4.29463 -0.89578

-5.51113 -0.09611

-5.58576  0.52173

-6.28803 -0.87308
-5.5443  0.50399

I I T OO0V ITITOIOOOOOO0OOIIIITOOOOON

0.02514
-0.0122
-0.00471
0.04361
0.08203
0.07231
0.01852
0.04977
0.11952
0.10233
-0.04614
-0.09475
-0.02423
-0.0329
0.00432
-0.0152
0.02423
0.01046
0.01417
-0.0226
0.04673
-0.07694
0.03144
0.06727
-0.83281
0.07763
0.98176
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3-FTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

-2.86991
-1.67411
-1.67041
-2.91065
-4.10568
-4.08461
-2.85925
-2.91039
-5.05828
-5.02275
-0.43878
-0.52455
0.89759
1.09923
2.02619
2.38416
3.31644
1.86006
3.46303
2.53818
4.18511
-0.2112
4.69422

MWLV ITITOIOOOO0OO0OIIITITOOOOOOD

-1.53686
-0.80513
0.58961
1.26464
0.55125
-0.852
-2.62765
2.36092
1.07997
-1.40858
1.42617
2.6425
0.77425
-0.60766
1.62759
-1.16727
1.11109
2.71291
-0.28469
-2.24783
1.76908
-1.76292
-0.79091

-0.00021
0.00014
0.00013

-0.00011

-0.00055

-0.00066

-0.0001
0.00012

-0.00097

-0.00105
0.00025

0.0003
0.00025
0.00022
0.00019

-0.00009

-0.00014
0.00047

-0.00038

-0.00004

-0.00031
0.00073

-0.00074

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C -2.86544 -1.53659
-1.6725  -0.8033
-1.66888  0.59281
-2.91098  1.26483
-4.10302  0.54922
-4.08074 -0.85427
-2.85644 -2.62987
-2.91949  2.35985
-5.05817 1.07618
-5.01927 -1.41379
-0.43875 1.42123
-0.52457  2.64199
0.89627 0.77738
1.09749 -0.60588
2.02721  1.62867
2.38107 -1.16681
3.31542 1.11016
1.86937 2.71441
3.46 -0.28584
2.53377 -2.24981
4.1845 1.7701
-0.21112 -1.76066
4.69081 -0.79357

MWLV ITITOIOOOO0OO0OIIITIITITOOOOO

-0.02403
0.01751
0.00869

-0.04561

-0.08867

-0.07726

-0.01613

-0.05244

-0.13098

-0.11078
0.05625
0.12211
0.01898
0.02967

-0.02528
0.00034

-0.05696

-0.03347

-0.04238
0.00965

-0.09151
0.09169

-0.07176

S23



TX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

1.40696
0.76295
-0.62817
-1.38992
-0.76414
0.63742
2.4956
-2.48318
-1.3591
1.12515
-1.3748
-2.59423
-0.62817
0.76295
-1.38992
1.40696
-0.76414
-2.48318
0.63742
2.4956
-1.3591
1.12515
1.82154

VW T T T OITOOOOO0OIITITITOOOOOO

-0.00037
0.00015
0.00023
0.00003

-0.00058

-0.00089

-0.00032
0.00046

-0.00103

-0.00145
0.00037
0.00055
0.00023
0.00015
0.00003

-0.00037

-0.00058
0.00046

-0.00089

-0.00032

-0.00103

-0.00145
0.00095

2.63682
1.39092
1.28808
2.47735
3.72009
3.7991
2.70314
2.39839
4.63242
4.77459
0

0
-1.28808
-1.39092
-2.47735
-2.63682
-3.72009
-2.39839
-3.7991
-2.70314
-4.63242
-4.77459
0

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C 1.4066 -0.04575
0.76095 0.03354
-0.63164  0.02252
-1.39091 -0.07579
-0.76236  -0.15809
0.63923 -0.14175
2.49737 -0.03504
-2.48344 -0.08476
-1.35592  -0.23467
1.12987 -0.20574
-1.36714  0.11568
-2.58404  0.26102
-0.63164  0.02252
0.76095  0.03354
-1.39091 -0.07579
1.4066 -0.04575
-0.76236  -0.15809
-2.48344 -0.08476
0.63923 -0.14175
2.49737 -0.03504
-1.35592  -0.23467
1.12987 -0.20574
1.81481 0.17012

VW IT T ITOITOOOOO0OIITITITOOOOON

2.62959
1.38872
1.28548
2.4732
3.71129
3.79008
2.69853
2.40279
4.62405
4.76472
0

0
-1.28548
-1.38872
-2.4732
-2.62959
-3.71129
-2.40279
-3.79008
-2.69853
-4.62405
-4.76472
0

S24



ITX

=

If i
! B
e P

.

f

‘

. .
oy

b ‘ 7
g = \\,/)\‘(' ‘\4/0)‘0

i L
-

/Q‘é\.

.

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

-3.86202
-2.5326
-2.22007
-3.28036
-4.60361
-4.89413
-4.0924
-3.03659
-5.41494
-5.93216
-0.83396
-0.65069
0.32743
0.21571
1.61587
1.35208
2.76016
1.69462
2.61642
1.25493
3.50455
-1.31843
4.13389
4.00983
4.90791
5.86527
4.33999
5.12718
4.90628
4.33779
5.86423
5.12424

I I T O I ITOIIOUVIITOIOOOOO00OIITIITITOOOOOO

-1.09679
-0.64939
0.71015
1.64321
1.21337
-0.16011
-2.16274
2.71181
1.93979
-0.49441
1.25346
2.45916
0.31998
-1.06966
0.89362
-1.89101
0.09366
1.9871
-1.30745
-2.97748
-1.94049
-1.90637
0.73704
1.85258
0.35186
0.88214
0.6033
-0.72033
0.35387
0.60804
0.88312
-0.71849

-0.00092
0.00003
0.00029

-0.00047

-0.00142

-0.00163

-0.00114

-0.00026

-0.00199

-0.00235
0.00144
0.00282
0.00075
0.00052
0.00041
0.00001

-0.00007
0.00058

-0.00027

-0.00019

-0.00065

0.001
-0.0004
0.00059
1.26616
1.31935
2.16976
1.30552

-1.26855

-2.17103

-1.32142

-1.31061

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C -3.84902 -1.09621
-2.52821 -0.64821
-2.21578  0.71264
-3.27133  1.64512
-4.58626  1.21357
-4.87622 -0.16002
-4.08201 -2.16382
-3.03714  2.71427
-5.39569 1.9401
-5.91091 -0.49561
-0.83847  1.24228
-0.66079  2.43983
0.32557  0.32283
0.21418 -1.06767
1.61359 0.897
1.34809 -1.88822
2.75539  0.09753
1.6995 1.98855
2.61082 -1.30429
1.25312 -2.97735
3.49901 -1.93894
-1.31964 -1.90218
4.12897 0.73921
4.0111  1.85389
4.9852  0.29286
5.94784 0.81769
4.48712  0.50128
5.20478 -0.78064
4.80897 0.41248
4.19339  0.72527
5.7736 0.9264
5.00388 -0.66009

I I T O I IO IOV IITOIOOOOO0OIITIITITOOOOO

-0.12531
0.00957
0.03803

-0.07844

-0.21635

-0.23825

-0.14503

-0.05672

-0.30683

-0.34545
0.19279
0.38222
0.10696
0.08471
0.05205
0.01289

-0.02251
0.07048

-0.04104

-0.00295

-0.09973
0.16437

-0.08418
-0.0226
1.10624
1.11809
2.06004
1.07933

-1.41863

-2.26987

-1.50582

-1.53178
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2-FTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

-3.08091
-1.7846
-1.56353
-2.68384
-3.97517
-4.1733
-3.24037
-2.51239
-4.83368
-5.18705
-0.21906
-0.10883
1.00592
0.98425
2.24925
2.16926
3.41112
2.27317
3.40132
2.13159
4.3327
-0.49077
4.59052

MUV ITITOIOOOOO0OIITITITOOOOOO

-1.24277
-0.70758
0.66987
1.53054
1.01293
-0.37686
-2.32191
2.6133
1.68364
-0.77983
1.30439
2.51738
0.4461
-0.94877
1.11072
-1.7056
0.34554
2.20757
-1.0592
-2.79755
-1.62712
-1.88201
0.9688

-0.00041
-0.00006
0.00018
0.00038
0.00011
-0.00032
-0.00076
0.00076
0.00033
-0.00075
-0.0001
-0.00052
0.0001
-0.00004
0.00017
-0.00036
-0.00002
0.00038
-0.00036
-0.00065
-0.0007
0.00052
0.0002

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C -3.06901 -1.24197
-1.78015 -0.70545
-1.55921  0.67385
-2.67528  1.53284
-3.95936 1.0124
-4.1571 -0.37762
-3.23094 -2.32309
-2.51271 2.6155
-4.8164  1.68199
-5.16794  -0.7831
-0.22099  1.29491
-0.11086  2.49963
1.0032  0.44832
0.98112 -0.94695
2.24426  1.11272
2.16281 -1.70509
3.40036  0.34546
2.27354  2.20738
3.39112 -1.05992
2.12674 -2.79999
4.3198 -1.63261
-0.49179 -1.87473
4.57699 0.97018

MUV T ITOIOOOOO0OIITITITOOOOON

-0.08992
0.02753
0.03305

-0.08703

-0.20742

-0.20767

-0.09247

-0.08222

-0.30094

-0.30179
0.16717
0.35134
0.06471
0.06601

-0.03002

-0.01961

-0.11682

-0.03058

-0.11246

-0.01592

-0.18156
0.19617

-0.20767
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4-MeOTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

-2.60603
-1.60776
-1.92972
-3.29452
-4.29152
-3.94477
-2.34187
-3.54782
-5.34022
-4.72876
-0.93247
-1.29479
0.52766
1.00919
1.44515
2.40661
2.81541
1.05408
3.31614
3.5152
4.38801
0.03342
2.69715
4.09499
4.02185
4.58823
4.58757

I T T OO0V IITOIOOOOOO0OOIIIIOOOOOON

-1.85527
-0.86795
0.49051
0.85874
-0.11016
-1.47141
-2.91343
1.925
0.18248
-2.22942
1.5929
2.75645
1.26635
-0.03601
2.33899
-0.27098
2.09764
3.36104
0.78584
2.93417
0.61371
-1.47152
-1.61553
-1.99939
-3.09565
-1.63963
-1.64002

0.00018
-0.00003
-0.00004

0.00007

0.0002

0.00029

0.00028

0.00005

0.00023

0.00046
-0.00013
-0.00021
-0.00007
-0.00012

0.00007

0
0.0002

0.00008

0.00021

0.00028

0.00043
-0.00039
-0.00016

0.00025
-0.00003
-0.90703

0.90804

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C -2.57423 -1.86103
-1.59993 -0.86837
-1.9252  0.49054
-3.27223  0.85165
-4.24862  -0.1262
-3.8998 -1.48434
-2.31035 -2.92077
-3.53705  1.91297
-5.28753  0.16009
-4.66961 -2.24969
-0.93536 1.5808
-1.29926  2.71921
0.5186  1.27555
1.00701 -0.02706
1.41659 2.33818
2.39059 -0.26996
2.78247  2.08898
1.03481 3.36092
3.28576  0.78451
3.47141  2.92258
4.35402  0.60526
0.0296 -1.43686
2.69578 -1.60522
4.07968 -1.99726
4.02166 -3.08965
4.40306 -1.71393
4.72194 -1.56581

I T T OO0V I ITOIOOOOOO0OOIIIITOOOOON

-0.07486
0.08282
0.03345

-0.18823

-0.35237

-0.29345

-0.03224

-0.22716

-0.52565

-0.42163

0.2141
0.47094
0.06017
0.11686

-0.14709

-0.03354

-0.29642

-0.18881

-0.2419

-0.45741

-0.36206
0.39568
0.05453

-0.16293

-0.06086

-1.16907

0.6106
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2-MeOTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
# opt b3lyp/6-31g(d,p) geom=connectivity geom=connectivity

-3.50144 -1.18383 -0.00018 C -3.45545 -1.17913
-2.19039 -0.68401 0.00001 -2.17633 -0.68085
-1.93311  0.68723  0.00007 -1.91848  0.69274
-3.03054 1.5772 -0.00005 -2.98146  1.58504
-4.33516 1.0948 -0.00028 -4.25694  1.10086
-4.57008 -0.28953 -0.00035 -4.49473  -0.28182
-3.68865 -2.25826  -0.0002 -3.64811  -2.2545
-2.83012  2.65478 0.00006 -2.7899  2.66205
-5.17514 1.78787  -0.0004 -5.07508  1.79541
-5.59398 -0.66512 -0.00055 -5.49806  -0.6576
-0.57273  1.28704  0.00023 -0.58397  1.26067
-0.43445  2.49723  0.00047 -0.46493  2.41909
0.63328 0.39803  0.00008 0.62604  0.39789
0.571 -1.00042 0.00014 0.56207 -0.99959
1.88423 1.02421 -0.00005 1.86542  1.03002
1.73405 -1.78002  0.00008 1.71676 -1.77888
3.04999 0.23546 -0.00012 3.02163  0.24216
1.9586 2.11728 -0.00009 1.94201  2.11937
2.98724  -1.1672 -0.00011 2.95762 -1.16229
1.67292 -2.87084 0.00022 1.65694 -2.87228
3.88781 -1.77444 -0.00025 3.85584 -1.76898
-0.9292 -1.89228 0.00025 -0.94074 -1.86877
4.20166 0.98774 -0.00022 4.16404 0.99116
5.46883 0.28653 -0.00019 5.42337  0.28963
5.57235 -0.31474 -0.90772 5.40349 -0.29435
6.18253  1.12212 -0.00017 6.1343 1.1236
5.57231  -0.3147 0.90739 5.64427 -0.33302

I I T O0YIITOIOOOOOO0OOIIIITOOOOOON
I I T OO0V I ITOIOOOOO0OIIIITOOOOO

-0.24409
0.0274
0.05914
-0.19642
-0.47359
-0.49522
-0.26524
-0.17133
-0.67262
-0.71179
0.36613
0.73578
0.19653
0.18341
0.05057
0.03362
-0.10465
0.06004
-0.11126
0.02629
-0.22951
0.38675
-0.23989
-0.42325
-1.34844
-0.50136
0.44886
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2-F,2>-MeOTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

3.07115
1.80549
1.64984
2.79029
4.03352
4.20333
3.17288
2.67577
5.19426
0.33341
0.28972
-0.92881
-0.96363
-2.1276
-2.17438
-3.3423
-2.1271
-3.37754
-2.18992
-4.31576
0.46843
5.11687
-4.43388
-5.74428
-5.82137
-6.39456
-5.9586

I T T OO0 MULIITOIOOOOOO0OIITITOOOOOON

1.524
0.92801
-0.45835
-1.27946
-0.67114
0.72289
2.61146
-2.36943
1.16503
-1.14607
-2.34254
-0.35156
1.04778
-1.06703
1.74152
-0.36358
-2.16186
1.03975
2.83374
1.58065
2.03933
-1.4423
-1.19619
-0.58858
-0.01218
-1.47394
0.01867

-0.09087
0.04938
0.08347

-0.02751

-0.16898

-0.20218

-0.11585
0.00659

-0.3131
0.24519
0.45711
0.12152
0.08877
0.04126

-0.02182

-0.07142
0.07242

-0.10244

-0.04819

-0.18861
0.20395

-0.27704

-0.14374

-0.25334

-1.17942

-0.28738
0.63053

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C 3.04169 1.51588
1.79663  0.92938
1.64127 -0.45671
2.75755 -1.28847

3.9802 -0.68679
4.15238 0.70524
3.14749  2.60445
2.64779 -2.37558
5.12861 1.14368
0.33967 -1.10807
0.30526  -2.2469

-0.92107 -0.34487

-0.95422  1.05222

-2.10712  -1.0704

-2.15563  1.73971

-3.31037 -0.37395

-2.10762 -2.16119

-3.34453  1.03022

-2.17249  2.83344

-4.279 1.5658
0.47523  2.03342
5.04258 -1.46814

-4.39219 -1.20745

-5.69156 -0.60639

-5.68397 -0.06298

-6.33897 -1.49206

-5.98276  0.03578

I T T OO0 TMTULIITOIOOOOOO0OOIITITOOOOO

-0.1918
0.08902
0.1657
-0.0508
-0.3335
-0.40755
-0.24679
0.0105
-0.63103
0.48679
0.92216
0.24461
0.17433
0.09018
-0.043
-0.13182
0.1437
-0.19724
-0.09637
-0.36822
0.39294
-0.54258
-0.267
-0.51701
-1.46678
-0.57712
0.31957
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2,2-MeOTX

Charge = 0 Multiplicity = 1

# opt b3lyp/6-31g(d,p) geom=connectivity

-2.60279
-1.37967
-1.28633
-2.43522
-3.66339
-3.75976
-2.66408
-2.39049
-4.70839
-0.00002
0
1.28631
1.37973
2.43515
2.60297
3.66339
2.39034
3.75992
2.66438
4.70866
-0.00002
-4.70436
4.70424
-6.02452
-6.34731
-6.62872
-6.04027
6.02441
6.03988
6.62843
6.34764

I I T OII I ITOO0O0VIITOIOOOOOOOIIIOOOOOO

1.6956
1.06855
-0.32548
-1.10423
-0.46574
0.93066
2.78318
-2.19378
1.41987
-1.03663
-2.17301
-0.32548
1.06858
-1.10426
1.69567
-0.46574
-2.19383
0.93072
2.78328
1.41997
2.11726
-1.35473
-1.35479
-0.81706
-0.18572
-1.73322
-0.28217
-0.81719
-0.2817
-1.73342
-0.18643

0.1087
-0.14868
-0.25178
-0.09299

0.16932
0.26958
0.18941
-0.18177

0.4702
-0.53895
-0.96643

-0.2518
-0.14919
-0.09277

0.10754

0.16917
-0.18108

0.26857

0.18766

0.46857
-0.37774

0.30762

0.30811

0.56332
-0.26928

0.61737

1.51695

0.56398

1.51732

0.61884
-0.26886

# opt b3lyp/6-31g(d,p)
scrf=(cpcm,solvent=acetonitrile)
geom=connectivity

C 1.6896  -0.1593
1.07892 0.18936
-0.30958 0.34479
-1.10484 0.14191
-0.4838 -0.21425
0.91013 -0.36353
2.77595 -0.27772
-2.18917 0.25873
1.38576 -0.63771
-0.97786  0.73148
-2.04035  1.32729
-0.30958  0.34479
1.07892  0.18936
-1.10484  0.14191
1.6896  -0.1593
-0.4838 -0.21425
-2.18917 0.25873
0.91013 -0.36353
2.77595 -0.27772
1.38576 -0.63771
2.12649  0.47819
-1.3799  -0.3848
-1.3799  -0.3848
-0.86366 -0.77361
-1.78463 -0.83412
-0.37277 -1.74972
-0.19347 -0.00235
-0.86366 -0.77361
-0.37277 -1.74972
-1.78463 -0.83412
-0.19347 -0.00235

I I T OII I ITOO00VIITOIOOOOOOOIIIOOOOON

2.58229
1.37233
1.27956
2.41043
3.62393
3.7202
2.64689
2.36493
4.66227
0

0
-1.27956
-1.37233
-2.41043
-2.58229
-3.62393
-2.36493
-3.7202
-2.64689
-4.66227
0
4.64982
-4.64982
5.95137
6.54753
5.89116
6.34247
-5.95137
-5.89116
-6.54753
-6.34247
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Excited State Energies

n-orbital HOMO (n-orbital) LUMO (m*-orbital)

Figure S9: Representetive MOs for the lowest energy transitions of interest, 3,3’-MeOTX shown

Thioxanthone Gaseous CPCM

3,3’-MeO0TX S S> T, T, Si Sa T, T,

Energy 355 363 | 292 | 313 | 356 |364 291 308

(o]
(kj/mol)

Character | nm* an* | mn* | nn* | in* | no* nn* n*
3,6-dimethoxythioxanthone

(3,3-MeOTX)
An-p -8 kj/mol 21 kj/mol 8 kj/mol 33 kj/mol
Table S3
Thioxanthone Gaseous CPCM
3,3°-FTX Si Sz T T, Si Sz T, T2

353 365 | 290 |310 |355 |360 286 319

o Energy
(o
F s F Character | nr* an* | an* | nn* | n* | no* et nm*
3 6-difluorothioxanthone

(3,3-FTX)
An-p -12 kj/mol 21 kj/mol 5 kj/mol 33 kj/mol
Table S4
Thioxanthone Gaseous CPCM
3-MeOTX Si S» T, T, Si Sz T T,

Energy 349 354 | 284 | 307 |346 |358 280 306

(kj/mol)
S OMe

Character | n* an* | n* | nn* | wn* | oot nn* ¥
3-methoxythioxanthone

(3-MeOTX)
An-p -5 kj/mol 23 kj/mol 12 kj/mol 38 kj/mol
Table S5
Thioxanthone Gaseous CPCM
3-FTX S S, T T, N S, T T,

349 356 | 282 | 306 |346 |357 278 316

o Energy
(fyimoD
s F Character | nm* m* | mn* | nn* | wn* | oot nn* nm*

3-fluorothioxanthone
(3-FTX)

A n-p -7 kj/mol 23 kj/mol 11 kj/mol 38 kj/mol

Table S6
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Thioxanthone Gaseous CPCM
TX Si S, T T, Sy Sa T, T
% Energy 345 347 274 | 302 |338 |353 269 312
(kj/mol)
S Character | nm* an* | n* | nn* | ¥ | oot n* nm*
Thioxanthone
(TX)
An-p -2 kj/mol 28 kj/mol 15 kj/mol 43 kj/mol
Table S7
Thioxanthone Gaseous CPCM
ITX Si S, T T, Si S T, T,
o Energy 343 345 | 270 |302 |333 |353 264 312
(kj/mol)
S Character | mr* n* | an* | nn¥* | ¥ | oot nn* nm*
Isopropylthioxanthone
(ITX)
An-p 2 kj/mol 32 kj/mol 20 kj/mol 48 kj/mol
Table S8
Thioxanthone Gaseous CPCM
2-FTX N S, T, T, Si S, T, T,
0 Energy 337 344 | 263 | 301 329 | 353 258 311
F (kj/mol)
S Character | mr* nt* | an* | nn* | n* | no* nn* nm*
2-fluorothioxanthone
(2-FTX)
An-p 7 kj/mol 38 kj/mol 24 kj/mol 53 kj/mol
Table S9
Thioxanthone Gaseous CPCM
4-MeOTX Si S, T, T, Sy S, T, T,
0 Energy 336 346 | 267 | 302 |325 |354 261 303
O O (kj/mol)
S Character | mm* nn* | mn* | nn* | an* | oot n* n*
OMe
4-methoxythioxanthone
(4-MeOTX)
An-p 10 kj/mol 35 kj/mol 29 kj/mol 52 kj/mol
Table S10
Thioxanthone Gaseous CPCM
2-MeOTX S] Sz T1 Tz Sl Sz Tl TZ
0 Energy 320 343 | 252 | 300 310 353 243 312
OMe (kj/mol)
S Character | nn* nn* | in* | nu* nn* nm* ¥ nn*
2-methoxythioxanthone
(2-MeOTX)
An-p 23 kj/mol 48 kj/mol 43 kj/mol 69 kj/mol
Table S11
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Thioxanthone Gaseous CPCM
2-MeQ,2’-FTX Sy S T, T, N S> T, T,

o Energy 311 342 242 | 299 |301 |352 234 311
F. OMe .
(kj/mol)
s

Character | nn* nn* | an* | nn* | on* | oot nn* nm*

2-methoxy, 7-fluorothioxanthone

(2-MeO,2-FTX)
An-p 31 kj/mol 57 kj/mol 51 kj/mol 77 kj/mol
Table S12
Thioxanthone Gaseous CPCM
2,2’-M60TX Sl Sz T T, S1 Sz T, T,

302 342 | 235 | 299 | 291 |352 225 310

Q Energy
MeO oM .
O™ |

s Character | mr* nn* | an* | nn* | n* | no* nn* n*

2,7-dimethoxythioxanthone
(2,2-MeOTX)

An-p 40 kj/mol 64 kj/mol 61 kj/mol 86 kj/mol
Table S13

Synthesis of Novel Photochemical Precursors

Amino cinnamate 8

X
o
)k (2eq.)
o MeO”™ “OMe o o A~NHz2 (2eq) U 8
= AN
Ph* NaH (2 eq.) PhMOMe AcOH (2 eq.) Ph OMe
Toluene, 95°C EtOH, reflux
Scheme S3

A stirred suspension of NaH (60% on oil, 32 g, 800 mmol) in toluene (300 ml) with dimethyl carbonate
(68 ml, 808 mmol) was heated to 95°C in a 1 L flask with an overhead stirrer and condenser. A solution
of acetophenone (46.6 ml, 400 mmol) in toluene (100 ml) was added dropwise to allow for a controlled
exotherm and H» evolution. After the addition was complete, heating was continued for 1 hour before
the solution was cooled in an ice bath and quenched with acetic acid (23 ml, 400 mmol) and 1 M HCl
(400 ml). The biphasic mixture was separated and the aqueous layer further extracted with EtOAC
(2x150 ml) before the pooled organic extracts were washed with brine, dried (MgSOs), filtered and
concentrated in vacuo. The resulting oil was filtered through silica with pet. ether 40/60, then Et,O and
the solution evaporated under reduced pressure to give the 1,3-keto ester as an oil (71.5 g, 100%). 53.5
g (300 mmol) of this oil, along with allylamine (45 ml, 600 mmol) and acetic acid (34 ml, 600 mmol)
was added to EtOH (300 ml) in a 1 L flask and the solution refluxed for 3 hours until all keto-ester had
been consumed. The cooled solution was concentrated, purified by chromatography on silica (10-20%
Et;0 in petrol) and concentrated to an oil (52 g) with was re-dissolved in petrol (50 ml), cooled in a
freezer at -20°C and the resulting suspension rapidly filtered to give 8 as a white solid (47.5 g, 73%):
m.p. 35— 36 °C; &u (400 MHz, CDCl3) 8.61 (1H, s, NH), 7.43 — 7.32 (SH, m, Ar.H), 5.78 (1H, ddt, J =
17.1,10.1, 4.9 Hz, CH=CHH), 5.21 (1H, app. dq, J=17.1, 1.7 Hz, CH=CHH), 5.11 (1H, app. dq, J =
10.3, 1.6 Hz, CH=CHH), 4.64 (1H, s, CH=C), 3.72 — 3.64 (5H, m, NCH>, OCH3); ¢ (101 MHz, CDCl;)
170.9 (C), 165.1 (C), 136.0 (C), 135.5 (CH), 129.5 (CH), 128.5 (2xCH), 127.9 (2xCH), 116.0 (CH>),
85.5 (CH), 50.4 (CH,), 46.9 (CH3); ESI-HRMS m/z 218.1180 (MH" C13HsNO; requires 218.1176)
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Boc protection to 25

R R

NH O Boc,0, DMAP NBoc
Ph” N""OMe  MeCN, 65°C P - CO2Me
8 25
Scheme S4

To a solution of amino cinnamate 8 (21.7 g, 100 mol) in MeCN (100 ml) was added Boc2O (28.3 g, 130
mmol) and DMAP (0.61 g, 5 mmol) and the mixture heated to 65°C. After gas evolution had ceased,
additional Boc,O (16.7 g, 77 mmol) was added portionwise. The solution was concentrated and purified
by chromatography on silica (10-20% Et,O in petrol) to give 25 as a solid (19.0 g, 60%): m.p. 60 — 61
°C; du (400 MHz, CDCl3) 7.40 — 7.29 (SH, m, Ar.H), 5.92 (1H, ddt, J=17.0, 10.6, 5.4 Hz, CH=CHH),
5.86 (1H, s, CH=C), 5.25 — 5.16 (2H, m, CH=CHH), 4.24 (2H, app. dt, /= 5.4, 1.6 Hz, NCH>), 3.56
(3H, s, OCHs), 1.15 (9H, s, 3xCHs); 8¢ (101 MHz, CDCls) 167.0 (C), 156.1 (C), 153.7 (C), 136.9 (C),
133.6 (CH), 129.4 (CH), 128.8 (2xCH), 127.8 (2xCH), 117.1 (CH>), 109.7 (CH), 81.8 (C), 53.3 (CH>),
51.3 (CH3), 27.8 (3xCH3); ESI-HRMS m/z 318.1699 (MH" CisH24NO;4 requires 318.1700)

a-amido acrylate 13

OH OAc C0Mg
1) DABCO
CO:Me pABCO AcCl COMe —— 2~ N.__CO,Me
PhCHO + [ ——> ph CoMe =22y Me 2
rt. pyridine 2) Ser.MeO.HCI
A B Ph (o]
5 days DCM OH
(¢0Me CO-Mg ¢OMg
Z Z
BzCl /L\(N COMe BzCl }\(N CO,Me _DBU /\rNWCOZMe
Et;N \[ D Et;N \[ E 13
Ph . P Nog, Ph

50% (from B)
Scheme S5

Solvent-free Baylis-Hillman : A mixture of methyl acrylate (333 mmol, 1.0 eq.), benzaldehyde (333
mmol, 1.0 eq.) and DABCO (20 mol %) was stirred at room temp for 5 days before pouring over 1 M
HCI (250 ml) and extracting with EtOAc (3%x200 ml). The organic extracts were dried (MgSO4), filtered
and evaporated to an oil (62.9 g) containing ~15 mol. % benzaldehyde. The product A was of sufficient
purity to use in next step.

Acylation: To an ice cooled solution of the above Baylis-Hillman adduct A in DCM (~300 mmol;
2M), and pyridine (1.15 eq), was added acetyl chloride (1.15 eq.) dropwise. The mixture was allowed
to warm to room temperature and stirring continued until the alcohol was fully consumed (monitored
by tlc). The concentration was halved by the addition of more DCM and the mixture washed with 1 M
HCI (%2) and water. The solution was dried (MgSOs), filtered and evaporated to give B as an oil
containing residual benzaldehyde as an impurity (~15%). Yield = 83% (2-steps)

Ser-OMe.HCI: Acetyl chloride (2.5 eq) was added dropwise to MeOH (600 ml) before the portionwise
addition of DL-serine (0.5 mol, 1.0 eq.) and the mixture refluxed for 2 hrs. The solvent was evaporated,
the product was triturated with Et,O, filtered and washed (Et,O) before drying to a free-flowing powder
(76 g, 98%)

Serine Adduct C: To a 1:1 THF/Water solution of crude allylic acetate B (200 mmol, 1 M) cooled in
an ice bath was added DABCO (2.5 eq.) The ice bath was removed and the mixture stirred for 15 min
before the portionwise addition of Ser-OMe.HCl (1.2 eq.). The mixture was stirred, until the reaction
had gone to completion, before removal of THF under reduced pressure. The remaining mixture was
extracted with EtOAc, dried (MgSO,) and chromatography on silica (gradient elution 30% -80% EtOAc
in hexane) yielded the product C as an oil (49g), free from benzaldehyde and as a mix of diastereomers.
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Benzoylation to E: To a solution of C (~167 mmol ) in DCM (1 M) was added EtsN (1.15 eq.) and the
solution cooled in an ice bath after which was added BzCl (1.15 eq.) dropwise. The solution was stirred
at room temperature for approx. 1 hr. before washing with 1 M HCI (x2) and brine. The solution was
dried (MgSO0s.), filtered and evaporated to D an oil which was used directly for the second benzoylation.
To solution of D in MeCN (1 M) and Et;N (1.2 eq.) was added BzCl (1.2 eq) and the mixture then
heated at reflux with stirring until full consumption of the starting material (tlc monitoring). After
cooling to room temperature the slurry was filtered and the solution concentrated in vacuo before re-
dissolving in DCM and washing with 1 M HCI and brine. The solution was dried (MgSO.), filtered and
evaporated to an oil which was purified by chromatography on silica (20 — 30% EtOAc in hexane) to
give E as an oil (75g, mixture of diastereomers).

Benzoate Elimination to 13: To an ice cooled solution of E (~150 mmol) in DCM (0.6 M) was added
neat DBU (1 eq.) dropwise. The ice bath was removed and stirring continued until the reaction had gone
to completion (tlc monitoring). The solution was washed (sat. NaHCO3), brine and dried (MgSOs).
Chromatography on silica (30% EtOAc in hexane) yielded product 13 as a white solid (40.5g, 50%
from B): m.p. 110 — 112 °C; n (400 MHz, CDCl;) 7.55 — 7.50 (2H, m, Ar.H), 7.38 — 7.23 (8H, m,
Ar.H), 6.71 (1H, br. s, PhCH), 6.56 (1H, app. t, J = 1.0 Hz, CHH=C), 5.99 — 5.97 (1H, m, CHH=C),
5.96 (1H, d, J= 0.7 Hz, CHH=C), 5.45 (1H, d, J = 0.7 Hz, CHH=C), 3.70 (3H, s, CH3), 3.43 (3H, s,
CH3); 8¢ (101 MHz, CDCls) 171.1 (C), 166.6 (C), 164.8 (C), 139.5 (C), 139.4 (C), 136.5 (C), 136.3
(C), 130.5 (CH), 129.7 (2xCH), 128.4 (2xCH), 128.3 (2xCH), 128.2 (2xCH), 128.1 (CH), 127.8 (CH,),
124.8 (CH,), 62.5 (CH), 52.3 (CHs), 52.2 (CHs); ESI-HRMS m/z 380.1496 (MH* C2,H»NOs requires
380.1498)

Amido styrene 23

o \/\N
|
©é Allylamine (1.5 eq.) BzCl, Et;N NN
- T T .
cyclohexane, 50°C DCM O Bz
mol. sieves 23 70% (2-steps)

Scheme S6

A solution of a-tetralone (100g, 684 mmol) and allylamine (77 ml, 1.03 mol) in cyclohexane (250 ml)
was stirred over 3A molecular sieves, 3-5 mm beads, (140 g) in a 1 L flask, heated at 50°C for 90 hrs
(95% conversion). The mixture was filtered through celite, concentrated in vacuo and the resulting oil
poured oved DCM (500 ml), cooled in an ice bath, before the addition of benzoyl chloride (79 ml, 684
mmol) then triethylamine (95 ml, 684 mmol) over about 20 mins. The fully charged vessel was allowed
to warm to room temperature and stirred for 17 hrs before filtering and the filtrate washed (1M HCI,
sat. aq. NaHCOs; and brine), dried (MgSOs) and filtered before concentrating under reduced pressure.
To the resulting oil was added hexane to allow trituration of the product before filtering to give enamide
23 as an off-white solid (139 g, 70%): m.p. 86 — 87 °C; ou (400 MHz, CDCl3) 7.49 — 7.11 (9H, m,
ArH), 599 (1H, dddd, /=17.3,10.2, 7.3, 5.4 Hz, CH,=CH), 5.52 (1H, dd, /= 6.0, 3.5 Hz, C=CHCH,),
5.22 -5.09 (2H, m, CH,=CH), 4.83 (1H, dd, J = 14.5, 5.4 Hz, NCHHCH), 3.68 (1H, dd, /= 14.5,7.3
Hz, NCHHCH), 2.73 (1H, app. td, J = 14.3, 6.7 Hz, CCHHCH>), 2.60 (1H, app. dt, J=15.5, 5.9 Hz,
CCHHCHy), 2.18 (1H, app. dq, J=17.6, 6.1 Hz, CH,CHHCH), 2.00 (1H, dddd, /=17.0, 13.5, 6.7, 3.5
Hz, CH,CHHCH); ¢ (101 MHz, CDCl3) 171.2 (C), 138.8 (C), 137.3 (C), 136.2 (C), 133.1 (CH), 131.8
(C), 130.0 (CH), 129.4 (CH), 128.1 (CH), 128.1 (CH), 127.8 (2xCH), 127.6 (2xCH), 127.0 (CH), 122.8
(CH), 118.4 (CH), 50.2 (CH>), 27.3 (CHa), 22.9 (CH>); ESI-HRMS m/z 290.1549 (MH" CaH2NO
requires 290.1539)
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N-Bn-3-(but-3-en-1-yloxy)-maleimide (27)

o (1.1 eq) o
Br. "0 0.
| NBh ——— | NBn
Et3N (2.0 eq.)
o MeCN, r.t ! o 27
Scheme S7

A mixture of N-benzyl-3-bromomaleimide (16.9 g, 63.5 mmol), 3-buten-1-ol (6 ml, 70 mmol) and
triethylamine (17.6 ml, 127 mmol) in MeCN (65 ml) was stirred at room temperature for 4 days. The
mixture was concentrated, re-dissolved in DCM (100 ml) and washed with water (2x 50 ml), dried
(MgSO0,), filtered and concentrated to an oil which was filtered through silica with Et,O. The solvent
was removed in vacuo, purified by chromatography on silica (70-100% DCM in petrol) and
concentrated to an oil which was triturated with petrol / Et;O, filtered and dried to give 27 as a white
solid (10.3 g, 63%): m.p. 66 - 67°C; éu (400 MHz, CDCl3) 7.35 — 7.22 (SH, m, Ar.H), 5.80 (1H, ddt, J
=17.0, 10.2, 6.7 Hz, CH=CHH), 5.36 (1H, s, CH=C), 5.20 — 5.10 (2H, m, CH=CHa), 4.64 (2H, s,
NCH;Ph), 4.05 (2H, t, J= 6.8 Hz, OCH,CH>), 2.57 (2H, app. qt, J = 6.8, 1.3 Hz, OCH.CHa>); &¢ (101
MHz, CDCl;) 170.1 (C), 165.5 (C), 160.2 (C), 136.4 (C), 132.6 (CH), 128.8 (2xCH), 128.6 (2xCH),
127.9 (CH), 118.6 (CH>), 96.6 (CH), 71.7 (CH»), 41.3 (CH>), 32.7 (CH>); ESI-HRMS m/z 280.0940
(MNa"* CsH1sNOsNa requires 280.0944)

Novel Reactor Configurations

Parallel NMR Tube Irradiations

For rapid screening of the sensitizer series, a simple new method was devised to save time and material.
Irradiations were carried out directly in standard NMR tubes using deuterated acetonitrile. Stock
solutions of the substrate (5 ml, 0.1 — 0.2 M) were prepared in a 5 ml volumetric flask, with adiponitrile
(0.5 eq) as an internal standard if necessary, before dispensing 0.4 ml aliquots into individual NMR
tubes containing the sensitizer of interest. The solutions were then irradiated in parallel with a 9 W PL-
S UVA lamp by holding the tubes equidistant from the lamp (1-2 mm) using an improvised tube holder
(Figure S10). The low power output of the lamp meant that external cooling was not required.

The reaction progress was monitored periodically by 'H-NMR. By using this method, the entire
sensitizer series could be screened within a working day, without the need for sample preparation, and
using just 0.5 — 1.0 mmol of the substrate.

H H «— NMRtubes
NMR tube holder

|y — )

Substrate in deuterated
solvent with sensitizer

t—— 9 WPL-S UVA lamp

Figure S10: Parallel NMR tube irradiations with 9 W pl-s lamp
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36 W Blue COB Reactor Configuration

To investigate the efficacy of the visible light absorbing TX derivatives as ‘energy transfer
photocatalysts’ it was necessary to construct a novel reactor based around a high-intensity blue light
source. Reported reactors for visible light photocatalysis are usually based around SMD (Surface Mount
Device) LED chips. Single colour, high power SMD LEDs typically operate at about 1 — 3 W, have
about 1- 3 individual diodes in a single housing and must be connected in arrays if more power / light
intensity is required.

COB (Chip On board) LEDs have many more diodes (> 9) mounted on a single surface and can offer
much higher power densities without having to connect multiple chips in an array. These devices can
be commonly found in high power white LED spotlights. The white light is produced by a phosphor
film over an LED chip which down-converts a higher energy light source to the full range of visible
colours. . In the case of white COB LEDs the phosphor is driven by the much easier / cheaper to access
emission from blue LEDs. As a result, all white COB chips have at their centre a powerful source of
blue light which is ideal for many photoredox catalysts and lower energy triplet sensitizers which can
excited by visible light. Interestingly, ‘naked’ blue COB chips have only relatively recently become
commercially available. LED manufacturer Citizen produce such chips for aquariums, swimming pools
and architectural use.

A tray of the 34.6 V, 22 mm COB chips was ordered for initial investigations based on the convenient
chip size and availability of a compact 36 W 1.05 A constant current driver. The peak wavelength is
455 nm and the emission spans from approximately 430 — 480 nm.

36 W Blue COB Reactor Construction
The key requirements of a photochemical batch reactor are:

1) light source in optimal position to ensure efficient light delivery to solution
2) a means of stirring solution and
3) effective heat management.

Reported visible light mediated photoredox reactions are often driven by a 40 W Kessil lamp or a
flexible LED strip placed side-on and a few centimetres away from a vial containing the reaction
solution (Figure S11, left). The overall light capture is poor and as a result the reactions are often left
on overnight to drive a successful reaction to completion. The side-on method of irradiation is necessary
since the vials are stirred over a magnetic stirrer and there is no room below for the bulky commercial
light source.

Figure S11 - Left: Inefficient side-on irradiation with external Kessil lamps over magnetic stirrer; Right: Novel integrated
COB LED and magnetic stirrer for efficient light capture

The use of a COB LED allows for efficient stirring with simultaneous irradiation since the flat COB
chip can be mounted directly onto the metal surface of a magnetic stirrer without affecting its ability to
stir (Figure S11, right). In this way, a vessel can be magnetically stirred directly over the high intensity
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discharge of the COB. In the case of the 36 W COB used, it was assumed the metal body of the stirrer
should allow for sufficient heat dissipation and so prevent the COB chip overheating.

The reactor was based around a Heidolph stirrer hotplate with broken heating controls (Figure S12).
The heating circuitry could be removed and replaced with the LED driver which fortuitously fit neatly
within the resulting cavity. As a result, the driver could be wired internally onto the original heating
switch allowing for a compact and safe design with minimal effort. The LED COB was fixed to the
plate with a commercially available mount and a couple of screws tapped into the metal surface.
Thermal contact was made with some thermal paste.

36 W Blue COB Reactor Prototype: Luke Elliott

/

Cooling fan 3

COB Holder
.

Figure S12: Working prototype of the 36 W blue COB reactor

Stirring acetonitrile in a 50 ml rbf over the 36 W COB resulted in rapid heating of the solvent to near
reflux and so a fan was introduced to the side of the vessel. This allowed the temperature to be
maintained below 40°C and also assisted in cooling the surface of the stirrer. Additional control over
the temperature could involve a small double jacketed vessel or cold-finger.

TX Sensitizer Screening Studies
Alkene Isomerization Studies in NMR Tubes

R
MeCN-d3 (0.2 M)
Ph\/\R —_— Ph \%
TX derivative (5%)
trans hv (9 WUVA) cis / trans mixture

R = Me: B-Me styrene
R = CO;Me: methyl cinnamate

Scheme S8

A stock solution was prepared in a 5 ml volumetric flask using 1 mmol of the relevant trans-styrene
derivative and deuterated acetonitrile (0.2 M). For each irradiation, 0.5 ml aliquots were added to an
NMR tube containing the relevant thioxanthone derivative (5 mol%) before gently warming to ensure
the sensitizer was fully dissolved. The NMR tube was placed against a low pressure 9 W PL-S UVA
lamp and the isomeric ratio was monitored every 15 mins by "H-NMR.
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trans : cis

Time / mins | B-Me styrene Me-cinnamate 0
15 1:1.09 1:0.87
30 1:1.15 1:1.03 MeoOMe
45 1:1.15 1:1.04 3,3-MeOTX
Table S14: 3,3°-MeOTX
trans : cis
Time / mins | B-Me styrene Me-cinnamate 0
15 1:097 1:0.76
30 1:1.13 1: 1.00 FF
45 1:1.14 1:1.03 33-FTX
Table S15: 3,3’-FTX
trans : cis
Time / mins | B-Me styrene Me-cinnamate

(6]
15 1:1.03 ;102 “
30 1:1.23 O 5 O OMe
60 1:1.23 1:1.05 3-MeOTX
Table S16: 3-MeOTX
trans : cis
Time / mins | B-Me styrene Me-cinnamate
15 1:0.88 1:0.77 i
30 1:1.19 1:1.00
45 1:1.24 1:1.04 S F
60 1:1.23 ik
Table S17: 3-FTX
trans : cis
Time / mins | B-Me styrene Me-cinnamate
15 1:1.22 2
30 1:1.57 1:1.10
45 1:1.64 1:1.11 OO
60 1:1.63 >
Table S18: ITX
trans : cis
Time / mins | B-Me styrene Me-cinnamate
15 1:1.50 1:0.83 i .
30 1:1.83 1:1.12
45 1:1.86 1:1.15 s
60 1:1.88 ik
Table S19: 2-FTX
trans : cis
Time / mins | B-Me styrene Me-cinnamate
15 1:1.05 1:0.78 i
30 1:1.90 1: 111 O O
45 1:2.09 1:1.18 S
60 1:2.13 1:121 #MeOTX OMe

Table S20: 4-MeOTX
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trans : cis
Time / mins | B-Me styrene Me-cinnamate o
15 1:2.32 1:1.06 OMe
30 1:491 1:1.47 O . O
45 1:4.82 1:1.52 2MeOTX
60 1:4.82
Table S21: 2-MeOTX
trans : cis
Time / mins | B-Me styrene Me-cinnamate o
15 1:1.72 1:1.31 . OMe
30 1:4.66 1:1.73 O O
45 1:4.92 1:1.73 S
50 1497 2-F,2-MeOTX
Table S22: 2-F,2>-MeOTX
trans : cis
Time / mins | B-Me styrene Me-cinnamate o
15 1:2.02 1:1.17 MeO“OMe
30 1:3.70 1:1.48 O s O
45 1:3.55 1:1.46 2,2-MeOTX

Table S23: 2,2-MeOTX

Sensitizer Screen with 125 W, 150 ml Immersion Well Reactor
Enamide (1) to 2,4-methanopyrrolidine (2)

MeCN (0.1 M)
N [
(A) Bz TX derivative (4%) N~ Ph
1 125 W Hg Bz 2
150 ml Pyrex
Scheme S9

The general immersion well batch irradiation procedure was followed using a 125 W Hg lamp and 150
ml Pyrex reactor. A solution of enamide 1 (3.95 g, 15 mmol) in degassed MeCN (150 ml) was irradiated
with the relevant thioxanthone derivative (0.6 mmol) and the reaction monitored by quantitative 'H-

NMR using 1,3,5-trimethoxybenzene as an internal standard.

Sensitizer (4 mol %)

Time (min) 3,3'-MeO 3,3"-F 3-MeO 3-F ITX 2-F 4-MeO 2-MeO 2,2’-MeO
30 20 21 21 23 23 26 28 28 24
60 36 41 46 42 45 52 55 49
150 93 99 99 97 94 95 96 100 92
Initial
productivity 5.4 6.2 6.9 6.3 6.8 7.8 8.3 7.4 7.2
mmol/h
Table S24

THPA (3) to Cyclobutene (7)

HO
i £

MeCN (0.2 M)

(B) | O+ / OH — — » o]

TX derivative (2%)

30 125 W Hg 7 O

150 ml Pyrex
Scheme S10

The general immersion well batch irradiation procedure was followed using a 125 W Hg lamp and 150
ml Pyrex reactor. A solution of THPA 3 (4.56 g, 30 mmol) and propargyl alcohol (2.62 ml, 45 mmol)
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in degassed MeCN (150 ml) was irradiated with the relevant thioxanthone derivative (0.6 mmol) and
the reaction monitored by quantitative '"H-NMR using 1,3,5-trimethoxybenzene as an internal standard.

Sensitizer (4 mol %)

Time (min) 3,3'-MeO 3,3"-F 3-MeO 3-F ITX 2-F 4-MeO 2-MeO 2,2’-MeO
20 24 29 23 28 27 28 9 /
40 48 58 47 55 58 59 17 /
60 70 74 68 70 75 74 26 6 /
Initial
productivity 22 26 21 25 24 25 8 1.8 0
mmol/h
Table S25

Cross [2+2] / retro-Mannich of (8) to (10)

CO,Me COMe
NN MeCN (0.05 M) & retro-Mannich
Ph)\/COZMe TX derivative (4%) N~ Ph P
. 125 W Hg Ho N
150 ml pyrex
Scheme S11

A solution of enamine 8 (1.63 g, 7.5 mmol) and the relevant TX derivative (0.3 mmol) in degassed
MeCN (150 ml) was irradiated in a 150 ml Pyrex immersion well batch reactor with a 125 W Hg lamp.
The reaction was followed by quantitative '"H-NMR using 1,3,5-trimethoxybenzene as an internal
standard. When at full conversion the concentrated reaction mixture was purified by chromatography
on silica (30-40% EtOAc in petrol) to yield cyclic imine 10 as a pale orange oil.

84 (400 MHz, CDCls) 7.85 — 7.78 (2H, m, Ar.H), 7.45 — 7.36 (3H, m, Ar.H), 4.26 (1H, app. ddt, J =
16.4, 8.0, 1.8 Hz, NCHH), 3.74 (1H, ddt, J = 16.4, 5.4, 1.9 Hz, NCHH), 3.69 (3H, s, OCH3), 3.21 (1H,
app. ddt, J = 17.0, 9.0, 1.8 Hz, CHH), 2.94 — 2.82 (1H, m, CH), 2.70 (1H, app. ddt, J = 17.0, 5.7, 1.9
Hz, CHH), 2.53 — 2.40 (2H, m, CHa); 3¢ (101 MHz, CDCl3) 173.0 (C), 172.6 (C), 134.5 (C), 130.6
(CH), 128.6 (2xCH), 127.6 (2xCH), 66.9 (CH,), 51.8 (CHs), 41.2 (CHa), 39.3 (CH,), 33.5 (CH); ESI-
HRMS m/z 218.1175 (MH" C13H1eNO; requires 218.1176)

Sensitizer (4 mol%)

time / min 3,3'-MeQOTX 3,3-FTX  3-MeOTX 3-FTX*  ITX*  2-FTX* 4-MeO*  2-MeOTX*

0 0 0 0 0 0 0 0
30 22 25 24 31 30 22
60 38 43 41 50 53 30
90 56 54 57 47 50 40 56 30
120 72 63 64 44 30
150 78 62 62
Isolated (g) 1.08 0.76 0.76 0.78 0.68 0.64 0.51 0.48
Isolated (%) 67% 47% 47% 48% 42% 39% 31% 29%

* Full consumption of staring enamine observed but product integration inaccurate due to significant degradation

by-products
Table S26
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Cross [2+2] Sensitizer Screen in NMR Tubes

A stock solution was prepared in a 5 ml volumetric flask using 0.5 mmol of the relevant a-amido
acrylate derivative and adiponitrile (0.25 mmol) in deuterated acetonitrile (0.1 M). For each irradiation,
0.4 ml aliquots were added to an NMR tube containing the relevant thioxanthone derivative (10 mol%)
before gently warming to ensure the sensitizer was fully dissolved. The NMR tube was placed against

a low pressure 9 W PL-S UVA lamp and reaction was monitored every 15 mins by "H-NMR.

a-amido acrylate (11) to 2,4-methanoproline (12)

Bz MeCN-dj (0.1 M)
e Nm/coza TX derivative (10%) @\coza
1 hv (9 W UVA) Bz 12
Scheme S12
a-amido acrylate (13) to 2,4-methanoproline (14)
MeO,C
COzMe, MeCN-ds (0.1 M) N\
N._CO,Me
W TX derivative (10%) Ph™ N\~ ~COMe
43 Ph hv (9 W UVA) Bz,
Scheme S13
Reaction D Reaction E o
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%)
15 9 73 30 36 Veo S oMe
30 0 80 7 52 3,3-MeOTX
Table S27
Reaction D Reaction E o]
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%)
15 22 65 33 33 F s F
30 0 84 9 46 3.3-FTX
Table S28
Reaction D Reaction E o
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%)
15 1 82 47 27 s oMe
30 0 83 17 42 3-MeOTX
Table S29
Reaction D Reaction E 0
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%)
15 20 64 47 25 S E
30 3 78 17 40 3-FTX
Table S30
Reaction D Reaction E 0
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%)
15 20 66 76 10 s
30 2 80 56 18 I
Table S31
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Reaction D Reaction E o]
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%) F
15 27 57 53 5 S
30 2 76 73 9 2FTX
Table S32
Reaction D Reaction E o]
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%) O O
15 47 37 s
30 27 57 75 8 4-MeOTX OMe
Table S33
Reaction D Reaction E o
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%) O O
15 47 37 s
30 27 57 75 8 4-MeOTX OMe
Table S34
Reaction D Reaction E o}
Time / min s.m.11 (%) | prod12 (%) | s.m.13 (%) | prod 14 (%) OMe
15 79 4 s
60 86 2 2-MeOTX
Table S35
Preparative Scale Synthesis of 2,4-methanoproline (14)
MeO,C
CO,Me
52 125 W, 150 ml batch
COMe ———— >
A/NW 2Me MeCN, sensitizer Ph/ZE\C%Me
Ph z
13 14
Entry  Sensitizer (mol %) Conc. (M)  Time (h) Yield (%) Mass (g)
1 BP (10) 0.05 9 46 1.3
2 ITX (10) 0.05 12 38 1.1
3 3-FTX (10) 0.05 5 51 1.45
4 3,3'-MeOTX (5) 0.1 3 56 3.2
5 3,3'-MeOTX (2.5) 0.2 7 51 5.8
Table S36

The general immersion well batch irradiation procedure was followed using a 125 W Hg lamp and 150
ml Pyrex reactor. In all cases the sensitizer concentration was fixed at 0.005 M. When the reaction had
reached full conversion, the solution was concentrated and triturated with Et,O, filtered and the residue
washed with Et,0 to yield product 14 as a white solid: m.p. 170 — 171°C; éu (400 MHz, CDCl3) 7.43 —
7.29 (8H, m, Ar.H), 7.15 - 7.09 (2H, m, Ar.H), 4.95 (1H, s, NCH), 3.85 (3H, s, OCH3), 3.61 (3H, s,
OCHa), 2.63 (1H, d, J = 7.3 Hz, CHH), 2.58 (1H, dd, J = 10.0, 8.3 Hz, CHH), 2.26 — 2.20 (2H, m,
CHH, CHH); é¢ (101 MHz, CDCl3) 177.0 (C), 169.2 (C), 168.3 (C), 138.4 (C), 134.1 (C), 131.6 (CH),
128.6 (2xCH), 128.4 (CH), 128.3 (2xCH), 128.0 (2xCH), 127.7 (2xCH), 67.6 (CH), 67.4 (C), 53.7 (C),
52.5 (CH3), 52.1 (CH3), 48.3 (CHy), 38.8 (CH>); ESI-HRMS m/z 380.1489 (MH" C1,H»,NOs requires
380.1492)
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Blue Light Mediated Reactions with 36 W, 455 nm COB Reactor

General procedure

A solution of the relevant substrate in degassed solvent was added to a multi-necked round bottom flask
connected to a nitrogen line. The headspace was purged with N, several times before the addition of
2,2’-MeOTX. The solution was stirred over the modified hotplate COB reactor (see above) from a
distance of approximately 15 mm, with fan cooling. Sample were taken periodically for quantitative
analysis by 'H-NMR using 1,3,6-trimethoxybenzene as an internal standard (see general batch
irradiation procedure above) to determine the precise endpoint of the reaction for accurate reactor
comparison.

Intramolecular [2+2] of Styrene 15
ITX, 125 W Hg Ph,

or :
Ph/\/\o/\/ I:CO
2,2-MeOTX (1%)
15 36 W Blue )16
MeCN (0.5 M)
Scheme S14

125 W Batch Irradiation: The general immersion well batch procedure was followed using a 125 W
Hg lamp and 150 ml Pyrex reactor to irradiate allylic ether 15 (2.61 g, 15 mmol) in degassed MeCN
(0.1 M) with ITX (191 mg, 0.75 mmol). After 2.75 hrs the reaction mixture was concentrated in vacuo
and chromatography on silica (10% Et,O in DCM) yielded product 16 as a mixture of diastereomers (1
:0.17), oil (2.34 g, 90%)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
allylic ether 15 (1.74 g, 10 mmol) in degassed MeCN (0.5 M) with 2,2’-MeOTX (27 mg, 0.1 mmol) in
a 50 ml flask for 3 hrs. The reaction mixture was concentrated in vacuo and chromatography on silica
(10% Et;0 in DCM) yielded product 16 as a mixture of diastereomers (1 : 0.15), oil (1.54 g, 89%)

Intramolecular [2+2] of Styrene 17

X, 125WHg  Ph,
or h
17 36 W Blue (+) 18
MeCN (0.5 M)
Scheme S15

125 W Batch Irradiation: The general immersion well batch procedure was followed using a 125 W
Hg lamp and 150 ml Pyrex reactor to irradiate allylic amide 17 (4.16 g, 15 mmol) in degassed MeCN
(0.1 M) with ITX (191 mg, 0.75 mmol). After 3.5 hrs the reaction mixture was concentrated in vacuo
and chromatography on silica (30% EtOAc in petrol) yielded product 18 as a rotameric mixture of
diastereomers, oil (4.02 g, 97%) Major diastereomer: ox (500 MHz, DMSO-dg, 100°C) 7.57 — 7.44 (5H,
m, Ar.H), 7.33 — 7.16 (5H, m, Ar.H), 3.90 — 3.70 (2H, m, 2xNCHH), 3.56 (1H, dd, J=12.3, 6.6 Hz,
NCHH), 3.45 (1H, dd, J = 12.3, 5.2 Hz, NCHH), 3.26 — 3.20 (1H, m, CH), 3.02 — 2.93 (2H, m, CH,
CH), 2.33 — 2.25 (1H, m, CHH), 2.17 — 2.09 (1H, m, CHH); é¢ (126 MHz, DMSO-ds, 120°C) 168.6
(C), 1444 (C), 137.2 (C), 128.8 (CH), 127.7 (2xCH), 127.6 (2xCH), 126.4 (2xCH), 125.6 (2xCH),
125.3 (CH), 52.7 (CH>), 44.9 (CH), 41.5 (CH), 33.1 (CH), 31.0 (CH>); ESI-HRMS m/z 278.1542 (MH"*
Ci19H20NO requires 278.1539)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
allylic amide 17 (8.32 g, 30 mmol) in degassed MeCN (0.5 M) with 2,2’-MeOTX (82 mg, 0.3 mmol)
in a 100 ml flask for 5 hrs. The reaction mixture was concentrated in vacuo and chromatography on
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silica (30% EtOAc in petrol) yielded product 18 as a rotameric mixture of diastereomers, oil (7.13 g,
86%)

Cross [2+2] of Enamide 1

ITX, 400 W Hg

or
o,
g/\/ 2,2-MeOTX (1%)
z 36 W Blue Bz
1 MeCN (0.5 M) 2
Scheme S16

400 W Batch Irradiation: Batch irradiation previously reported'® when enamide 1 (105 g, 400 mmol)
was irradiated in MeCN (0.4 M) with ITX (1.0 g, 4 mmol) with a400 W Hg lamp in a 1 L Pyrex reactor
for 24 hrs. The product 2 was isolated as a pale yellow solid (93.4 g, 89%)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
enamide 1 (7.90 g, 30 mmol) in degassed MeCN (0.5 M) with 2,2’-MeOTX (82 mg, 0.3 mmol) in a
100 ml flask for 3 hrs. The reaction mixture was concentrated in vacuo and triturated with hexane and
filtered, washing with cold Et,O to give 2 as a pale yellow solid (6.58 g, 83%)

Cross [2+2] of Enamide 19

ITX, 400 W Hg
or
o —or
gz/\/ 2,2-MeOTX (1%) N
36 W Blue Bz CF;
FaC 19 MeCN (0.5 M) 20
Scheme S17

400 W Batch Irradiation: Batch irradiation previously reported'' when enamide 19 (265 g, 800 mmol)
was irradiated in MeCN (0.4 M) with ITX (2.0 g, 8 mmol) with a400 W Hg lamp in a 2 L Pyrex reactor
for 35 hrs. The product 20 was isolated as a pale yellow solid (249 g, 94%)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
enamide 19 (9.94 g, 30 mmol) in degassed MeCN (0.5 M) with 2,2’-MeOTX (82 mg, 0.3 mmol) in a
100 ml flask for 1.5 hrs. The reaction mixture was concentrated in vacuo and triturated with hexane and
filtered, washing with cold Et,O to give 20 as a pale yellow solid (9.05 g, 91%)

Cross [2+2] of Enamide 21

ITX, 400 W Hg

or OMe
MeO =
g;\/ 2,2-MeOTX (1%) N
36 W Blue Bz
21 MeCN (0.5 M) 22
Scheme S18

400 W Batch Irradiation: Batch irradiation previously reported'' when enamide 21 (117 g, 400 mmol)
was irradiated in MeCN (0.2 M) with ITX (1.0 g, 4 mmol) with a 400 W Hg lamp in a 2 L Pyrex reactor
for 29 hrs. The product 22 was isolated as a pale yellow solid (102 g, 87%)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
enamide 21 (8.80 g, 30 mmol) in degassed MeCN (0.5 M) with 2,2’-MeOTX (82 mg, 0.3 mmol) in a
100 ml flask for 3.5 hrs. The reaction mixture was concentrated in vacuo and triturated with hexane and
filtered, washing with cold Et,O to give 22 as a pale yellow solid (7.78 g, 88%)
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Cross [2+2] of Enamide 23

ITX, 400 W Hg H
_— o o
g;\/ 2,2-MeOTX (1%) N
36 W Blue Bz

23 MeCN (0.5 M) (4) 24

Scheme S19

400 W Batch Irradiation: The general immersion well batch procedure was followed using a 400 W
Hg lamp and 1 L Pyrex reactor to irradiate enamide 23 (57.9 g, 200 mmol) in degassed MeCN (0.2 M)
with ITX (1.0 g, 4 mmol). After 20 hrs the reaction mixture was concentrated in vacuo and triturated
with hexane and filtered, washing with cold Et;O to give 24 as a beige powder (39.5 g, 68%): m.p. 138-
139°C; du (500 MHz, DMSO-ds, 80°C) 7.58 — 7.52 (2H, m Ar.H), 7.44 — 7.32 (3H, m, Ar.H), 7.12 —
6.92 (4H, m, Ar.H), 3.90 (1H, d, /=8.0 Hz, NCHH), 3.38 (1H, d, /=8.0 Hz, NCHH), 2.85 -2.73 (2H,
m, CHy), 2.70 (1H, s, CH), 2.42 — 2.37 (1H, m, CHH), 2.19 — 1.96 (4H, m, CH,, CH, CHH); 5¢ (126
MHz, DMSO-ds, 80°C) 171.3 (C), 136.4 (C), 135.7 (C), 135.0 (C), 129.9 (CH), 128.0 (CH), 127.6
(2xCH), 127.4 (2xCH), 125.6 (CH), 125.1 (CH), 125.0 (CH), 71.1 (C), 56.7 (CH>), 49.8 (CH), 45.8
(CHy), 36.6 (CH), 28.7 (CHz), 23.2 (CHz); ESI-HRMS m/z 290.1544 (MH" Cz0H20NO requires
290.1539)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
enamide 23 (8.68 g, 30 mmol) in degassed MeCN (0.5 M) with 2,2’-MeOTX (82 mg, 0.3 mmol) in a
100 ml flask for 6 hrs. The reaction mixture was concentrated in vacuo and triturated with hexane and
filtered, washing with cold Et,O to give 24 as a beige solid (5.87 g, 68%)

Cross [2+2] of Amino Cinnamate 25

CO,Me ITX, 4%‘; WHg R .cooMe
| —
hi NN 2,2-MeOTX (1%) N~ Ph
Boc 36 W Blue Boc
25 MeCN (0.5 M) (4) 26

Pi

Scheme S20
400 W Batch Irradiation: The general immersion well batch procedure was followed using a 400 W
Hg lamp and 400 ml Pyrex reactor to irradiate amino cinnamate 25 (12.7 g, 40 mmol) in degassed
MeCN (0.1 M) with ITX (0.5 g, 2 mmol). After 3.5 hrs the reaction mixture was concentrated in vacuo
and triturated with hexane and filtered, washing with petrol to give 26 as a pale yellow solid (9.2 g,
72%)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
amino cinnamate 25 (9.52 g, 30 mmol) in degassed MeCN (0.5 M) with 2,2’-MeOTX (82 mg, 0.3
mmol) in a 100 ml flask for 3.75 hrs. The reaction mixture was concentrated in vacuo and triturated
with hexane and filtered, washing with petrol to give 26 as a white solid (7.98 g, 84%): m.p. 73-74°C;
Su (400 MHz, CDCls) 7.45—7.21 (5H, m, Ar.H), 3.92 (1H, d, J= 8.9 Hz, NCHH), 3.70 (3H, s, OCH3),
3.56 (1H, d, J= 8.9 Hz, NCHH), 3.08 — 3.02 (2H, m, CH, CH), 1.92 — 1.84 (2H, m, CH3), 1.07 (9H, s,
3xCHj3); 6¢ (101 MHz, CDCl3) 169.7 (C), 157.1 (C), 138.5 (C), 127.9 (2xCH), 127.3 (CH), 126.8
(2xCH), 79.1 (C), 76.5 (C), 51.7 (CHs), 51.0 (CH), 50.9 (CH,), 45.3 (CHz>), 38.0 (CH), 28.0 (3xCH3);
ESI-HRMS m/z 318.1693 (MH"™ C1sH24NOs requires 318.1700)
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Intramolecular [2+2] of Alkoxy-maleimide 27

125 w Hg o 0
NBn 2 2".MeOTX (1%) | NBn
36 W Blue :
MeCN (0.5 M) H o (128
Scheme S21

125 W Batch Irradiation: The general immersion well batch procedure was followed using a 125 W
Hg lamp and 150 ml Pyrex reactor to irradiate alkoxy-maleimide 27 (3.86 g, 15 mmol) in degassed
MeCN (0.1 M). After 1.5 hrs the reaction mixture was concentrated in vacuo and chromatography on
silica (5% Et,0 in DCM) yielded product 28 as a white solid (3.57 g, 92%)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
alkoxy-maleimide 27 (2.57 g, 10 mmol) in degassed MeCN (0.1 M) with 2,2’-MeOTX (136 mg, 0.5
mmol) in a 250 ml flask for 1.5 hrs. The reaction mixture was concentrated in vacuo and triturated with
hexane and filtered, washing with cold Et,O to give 28 as a pale yellow solid (2.38 g, 93%): m.p. 127-
129°C; 81 (400 MHz, CDCl3) 7.40 — 7.25 (5H, m, Ar.H), 4.75 (1H, d, J = 14.1 Hz, NCHHPh), 4.71
(1H, d, J = 14.1 Hz, NCHHPh), 4.45 (1H, ddd, /= 9.3, 7.7, 1.8 Hz, OCHH), 4.09 (1H, ddd, J=10.7,
9.3, 5.7 Hz, OCHH), 3.15 - 3.08 (1H, m, CH), 3.05 (1H, ddd, /= 10.4, 4.3, 1.1 Hz, CH), 2.20 (1H,
ddd, J=13.7, 8.2, 4.2 Hz, CHH), 2.15-2.06 (1H, m, CHH), 2.12 (1H, dd, /= 10.4, 5.7 Hz, CHH), 1.87
(1H, ddt, J=12.8, 5.7, 1.7 Hz, CHH); dc (101 MHz, CDCls) 176.4 (C), 175.3 (C), 135.7 (C), 128.8
(2xCH), 128.7 (2xCH), 128.1 (CH), 84.6 (C), 71.0 (CH»), 42.6 (CH,), 42.6 (CH), 41.9 (CH), 31.9

(CH>), 25.0 (CH>)
125 W Hg
2,2 MeOTX 1%) @
36 W Blue

EtOAc (0.5 M)

Cookson’s Dione [2+2]

Scheme S22

125 W Batch Irradiation: Batch irradiation previously reported when Diels Alder adduct 29 (2.61 g,
15 mmol) was irradiated in EtOAc (0.1 M) with a 125 W Hg lamp in a 150 ml Pyrex reactor for 15 min.
The product 30 was isolated as an off-white solid (2.38 g, 91%)

36 W Blue COB Irradiation: The general 36 W COB reactor procedure was followed by irradiating
Diels Alder adduct 29 (2.61 g, 15 mmol) in degassed EtOAc (0.5 M) with 2,2°’-MeOTX (41 mg, 0.15
mmol) in a 50 ml flask for 25 min. The reaction mixture was concentrated in vacuo and triturated with
hexane and filtered, washing with cold Et,O to give 30 as a pale yellow solid (2.41 g, 92%)
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Comparison with non-Sensitized Reaction
100 Cookson's Dione Reaction Profiles
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Figure S13: /efi- Depletion of 29 over time with, and without 2,2’MeOTX (36 W blue COB); Right- UV absorption of 29
over time with irradiation at 455 nm showing depletion of peak at 374 nm
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Figure S14: Comparison of vis light absorption of enedione 29 and 2,2’-MeOTX
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X-Ray Data for 24 and 26

Figure S15: X-Ray structure of compound 24. Ellipsoids shown at 30% probability

Figure S16: X-Ray structure of compound 26. Ellipsoids shown at 30% probability

S49



Crystallography
X-ray diffraction experiments on 24 and 26 were carried out at 100(2) K on a Bruker APEX II

diffractometer with CCD using Mo-K, radiation (A = 0.71073 A). Intensities were integrated in
SAINT'? and absorption corrections based on equivalent reflections were applied using SADABS."
Both structures were solved using ShelXT™ and refined by full matrix least squares against F” in
ShelXL'>!%using Olex2'”. All of the non-hydrogen atoms were refined anisotropically. While all of the
hydrogen atoms were located geometrically and refined using a riding model. Crystal structure and
refinement data are given in Table S37. Crystallographic data for compounds 24 and 26 have been
deposited with the Cambridge Crystallographic Data Centre as supplementary publication CCDC
1989743-1989744. Copies of the data can be obtained free of charge on application to CCDC, 12 Union

Road, Cambridge CB2 1EZ, UK [fax(+44) 1223 336033, e-mail: deposit@ccdc.cam.ac.uk].
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Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pr°

/e

Volume/A®

Z

Pealeg/cm’

wmm

F(000)

Crystal size/mm’
Radiation

20 range for data collection/®

Index ranges

Reflections collected
Rim / Rsigma

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

Final R indexes [all data]
Largest diff. peak/hole / e A

24

CHi9NO
289.36

100(2)
monoclinic
P21/C
18.0122(7)
7.3245(2)
11.5355(4)

90

97.158(2)

90

1510.02(9)

4

1.273

0.078

616.0

0.456 x 0.198 x 0.14
MoKa (A =0.71073)
4.558 to 50.694
21 <h<21,

-8 <k<S8,
-13<1<13
21808
0.0653/0.0358
2759/0/199
1.034

R =0.0400,
wR, =0.0933
R =0.0590,
wR, =0.1040
0.17/-0.21

Table S37: Crystal data and structure refinement for 24 and 26.

26

C13H23N04
317.37

100(2)
monoclinic
P21/l’l
12.9756(6)
7.5343(3)
17.9068(8)

90

100.916(3)

90

1718.93(13)

4

1.226

0.086

680.0

0.495 x 0.405 x 0.373
MoKa (A =0.71073)
3.574 to 55.886
-16<h<17,
-9<k<9,
-23<1<23
15326
0.0340/0.0327
4103/0/212
1.035

R =0.0400,
wR; = 0.0950
R =0.0515,
wR,=0.1018
0.24/-0.24
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Copies of 'H and *C NMR Spectra
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (500 MHz, DMSO-dg) 80°C
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1H-NMR (400 MHz, CDCls)
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1H-NMR (400 MHz, CDCls)
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1H-NMR (500 MHz, DMSO-de) 100°C
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1H-NMR (400 MHz, DMSO-d¢)
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1H-NMR (400 MHz, DMSO-d¢)
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1H-NMR (500 MHz, DMSO-d¢)
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