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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 (ET) 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 λmax and ET 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 photochemistry1 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 (S1) 
or triplet (T1) 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 
discovery2 or further reactivity.3 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 
S1 state is inherently difficult to control, the much longer lifetime 
of the T1 state can be exploited to significantly enhance the over-
all quantum efficiency of a reaction.  
 Since the early 1960s4 it has been understood that photo-
sensitizers can enable population of the T1 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.5 The 
ideal triplet sensitizer has a strong extinction coefficient to allow 
for efficient light absorption at low concentrations, a relatively 
small S1-T1 energy difference for irradiation at the longest wave-
length, ISC close to unity for maximum quantum efficiency and 
a long lived T1 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 S1 and T1 
chemistry by addition of a sensitizer.6 

 

 

Figure 1. (A) Simplified Jablonski diagram of a triplet mediated 
photochemical reaction: (1) Direct excitation of substrate to S1; (2) 
Singlet decay by radiative and non-radiative processes; (3) ISC to 
reactive T1; (4) Photoexcitation of sensitizer; (5) Rapid ISC to T1; 
(6) Triplet energy transfer to substrate; (7) Chemical reaction and 
relaxation to ground state. (B) UV absorption of BP and ITX at 
1×10-4 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.7 For example, in recent years there has been 
explosive growth in the development of photoredox catalysis,8 
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 complex9 or substituents on an organic dye10 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.11 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.12 
 Herein we report the rational design of a family of triplet 
sensitizers for chemical synthesis13 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 (ε). 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. 

 
 
 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)14 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 Kappe15 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, Bach16 has shown that thioxanthone can be used 
as a sensitizer by irradiation at the tail of the absorption using 420 
nm light. Jockush and Sivaguru17 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.18 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 (π, π*) whilst for BP it is (n, π*) making TX less likely to take 
part in competing H-atom abstractions which are well docu-
mented for BP and derivatives.19 
  
 
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 1×10-4 M in acetonitrile.  

 Photophysical Characterisation. The UV-Vis absorp-
tion of the nine synthesized thioxanthone derivatives (plus TX 
and ITX) are represented in Figure 2 as a composite spectrum 
for comparison. The placement of these auxochromes has the 
desired effect of shifting the UV-Vis absorption relative to the 
parent thioxanthone core. In the UV-Vis spectra, substituents in 
the 2-position induce a bathochromic shift whilst 3-substituents 
induce a hypsochromic shift compared to the parent thioxan-
thone, in excellent agreement with DFT. The effect is more pro-
nounced for the MeO derivatives (compared to F) and the effect 
is additive. The sensitizer absorption energies can be split into 
three distinct groups. Absorbing at shorter wavelengths, and 
hence higher energies than the parent thioxanthone, are the se-
ries of 3-substituted thioxanthones (Group 1). Within this group 
a clear energy order is apparent with 3,3’-MeOTX > 3,3’-FTX 

> 3-MeOTX > 3-FTX. Absorbing at slightly longer wave-
length, and hence lower energy than TX are the 2-FTX and 2-
iPrTX derivatives along with 4-MeOTX (Group 2). These ab-
sorbances are clustered close together but an expansion of the 
weak tail end at longer wavelengths suggests ITX > 2-FTX ≥ 
4-MeOTX. The absorbances of the Group 2 series, along with 
TX begin to overlap with the visible region of the spectrum 
above 400 nm. Absorbing at significantly longer wavelengths 
are the series of 2-MeO derivatives with a clear energy order 2-
MeOTX > 2-F,2’-MeOTX > 2,2’-MeOTX (Group 3). This 
moves the lowest energy absorption bands well into the visible 
region and is expected to enhance their efficiency as visible 
light active triplet sensitizers with readily available and power-
ful LED sources (e.g. 36 W at 455 nm). 

 

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

 

aLongest wavelength absorption maximum (MeCN); bCalculated ET, no solvent model, B3LYP 6-31G (d,p); cCalculated ET, no solvent 
model, B3LYP 6-31+G (d,p); dMeasured ET (Phosphorescence, eMCH glass, 77 K; f 2-MeTHF glass, 77 K); gSinglet lifetime measured 
with TRIR, CD3CN; hTriplet lifetime measured with TRIR, CD3CN; iISC quantum yield calculated from bleach recovery kinetics 

Entry TX λmax (nm)a ET  (Calc.)
b 

(kJ/mol) 
ET  (Calc.)

c 
(kJ/mol) 

ET (Meas.)
d 

(kJ/mol) 
τSg 

 
τTh 

 
ΦISCi 

1 3,3’-MeOTX 354 292 289 298 e 10 ± 3 ps 862 ± 40 ns 0.93 
2 3,3’-FTX 362 290 285 289 e 10.5 ± 1.8 ps 456 ± 25 ns 0.92 
3 3-MeOTX 367 284 279 283 e 31 ± 4 ps 867 ± 50 ns >0.9 
4 3-FTX 370 282 277 282 e 21 ± 3 ps 520 ± 25 ns 0.83 
5 TX (R/R’=H) 380 274 268 274 e 70 ps20  760 ± 30 ns 0.7617  
6 ITX (R’=H, R = 2-iPr) 385 270 263 266 e 220 ± 8 ps 880 ± 50 ns 0.86 
7 2-FTX 388 263 257 261 e 270 ± 10 ps 585 ± 20 ns 0.81 
8 4-MeOTX 385 267 260 263 e 1.9 ± 0.4 ns 1.8 ± 0.3 μs 0.70 
9 2-MeOTX 399 252 245 242 f 3.3 ± 0.2 ns 1.7 ± 0.6 μs 0.83 
10 2-F,2'-MeOTX 408 242 235 235 f 9.1 ± 0.7 ns 1.2 ± 0.2 μs 0.62 
11 2,2'-MeOTX 415 235 227 231 f 6.2 ± 0.5 ns 863 ± 60 ns 0.66 



 

 
 The TD-DFT calculated triplet energies for the thioxan-
thone derivatives are summarized in Table 1 along with the cor-
responding λmax and ET as measured by phosphorescence emis-
sion spectroscopy. Gratifyingly the TD-DFT calculated triplet 
energies corresponded well with the order of the observed ab-
sorption λmax and measured ET 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,21 
thioxanthone 274 kJ/mol22 and (Ir[dF(CF3)ppy]2(dtbpy))PF6 is 
255 kJ/mol.23 
 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 1000× 
shorter lived than the lowest energy derivatives (entries 8-11).  
 Consistent with previous computational studies of thi-
oxanthone,24 DFT calculations predicted the lowest excited sin-
glet state (S1) was of ππ* character and S2 was nπ* in polar sol-
vents (MeCN). The T1 states were calculated to be of ππ* char-
acter, regardless of solvent polarity. There was a strong corre-
lation between the measured singlet state lifetime and the 
S2(nπ*)- S1(ππ*) 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 nπ* 
state, when it is sufficiently close in energy, allowing faster ISC 
to the triplet states due to El-Sayed’s rule.25 This has previously 
been observed in the case of 1-azathioxanthones which were 
investigated as antenna chromophores in lanthanide (III) based 
dyes.26 Triplet quantum yields (ΦISC) 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 β-Me sty-
rene (ET(E) = 249 kJmol-1

, ET(Z) = 275 kJmol-1)21 and methyl cin-
namate (ET = 229 kJmol-1)21 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 1H-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 β-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.27 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.28 Recently there has been 
renewed interest in the use of organic/organometallic sensitiz-
ers for enrichment of cis-styrenes by selective isomerization of 
trans.29 

 

 

Figure 3. Photostationary cis/trans ratios of β-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)30 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 γ-amino acid derivative 10.31 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.32 

 

 

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.33 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 (ET < 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). 
 

 

 

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 1g of 14 after 9h 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. 
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Table 2. Preparative scale reactions using 125 W medium-
pressure Hg-lamp in a 150 ml batch reactor 

 
Entry Sensitizer Conc. 

(M) 
Time 
(h) 

Yield Mass (g) 

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 (4×1.1 W) device for ad-
dressing this problem was recently described by McMillan et 
al34 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.35

 Our past experience with the design of UV flow reactors 
for excited state photochemistry14,35,36 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.   

   

 
 

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. Yoon11a 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(CF3)ppy]2(dtbpy))PF6 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 1737 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 reported37b that the 
cycloaddition of 17 proceeded using 450 nm irradiation (34 W) 
and 5 mole % (Ir[dF(CF3)ppy]2(dtbpy))PF6 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 commonly11 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 
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concentrations (0.1-0.4 M) with a 400 W Hg lamp, ITX sensi-
tizer in a Pyrex immersion well batch reactor.3a 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. 
 
A 

  
B 

 

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 - 9× 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 dione38 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 
cycloadditions39 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 (ET) 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.       
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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 W Blue / 2,2’-MeOTX UV/ ITX  
# Starting Material Product Time 

h 
Yield % (g) Productivity 

g/h (mg/h/W) 
Productivity 

g/h (mg/h/W) 
Efficiency 

Blue vs. UV 
1 

  

3 89 (1.54) 0.51 (14.2) 0.85 (6.8) 2.1× 

2  

  

5 87 (7.13) 1.43 (39.7) 1.15 (9.2) 4.3× 

3 

  

3 83 (6.58) 2.19 (60.8) 3.89 (9.7) 6.3× 

4 

  

1.5 91 (9.05) 6.03 (167.5) 7.11 (17.8) 9.4× 

5 

  

3.5 88 (7.78) 2.22 (61.7) 3.51 (8.8) 7.0× 

6 

  

6 68 (5.87) 0.98 (27.2) 1.98 (5.0) 5.5× 

7 

  

3.75 84 (7.98) 2.13 (59.2) 2.63 (6.6) 9.0× 

8 

  

1.5 92 (2.38) 1.59 (44.1) 2.38 (19.0)a 2.3× 

9 

  

0.4 92 (2.41) 6.0 (166.7) 9.52 (76.2)a 2.2× 

aUV results (125W) using no sensitizer 
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General Details 
AOO UeageQWV aQd VROYeQWV ZeUe XVed aV SXUchaVed aQd QR VSeciaO SUecaXWiRQV ZeUe WakeQ WR dU\ RU 
RWheUZiVe fXUWheU SXUif\. FRU Whe SXUSRVeV Rf WhiQ Oa\eU chURPaWRgUaSh\ (WOc), MeUck ViOica-aOXPiQiXP 
SOaWeV ZeUe XVed, YiVXaOiViQg ZiWh UV OighW (254 QP) aQd/RU diSSiQg iQ SRWaVViXP SeUPaQgaQaWe 
fROORZed b\ heaWiQg. FRU cROXPQ chURPaWRgUaSh\, SigPa AOdUich WechQicaO gUade 60c ViOica geO ZaV 
XVed. AOO NMR daWa ZaV cROOecWed XViQg eiWheU a JeRO EcOiSVe 400 MH], VaUiaQ 400 MH] RU VaUiaQ 500 
MH] iQVWUXPeQWV. DaWa ZaV SURceVVed diUecWO\ XViQg MeVWReNRYa (YeUViRQ 11.0.2). ChePicaO VhifWV (į) 
aUe giYeQ iQ SaUWV SeU PiOOiRQ (SSP). RefeUeQce YaOXeV fRU UeVidXaO VROYeQWV ZeUe WakeQ aV į = 7.27 
(CDCO3), 2.50 (DMSO-d6) aQd 2.05 (aceWRQe-d6) fRU 1H NMR aQd į = 77.16 SSP (CDCO3), 39.52 
(DMSO-d6) aQd 206.26 (aceWRQe-d6) fRU 13C NMR. MXOWiSOiciWieV fRU cRXSOed VigQaOV ZeUe deQRWed aV: 
V = ViQgOeW, d = dRXbOeW, W = WUiSOeW, T = TXaUWeW, P = PXOWiSOeW, bU. = bURad, aSS. = aSSaUeQW aQd dd = 
dRXbOe dRXbOeW eWc. CRXSOiQg cRQVWaQWV (J) aUe giYeQ iQ H] aQd aUe TXRWed WR Whe QeaUeVW 0.1 H]. WheUe 
aSSURSUiaWe, COSY, DEPT, HMQC aQd NOE NMR e[SeUiPeQWV ZeUe caUUied RXW WR aid aVVigQPeQW. 
MaVV VSecWURPeWU\ daWa ZaV cROOecWed ZaV caUUied RXW b\ Whe UQiYeUViW\ Rf BUiVWRO PaVV VSecWURPeWU\ 
VeUYice XViQg FiVRQV AXWRVSec RU BUXkeU DaOWRQicV MicUOTOF II iQVWUXPeQWV. IQfUaUed daWa ZaV 
cROOecWed XViQg a PeUkiQ-EOPeU SSecWUXP OQe FTIR PachiQe aV WhiQ fiOPV RU VROidV cRPSUeVVed RQ a 
diaPRQd SOaWe. MeOWiQg SRiQWV aUe XQcRUUecWed aQd ZeUe UecRUded RQ SWXaUW ScieQWific aSSaUaWXV.  

General Batch Irradiation Procedure 
FRU aOO ShRWRchePicaO UeacWiRQV, VROYeQWV ZeUe ³degaVVed´ b\ eYacXaWiQg a VWiUUed YeVVeO XQdeU YacXXP 
aQd Ue-fiOOiQg ZiWh N2. FRU Whe dXUaWiRQ Rf Whe UeacWiRQ, N2 ZaV bXbbOed WhURXgh Whe VROXWiRQ. WheQ 
ShRWRchePicaO UeacWiRQV ZeUe fROORZed fRU WheiU dXUaWiRQ b\ NMR, 1,3,5-WUiPeWhR[\beQ]eQe ZaV XVed 
aV aQ iQWeUQaO VWaQdaUd. IQ aOO caVeV, a VWRck VROXWiRQ (0.05 M) Rf WhiV ZaV added WR aOiTXRWV Rf Whe UeacWiRQ 
Pi[WXUe SUiRU WR NMR VaPSOe SUeSaUaWiRQ. BaWch UeacWRUV, 125 W aQd 400 W PediXP SUeVVXUe PeUcXU\ 
OaPSV ZeUe SXUchaVed fURP PhRWRchePicaO ReacWRUV LWd. ReadiQg. IQ aOO caVeV, P\Ue[ iPPeUViRQ ZeOOV 
ZeUe XVed fRU iUUadiaWiRQV.  

S\nthesis of Thio[anthone DeriYatiYes 
 

NeZman-KZart Rearrangements 
SXbVWiWXWed WhiRVaOic\Oic acidV ZeUe SUeSaUed fURP Whe cRUUeVSRQdiQg PeWh\O WhiRVaOic\Oic acidV Yia a 
NeZPaQ-KZaUW UeaUUaQgePeQW aV VhRZQ (SchePe S1). The WheUPaO NeZPaQ-KZaUW UeaUUaQgePeQW 
ZaV VXcceVVfXOO\ caUUied RXW aV a PeOW fRU 4-VXbVWiWXWed deUiYaWiYeV bXW Whe 5-VXbVWiWXWed deUiYaWiYeV 
UeVXOWed iQ e[WeQViYe degUadaWiRQ.  

 

 
Scheme S1: S\QWheViV Rf WhiRVaOic\Oic acidV 

A PRdificaWiRQ Rf Whe ShRWRUedR[ PediaWed NeZPaQ-KZaUW UeaUUaQgePeQW deYeORSed b\ NiceZic]1 

gaYe Whe 5-PeWhR[\VaOic\OaWe deUiYaWiYe iQ e[ceOOeQW \ieOd (SchePe S2). UQfRUWXQaWeO\, Whe 5-fOXRUR 
deUiYaWiYe faiOed WR UeacW XQdeU Whe ShRWRUedR[ cRQdiWiRQV.  
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Scheme S2: PhRWRUedR[ PediaWed NeZPaQ-KZaUW 

S\nthesis of O-ar\l thiocarbamates 

TR a VROXWiRQ Rf Whe UeOeYaQW PeWh\O VaOic\OaWe deUiYaWiYe (200 PPRO) aQd diPeWh\OWhiRcaUbaPR\O 
chORUide (37.1 g, 300 PPRO) iQ DMF (100 PO) ZaV added DABCO (33.7 g, 300 PPRO) befRUe heaWiQg 
aW 55�C fRU 3 hUV. The Pi[WXUe ZaV SRXUed RYeU ZaWeU (500 PO) aQd e[WUacWed ZiWh EWOAc (3î300 PO). 
The cRPbiQed e[WUacWV ZeUe dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR a \eOORZ VROid Zhich ZaV ZaVhed 
ZiWh EW2O aQd dUied WR giYe Whe WhiRcaUbaPaWe aV a cRORXUOeVV SRZdeU. 

4-metho[\thiosalic\lic acid 

 

The geQeUaO SURcedXUe fRU O-aU\O WhiRcaUbaPaWe V\QWheViV ZaV fiUVW fROORZed XViQg PeWh\O 4-
PeWhR[\VaOic\OaWe (45 g, 247 PPRO), diPeWh\OWhiRcaUbaPR\O chORUide (42.7 g, 346 PPRO) aQd DABCO 
(38.8 g, 346 PPRO). AfWeU heaWiQg aW 55�C fRU 3 hUV Whe ZRUk-XS SURcedXUe ZaV fROORZed WR giYe PeWh\O 
2-((diPeWh\OcaUbaPRWhiR\O)R[\)-4-PeWhR[\beQ]RaWe aV a cRORXUOeVV SRZdeU (55.2 g, 83%): P.S. 128-
129�C (OiW. 122-124 �C)2 

The O-aU\O WhiRcaUbaPaWe (57.8 g, 215 PPRO) ZaV WheQ heaWed aV a PeOW aW 200�C XQdeU N2 fRU 5.5 hUV. 
The cRROed Pi[WXUe ZaV SXUified b\ chURPaWRgUaSh\ RQ ViOica (40 ± 50% EWOAc iQ SeWURO) aQd Whe 
cRQceQWUaWed fUacWiRQV ZeUe WUiWXUaWed ZiWh EW2O aQd fiOWeUed WR giYe PeWh\O 2-
((diPeWh\OcaUbaPR\O)WhiR)-4-PeWhR[\beQ]RaWe aV a SaOe RUaQge VROid (40.4 g, 70%). TR a VROXWiRQ Rf 
Whe S-aU\O WhiRcaUbaPaWe (40.0 g, 149 PPRO) iQ MeOH (110 PO) ZaV added LiOH (8.91 g, 372 PPRO) 
aQd Whe Pi[WXUe heaWed aW UefOX[ fRU 2.5 hUV. The cRROed VROXWiRQ ZaV TXeQched ZiWh 3M HCO (130 PO), 
diOXWed ZiWh ZaWeU (100 PO) aQd Whe UeVXOWiQg VOXUU\ e[WUacWed ZiWh EWOAc (500 PO aQd 2î250 PO). The 
cRPbiQed e[WUacWV ZeUe dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR giYe 4-PeWhR[\WhiRVaOic\Oic acid aV 
a ZhiWe VROid (28.0 g) Rf VXfficieQW SXUiW\ fRU fXUWheU XVe: įH (400 MH], DMSO-d6) 7.88 (1H, d, J = 8.8 
H], AU.H), 7.11 (1H, d, J = 2.6 H], AU.H), 6.75 (1H, dd, J = 8.8, 2.6 H], AU.H), 3.79 (3H, V, OCH3); įC 
(101 MH], DMSO-d6) 167.3 (C), 161.7 (C), 140.8 (C), 133.3 (CH), 118.8 (C), 115.0 (CH), 110.9 (CH), 
55.5 (CH3) 

4-fluorothiosalic\lic acid 

 

The geQeUaO SURcedXUe fRU O-aU\O WhiRcaUbaPaWe V\QWheViV ZaV fiUVW fROORZed XViQg PeWh\O 4-
fOXRURVaOic\OaWe (29.8 PO, 200 PPRO), diPeWh\OWhiRcaUbaPR\O chORUide (37.1 g, 300 PPRO) aQd DABCO 
(33.7 g, 300 PPRO). AfWeU heaWiQg aW 55�C fRU 3 hUV Whe ZRUk-XS SURcedXUe ZaV fROORZed WR giYe PeWh\O 
2-((diPeWh\OcaUbaPRWhiR\O)R[\)-4-fOXRURbeQ]RaWe aV a cRORXUOeVV SRZdeU (42.3 g, 78%): P.S. 106-
107�C (OiW. 106.8-107.2�C)3  

The O-aU\O WhiRcaUbaPaWe (41.0 g, 159 PPRO) ZaV heaWed aV a PeOW aW 200�C XQdeU N2 fRU 2.5 hUV WR 
giYe PeWh\O 2-((diPeWh\OcaUbaPR\O)WhiR)-4-fOXRURbeQ]RaWe. The UeVXOWiQg PaWeUiaO ZaV Rf VXfficieQW 
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SXUiW\ fRU VXbVeTXeQW h\dURO\ViV. TR a VROXWiRQ Rf Whe S-aU\O WhiRcaUbaPaWe (41.0 g, 159 PPRO) iQ MeOH 
(110 PO) ZaV added LiOH (9.53 g, 398 PPRO) aQd Whe Pi[WXUe heaWed aW UefOX[ fRU 2.5 hUV. The cRROed 
VROXWiRQ ZaV TXeQched ZiWh 3M HCO (140 PO), diOXWed ZiWh ZaWeU (100 PO) aQd Whe UeVXOWiQg VOXUU\ 
e[WUacWed ZiWh EWOAc (3î250 PO). The cRPbiQed e[WUacWV ZeUe ZaVhed (1 M HCO, bUiQe), dUied 
(MgSO4), fiOWeUed aQd eYaSRUaWed WR giYe 4-fOXRURWhiRVaOic\Oic acid aV a ZhiWe VROid (27.6 g) Rf VXfficieQW 
SXUiW\ fRU fXUWheU XVe: įH (500 MH], DMSO-d6) 8.11 (1H, dd, J = 8.7, 6.0 H], AU.H), 7.33 (1H, dd, J = 
10.2, 2.5 H], AU.H), 7.20 (1H, aSS. Wd, J = 8.2, 2.5 H], AU.H); įC (126 MH], DMSO-d6) 166.8 (C), 
164.8 (d, J = 253.1 H], C), 142.4 (d, J = 7.7 H], C), 134.7 (d, J = 9.8 H], CH), 124.8 (d, J = 2.8 H], C), 
113.5 (d, J = 21.9 H], CH), 111.7 (d, J = 26.8 H], CH); įF (377 MH], CDCO3) -105.1 

5-metho[\thiosalic\lic acid 

 

The geQeUaO SURcedXUe fRU O-aU\O WhiRcaUbaPaWe V\QWheViV ZaV fiUVW fROORZed XViQg PeWh\O 5-
PeWhR[\VaOic\OaWe (29.8 PO, 200 PPRO), diPeWh\OWhiRcaUbaPR\O chORUide (37.1 g, 300 PPRO) aQd 
DABCO (33.7 g, 300 PPRO). AfWeU heaWiQg aW 55�C fRU 3 hUV Whe ZRUk-XS SURcedXUe ZaV fROORZed WR 
giYe PeWh\O 2-((diPeWh\OcaUbaPRWhiR\O)R[\)-5-PeWhR[\beQ]RaWe aV a cRORXUOeVV SRZdeU (42.3 g, 78%): 
P.S. 103-104�C (OiW. 99.5-100.5�C)4 

A VROXWiRQ Rf Whe O-aU\O WhiRcaUbaPaWe (4.31 g, 16 PPRO) aQd 2, 4, 6-WUiV(4-PeWhR[\SheQ\O)S\U\OiXP 
WeWUafOXRURbRUaWe (0.08 PPRO, 39 Pg) iQ MeCN (80 PO) ZaV iUUadiaWed ZiWh a 36 W bOXe COB LED fRU 
7 hUV. The VROYeQW ZaV UePRYed LQ YDFXR aQd chURPaWRgUaSh\ RQ ViOica (10% EW2O iQ DCM) \ieOded 
PeWh\O 2-((diPeWh\OcaUbaPR\O)WhiR)-5-PeWhR[\beQ]RaWe aV a SaOe \eOORZ VROid (3.78 g, 88%). TR a 
VROXWiRQ Rf Whe S-aU\O WhiRcaUbaPaWe (23.0 g, 85.5 PPRO) iQ MeOH (60 PO) ZaV added LiOH (5.13 g, 
214 PPRO) aQd Whe Pi[WXUe heaWed aW UefOX[ fRU 2.5 hUV. The cRROed VROXWiRQ ZaV TXeQched ZiWh 3M 
HCO (80 PO) aQd Whe UeVXOWiQg VOXUU\ e[WUacWed ZiWh EWOAc (250 PO aQd 3î100 PO). The cRPbiQed 
e[WUacWV ZeUe ZaVhed (1 M HCO, bUiQe), dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR giYe 5-
PeWhR[\WhiRVaOic\Oic acid (15.7 g) aV a SaOe \eOORZ VROid Rf VXfficieQW SXUiW\ fRU fXUWheU XVe: įH (400 
MH], DMSO-d6) 7.42 (1H, d, J = 3.0 H], AU.H), 7.41 (1H, d, J = 8.7 H], AU.H), 7.04 (dd, J = 8.7, 3.0 
H], AU.H), 3.75 (3H, V, OCH3); įC (101 MH], DMSO-d6) 167.4 (C), 156.4 (C), 131.9 (CH), 128.4 (C), 
127.5 (C), 119.6 (CH), 115.4 (CH), 55.3 (CH3) 

5-fluorothiosalic\lic acid 

 

The geQeUaO SURcedXUe fRU O-aU\O WhiRcaUbaPaWe V\QWheViV ZaV fiUVW fROORZed XViQg PeWh\O 5-
fOXRURVaOic\OaWe (40 g, 235 PPRO), diPeWh\OWhiRcaUbaPR\O chORUide (34.9 g, 282 PPRO) aQd DABCO 
(31.6 g, 282 PPRO). AfWeU heaWiQg aW 55�C fRU 3 hUV Whe ZRUk-XS SURcedXUe ZaV fROORZed WR giYe PeWh\O 
2-((diPeWh\OcaUbaPRWhiR\O)R[\)-5-fOXRURbeQ]RaWe aV a cRORXUOeVV SRZdeU (45.3 g, 75%): P.S. 120-
121�C 

The O-aU\O WhiRcaUbaPaWe (43.1 g, 168 PPRO) ZaV WheQ heaWed aV a PeOW aW 215 �C XQdeU N2 fRU 5.5 hUV. 
The cRROed Pi[WXUe ZaV SXUified b\ chURPaWRgUaSh\ RQ ViOica (30% EWOAc iQ SeWURO) WR giYe a daUk RiO 
(25.8 g) Zhich cRQWaiQed Whe S-aU\O WhiRcaUbaPaWe iQ aSSUR[iPaWeO\ 60% SXUiW\ dXe WR a VigQificaQW 
XQkQRZQ b\-SURdXcW. TR Whe cUXde Pi[WXUe iQ MeOH (100 PO) ZaV added LiOH (6.36 g, 265 PPRO) 
aQd Whe VROXWiRQ heaWed aW UefOX[ fRU 3 hUV. The cRROed VROXWiRQ ZaV TXeQched ZiWh 3M HCO (100 PO), 
e[WUacWed ZiWh DCM (3î150 PO), Whe RUgaQic e[WUacWV cRQceQWUaWed LQ YDFXR aQd Ue-diVVROYed iQ ZaWeU 
(150 PO) ZiWh K2CO3 (25 g, 181 PPRO). The aTXeRXV VROXWiRQ ZaV ZaVhed ZiWh DCM (2î50 PO) aQd 
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acidified ZiWh HCO (12 M, 30 PO) WR giYe a SaOe \eOORZ VXVSeQViRQ Zhich ZaV e[WUacWed ZiWh DCM 
(3î50 PO). The cRPbiQed e[WUacWV ZeUe dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR giYe 5-
fOXRURWhiRVaOic\Oic acid (9.3 g) cRQWaiQiQg VigQificaQW iPSXUiWieV, bXW Rf VXfficieQW SXUiW\ fRU fXUWheU XVe 

Ullmann-Coupling / Friedel-Crafts C\cli]ation to Thio[anthones 

 

 Thiosalic\lic acid ArX  
EnWr\ R1 R2 X R3 R4 R5 ProdXcW 

1 H H I MHO H H 93% 
2 H H BU H MHO H 85% 
3 H H BU H H MHO 92% 
4 H H I H F H 95% 
5 H H I H H F 84% 
6 MHO H I H MHO H 87% 
7 F H I H F H 78% 
8 H F BU H H MHO 55% 
9 H MHO BU H H MHO 62% 

Table S1: UOOPaQQ-W\Se cRXSOiQg Rf WhiRVaOic\Oic acidV ZiWh aU\O bURPideV aQd iRdideV  

 

EnWr\ CondiWions R1 R2 R3 R4 R5 ProdXcW 
1 A H H MHO H H 81% 
2 B H H H MHO H 76% 
3 A H H H H MHO 49% 
4 B H H H F H 83% 
5 A H H H H F 94% 
6 B MHO H H MHO H 69% 
7 B F H H F H 84% 
8 A H F H H MHO 62% 
9 A H MHO H H MHO 80% 

Table S2: IQWUaPROecXOaU FUiedeO-CUafWV c\cOi]aWiRQ WR WhiR[aQWhRQeV 

 

4-metho[\thio[anthone (4-MeOTX) 

 

ThiRVaOic\Oic acid (30.8 g, 200 PPRO) aQd K2CO3 (30.4 g, 220 PPRO) ZeUe added WR DMF (300 PO) iQ 
a 1 L fOaVk. CXI (3.8 g, 20 PPRO) aQd 2-iRdRaQiVROe (28.6 PO, 220 PPRO) ZeUe WheQ added aQd Whe 
Pi[WXUe heaWed aW 145�C fRU 19 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (500 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (80 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed aQd Whe 
UeVidXe ZaVhed ZiWh ZaWeU, VWiUUed iQ EWOH, fiOWeUed agaiQ aQd dUied WR giYe 2-((2-
PeWhR[\SheQ\O)WhiR)beQ]Ric acid aV a gUe\ SRZeU (48.3 g, 93%). 

A Pi[WXUe Rf Whe WhiReWheU (52 g, 200 PPRO) aQd SRO\ShRVShRUic acid (100 g) ZaV heaWed aW 130�C fRU 
1 hU befRUe aOORZiQg WR cRRO aQd TXeQchiQg ZiWh ZaWeU (150 PO). The Pi[WXUe ZaV PechaQicaOO\ bURkeQ 
XS WR a VXVSeQViRQ Zhich ZaV e[WUacWed ZiWh DCM (500 PO). The aTXeRXV VROXWiRQ ZaV fXUWheU e[WUacWed 
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ZiWh DCM (2î250 PO) aQd Whe cRPbiQed e[WUacWV ZaVhed ZiWh VaW. aT. NaHCO3 (2î100 PO), dUied 
(MgSO4), fiOWeUed aQd eYaSRUaWed WR a beige VROid (41.5 g) Zhich ZaV UecU\VWaOOi]ed fURP MeCN (600 
PO) WR giYe 4-PeWhR[\WhiR[aQWhRQe aV a fOXff\ VROid (39.3 g, 81%): P.S. 168 ± 169 �C (OiW. 165 �C)5; 
ȜPa[(MeCN)/QP 385 (İ/M-1cP-1 5,940); įH (400 MH], CDCO3) 8.60 (1H, aSS. d, J = 8.1 H]), 8.25 (1H, 
aSS. d, J = 8.4 H]), 7.66 ± 7.58 (2H, P), 7.50 ± 7.41 (2H, P), 7.13 (1H, aSS. d, J = 7.9 H]), 4.03 (3H, 
V, OCH3); įC (101 MH], CDCO3) 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 (CH3); ESI-
HRMS P/] 243.0474 (MH+ C14H11O2S UeTXiUeV 243.0474) 

3-metho[\thio[anthone (3-MeOTX) 

 

ThiRVaOic\Oic acid (30.8 g, 200 PPRO) aQd K2CO3 (30.4 g, 220 PPRO) ZeUe added WR DMF (400 PO) iQ 
a 1 L fOaVk. CXI (3.8 g, 20 PPRO) aQd 3-bURPRaQiVROe (27.9 PO, 220 PPRO) ZeUe WheQ added aQd Whe 
Pi[WXUe heaWed aW 145�C fRU 20 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (600 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (90 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed aQd Whe 
UeVidXe ZaVhed ZiWh ZaWeU, VWiUUed iQ EWOH, fiOWeUed agaiQ aQd dUied WR giYe 2-((3-
PeWhR[\SheQ\O)WhiR)beQ]Ric acid aV a gUe\ SRZeU (44.2 g, 85%). 

A Pi[WXUe Rf Whe WhiReWheU (10 g, 38.4 PPRO) iQ aQh\dURXV DCM (70 PO) ZiWh a feZ dURSV Rf DMF ZaV 
cRROed iQ aQ ice baWh befRUe Whe addiWiRQ Rf (COCO)2 (3.9 PO, 46 PPRO). The VWiUUed Pi[WXUe ZaV UePRYed 
fURP Whe ice baWh XQWiO Whe UeacWiRQ had Ueached cRPSOeWiRQ befRUe UePRYiQg Whe VROYeQW LQ YDFXR. The 
UeVidXe ZaV Ue-diVVROYed iQ aQh\dURXV DCM (100 PO) aQd Whe VROXWiRQ cRROed iQ aQ ice baWh befRUe Whe 
addiWiRQ Rf AOCO3 (6.13 g, 46 PPRO). AfWeU VWiUUiQg RYeUQighW Whe Pi[WXUe ZaV TXeQched ZiWh ZaWeU, 
e[WUacWed ZiWh DCM (3î150 PO), ZaVhed ZiWh VaW. aT. NaHCO3, dUied (MgSO4), fiOWeUed aQd eYaSRUaWed 
WR a beige VROid (9 g) Zhich ZaV UecU\VWaOOi]ed fURP MeCN (50 PO) WR giYe 3-PeWhR[\WhiR[aQWhRQe aV 
aQ Rff-ZhiWe SRZdeU (7.1 g, 76%): P.S. 133 ± 134 �C (OiW. 129 �C)4; ȜPa[(MeCN)/QP 367 (İ/M-1cP-1 
5,550); įH (400 MH], CDCO3) 8.62 ± 8.58 (1H, P), 8.55 (1H, d, J = 9.0 H]), 7.62 ± 7.51 (2H, P), 7.49 
± 7.44 (1H, P), 7.03 (1H, dd, J = 9.0, 2.5 H]), 6.96 (1H, d, J = 2.4 H]), 3.92 (3H, V, OCH3); įC (101 
MH], CDCO3) 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 P/] 243.0475 
(MH+ C14H11O2S UeTXiUeV 243.0474) 

2-metho[\thio[anthone (2-MeOTX) 

 

ThiRVaOic\Oic acid (30.8 g, 200 PPRO) aQd K2CO3 (30.4 g, 220 PPRO) ZeUe added WR DMF (300 PO) iQ 
a 1 L fOaVk. CXI (3.8 g, 20 PPRO) aQd 4-bURPRaQiVROe (27.9 PO, 220 PPRO) ZeUe WheQ added aQd Whe 
Pi[WXUe heaWed aW 145�C fRU 20 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (600 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (90 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed aQd Whe 
UeVidXe ZaVhed ZiWh ZaWeU, VWiUUed iQ MeOH, fiOWeUed agaiQ aQd dUied WR giYe 2-((4-
PeWhR[\SheQ\O)WhiR)beQ]Ric acid aV a gUe\ SRZeU (47.8 g, 92%). 

A Pi[WXUe Rf Whe WhiReWheU (46 g, 177 PPRO) aQd SRO\ShRVShRUic acid (180 g) ZaV heaWed aW 130�C fRU 
4.5 hUV befRUe aOORZiQg WR cRRO aQd TXeQchiQg ZiWh ZaWeU (150 PO). The Pi[WXUe ZaV PechaQicaOO\ 
bURkeQ XS WR a VXVSeQViRQ Zhich ZaV e[WUacWed ZiWh DCM, ZaVhed ZiWh VaW. aT. NaHCO3, dUied 
(MgSO4), fiOWeUed aQd eYaSRUaWed WR a \eOORZ VROid (25) Zhich ZaV UecU\VWaOOi]ed fURP MeCN (200 PO) 
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WR giYe 2-PeWhR[\WhiR[aQWhRQe aV a fOXff\ \eOORZ VROid (20.8 g, 49%): P.S. 128 ± 129 �C (OiW. 129 �C)6; 
ȜPa[(MeCN)/QP 399 (İ/M-1cP-1 6,050); įH (400 MH], CDCO3) 8.65 ± 8.61 (1H, P), 8.08 (1H, d, J = 2.9 
H]), 7.64 ± 7.56 (2H, P), 7.51 ± 7.45 (2H, P), 7.26 (1h, dd, J = 8.8, 3.0 H]), 3.94 (3H, V, OCH3); įC 
(101 MH], CDCO3) 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 P/] 
243.0476 (MH+ C14H11O2S UeTXiUeV 243.0474) 

3-fluorothio[anthone (3-FTX) 

 

ThiRVaOic\Oic acid (30.8 g, 200 PPRO) aQd K2CO3 (30.4 g, 220 PPRO) ZeUe added WR DMF (300 PO) iQ 
a 1 L fOaVk. CXI (3.8 g, 20 PPRO) aQd 3-fOXRURiRdRbeQ]eQe (25.8 PO, 220 PPRO) ZeUe WheQ added aQd 
Whe Pi[WXUe heaWed aW 145�C fRU 19 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (500 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (90 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed aQd Whe 
UeVidXe ZaVhed ZiWh ZaWeU, VWiUUed iQ hRW MeOH (70 PO), fiOWeUed agaiQ aQd dUied WR giYe 2-((3-
fOXRURSheQ\O)WhiR)beQ]Ric acid aV a gUe\ SRZeU (47.1 g, 95%). 

TR a VWiUUed Pi[WXUe Rf Whe WhiReWheU (10 g, 40.3 PPRO) iQ aQh\dURXV DCM (90 PO) ZiWh a feZ dURSV Rf 
DMF ZaV added (COCO)2 (4.1 PO, 48.5 PPRO). WheQ Whe UeacWiRQ had Ueached fXOO cRQYeUViRQ afWeU 3 
hUV Whe VROYeQW ZaV UePRYed LQ YDFXR, Whe UeVidXe ZaV Ue-diVVROYed iQ aQh\dURXV DCM (130 PO) aQd 
Whe VROXWiRQ cRROed iQ aQ ice baWh befRUe Whe addiWiRQ Rf AOCO3 (6.5 g, 48.7 PPRO). AfWeU VWiUUiQg fRU 1 hU 
Whe Pi[WXUe ZaV TXeQched ZiWh ZaWeU (80 PO) aQd e[WUacWed ZiWh DCM (3î150 PO). The cRPbiQed 
RUgaQic e[WUacWV ZeUe ZaVhed ZiWh VaW. aT. NaHCO3, dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR a beige 
VROid Zhich ZaV UecU\VWaOOi]ed fURP MeCN (90 PO) WR giYe 3-fOXRURWhiR[aQWhRQe aV a cRORXUOeVV SRZdeU 
(7.7 g, 83%): P.S. 166 ± 167 �C; ȜPa[(MeCN)/QP 370 (İ/M-1cP-1 5,710); įH (400 MH], CDCO3) 8.63 
(1H, dd, J = 9.0, 6.0 H]), 8.61 ± 8.57 (1H, P), 7.62 (1H, ddd, J = 8.4, 7.0, 1.5 H]), 7.56 ± 7.52 (1H, P), 
7.49 (1H, ddd, J = 8.2, 7.0, 1.3 H]), 7.24 (1H, dd, J = 8.8, 2.5 H]), 7.17 (1H, ddd, J = 9.0, 8.0, 2.5 H]); 
įC (101 MH], CDCO3) 179.1 (C), 164.8 (d, J = 256.8 H], C), 139.8 (d, J = 10.2 H], C), 136.9 (C), 133.2 
(d, J = 9.9 H], CH), 132.5 (CH), 130.0 (CH), 129.2 (C), 126.8 (CH), 126.1 (d, J = 2.1 H], C), 126.0 
(CH), 115.1 (d, J = 22.5 H], CH), 112.0 (d, J = 24.6 H], CH); įF (376 MH], CDCO3) -104.8; ESI-HRMS 
P/] 231.0271 (MH+ C13H8OFS UeTXiUeV 231.0274) 

2-fluorothio[anthone (2-FTX) 

 

ThiRVaOic\Oic acid (30.8 g, 200 PPRO) aQd K2CO3 (30.4 g, 220 PPRO) ZeUe added WR DMF (400 PO) iQ 
a 1 L fOaVk. CXI (3.8 g, 20 PPRO) aQd 4-fOXRURiRdRbeQ]eQe (24.2 PO, 220 PPRO) ZeUe WheQ added aQd 
Whe Pi[WXUe heaWed aW 145�C fRU 12 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (500 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (90 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed aQd Whe 
UeVidXe ZaVhed ZiWh ZaWeU, VWiUUed iQ hRW MeOH (70 PO), fiOWeUed agaiQ aQd dUied WR giYe 2-((4-
fOXRURSheQ\O)WhiR)beQ]Ric acid aV a gUe\ SRZeU (41.9 g, 84%). 

A Pi[WXUe Rf Whe WhiReWheU (40.5 g, 163 PPRO) aQd SRO\ShRVShRUic acid (150 g) ZaV heaWed aW 130�C 
fRU 11 hUV befRUe aOORZiQg WR cRRO aQd TXeQchiQg ZiWh ZaWeU (150 PO). The Pi[WXUe ZaV PechaQicaOO\ 
bURkeQ XS WR a VXVSeQViRQ Zhich ZaV e[WUacWed ZiWh DCM (500 PO). The aTXeRXV VROXWiRQ ZaV fXUWheU 
e[WUacWed ZiWh DCM (2î250 PO) aQd Whe cRPbiQed e[WUacWV ZaVhed ZiWh VaW. aT. NaHCO3 (2î100 PO), 
dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR giYe 2-fOXRURWhiR[aQWhRQe aV aQ Rff ZhiWe VROid (35.4 g, 94%): 
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P.S. 170 ± 171 �C (OiW. 171 �C)7; ȜPa[(MeCN)/QP 388 (İ/M-1cP-1 6,310); įH (400 MH], CDCO3) 8.63 ± 
8.58 (1H, P), 8.29 (1H, dd, J = 9.6, 2.9 H]), 7.66 ± 7.54 (3H, P), 7.49 (1H, ddd, J = 8.2, 6.9, 1.4 H]), 
7.38 (1H, ddd, J = 8.8, 7.5, 2.9 H]); įC (101 MH], CDCO3) 179.3 (d, J = 2.4 H], C), 161.3 (d, J = 247.6 
H], C), 137.3 (C), 132.7 (d, J = 2.4 H], C), 132.6 (CH), 131.0 (d, J = 6.5 H], C), 130.1 (CH), 128.43 
(C), 128.1 (d, J = 7.4 H], CH), 126.7 (CH), 126.1 (CH), 121.2 (d, J = 24.2 H], CH), 115.5 (d, J = 22.9 
H], CH); įF (376 MH], CDCO3) -113.6; ESI-HRMS P/] 231.0270 (MH+ C13H8OFS UeTXiUeV 231.0274) 

3,6-dimetho[\thio[anthone (3,3¶-MeOTX) 

 

4-MeWhR[\WhiRVaOic\Oic acid (17.6 g, 96 PPRO) aQd K2CO3 (14.6 g, 106 PPRO) ZeUe added WR DMF 
(200 PO) iQ a 1 L fOaVk. CXI (1.83 g, 9.6 PPRO) aQd 3-bURPRaQiVROe (13.4 PO, 106 PPRO) ZeUe WheQ 
added aQd Whe Pi[WXUe heaWed aW 145�C fRU 2.5 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (300 PO). The 
aTXeRXV Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (40 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed 
aQd Whe UeVidXe ZaVhed ZiWh ZaWeU, diVVROYed iQ EWOAc (300 PO), ZaVhed ZiWh bUiQe, dUied (MgSO4) 
aQd fiOWeUed. The VROXWiRQ ZaV eYaSRUaWed LQ YDFXR WR giYe 4-PeWhR[\-2-((3-
PeWhR[\SheQ\O)WhiR)beQ]Ric acid aV a ZhiWe SRZeU (24.2 g, 87%). 

TR a VWiUUed Pi[WXUe Rf Whe WhiReWheU (10 g, 34.4 PPRO) iQ aQh\dURXV DCM (70 PO) ZiWh a feZ dURSV Rf 
DMF ZaV added (COCO)2 (3.5 PO, 41.3 PPRO). WheQ Whe UeacWiRQ had Ueached fXOO cRQYeUViRQ afWeU 1 
hU Whe VROYeQW ZaV UePRYed LQ YDFXR, Whe UeVidXe ZaV Ue-diVVROYed iQ aQh\dURXV DCM (130 PO) aQd Whe 
VROXWiRQ cRROed iQ aQ ice baWh befRUe Whe addiWiRQ Rf AOCO3 (5.51 g, 41.3 PPRO). AfWeU VWiUUiQg fRU 1 hU 
Whe Pi[WXUe ZaV TXeQched ZiWh ZaWeU (50 PO) aQd e[WUacWed ZiWh DCM (3î150 PO). The cRPbiQed 
RUgaQic e[WUacWV ZeUe ZaVhed ZiWh VaW. aT. NaHCO3, dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR a beige 
VROid (9.2 g) Zhich ZaV UecU\VWaOOi]ed fURP MeCN (90 PO) WR giYe 3,6-diPeWhR[\WhiR[aQWhRQe aV a 
cRORXUOeVV SRZdeU (6.5 g, 69%): P.S. 175�C; ȜPa[(MeCN)/QP 354 (İ/M-1cP-1 5,850); įH (400 MH], 
CDCO3) 8.52 (2H, d, J = 9.0 H]), 7.00 (2H, dd, J = 9.0, 2.5 H]), 6.92 (2H, d, J = 2.5 H]), 3.91 (6H, V, 
OCH3); įC (101 MH], CDCO3) 178.5 (C), 162.4 (C), 139.3 (C), 132.0 (CH), 123.3 (C), 114.9 (CH), 
108.2 (CH), 55.8 (CH3); ESI-HRMS P/] 273.0572 (MH+ C15H13O3S UeTXiUeV 273.0580) 

3,6-difluorothio[anthone (3,3¶-FTX) 

 

4-FOXRURWhiRVaOic\Oic acid (27 g, 157 PPRO) aQd K2CO3 (24.2 g, 175 PPRO) ZeUe added WR DMF (250 
PO) iQ a 1 L fOaVk. CXI (3.1 g, 16 PPRO) aQd 3-fOXRURiRdRbeQ]eQe (20.6 PO, 175 PPRO) ZeUe WheQ added 
aQd Whe Pi[WXUe heaWed aW 145�C fRU 3 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (400 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (70 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed aQd Whe 
UeVidXe ZaVhed ZiWh ZaWeU, VWiUUed iQ hRW MeOH (80 PO), fiOWeUed agaiQ aQd dUied WR giYe 4-fOXRUR-2-((3-
fOXRURSheQ\O)WhiR)beQ]Ric acid aV a ZhiWe SRZeU (32.5 g, 78%). 

TR a VWiUUed Pi[WXUe Rf Whe WhiReWheU (10 g, 37.6 PPRO) iQ aQh\dURXV DCM (90 PO) ZiWh a feZ dURSV Rf 
DMF ZaV added (COCO)2 (3.8 PO, 45 PPRO). WheQ Whe UeacWiRQ had Ueached fXOO cRQYeUViRQ afWeU 2 hUV 
Whe VROYeQW ZaV UePRYed LQ YDFXR, Whe UeVidXe ZaV Ue-diVVROYed iQ aQh\dURXV DCM (130 PO) aQd Whe 
VROXWiRQ cRROed iQ aQ ice baWh befRUe Whe addiWiRQ Rf AOCO3 (6.0 g, 45 PPRO). AfWeU VWiUUiQg fRU 1 hU Whe 
Pi[WXUe ZaV TXeQched ZiWh ZaWeU (80 PO) aQd e[WUacWed ZiWh DCM (3î150 PO). The cRPbiQed RUgaQic 
e[WUacWV ZeUe ZaVhed ZiWh VaW. aT. NaHCO3, dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR a SaOe RUaQge 
VROid (9.0 g) Zhich ZaV UecU\VWaOOi]ed fURP MeCN (100 PO) WR giYe 3,6-difOXRURWhiR[aQWhRQe aV a 
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cRORXUOeVV SRZdeU (7.8 g, 84%): P.S. 207 ± 208 �C; ȜPa[(MeCN)/QP 361 (İ/M-1cP-1 5,290); įH (400 
MH], CDCO3) 8.62 (2H, dd, J = 9.0, 5.8 H]), 7.25 ± 7.16 (4H, P); įC (101 MH], CDCO3) 178.0 (C), 
164.8 (d, J = 257.2 H], C), 139.2 (d, J = 10.0 H], C), 133.3 (d, J = 10.0 H], CH), 125.9 (d, J = 2.5 H], 
C), 115.4 (d, J = 22.3 H], CH), 112.0 (d, J = 24.8 H], CH); įF (376 MH], CDCO3) -104.5; ESI-HRMS 
P/] 249.0174 (MH+ C13H7OF2S UeTXiUeV 249.0180) 

2-metho[\,7-fluorothio[anthone (2-F,2¶-MeOTX) 

 

5-FOXRURWhiRVaOic\Oic acid (9.3 g, 54 PPRO) aQd K2CO3 (7.5 g, 54 PPRO) ZeUe added WR DMF (100 PO) 
iQ a 250 PO fOaVk. CXI (0.95 g, 5.0 PPRO) aQd 4-bURPRaQiVROe (6.8 PO, 54 PPRO) ZeUe WheQ added aQd 
Whe Pi[WXUe heaWed aW 145�C fRU 23 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (200 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed WhURXgh ceOiWe befRUe acidif\iQg ZiWh 3 M HCO (25 PO). The UeVXOWiQg VOXUU\ ZaV 
fiOWeUed aQd Whe UeVidXe diVVROYed iQ EWOAc (200 PO), dUied (MgSO4) aQd fiOWeUed. The VROXWiRQ ZaV 
eYaSRUaWed LQ YDFXR WR a VOXUU\ Zhich ZaV ZaVhed ZiWh EW2O aQd dUied WR giYe 5-fOXRUR-2-((4-
PeWhR[\SheQ\O)WhiR)beQ]Ric acid aV a ZhiWe SRZdeU (8.2 g, 55%). 

A Pi[WXUe Rf Whe WhiReWheU (1.0 g, 3.6 PPRO) aQd SRO\ShRVShRUic acid (5 PO) ZaV heaWed aW 120�C fRU 1 
hU befRUe aOORZiQg WR cRRO aQd TXeQchiQg ZiWh ZaWeU (10 PO). The Pi[WXUe ZaV PechaQicaOO\ bURkeQ XS 
WR a VXVSeQViRQ Zhich ZaV e[WUacWed ZiWh DCM aQd EW2O. The cRPbiQed e[WUacWV ZeUe dUied (MgSO4), 
fiOWeUed aQd eYaSRUaWed WR a \eOORZ VROid (0.68 g) Zhich ZaV UecU\VWaOOi]ed fURP MeCN (12 PO) WR giYe 
2-PeWhR[\,7-fOXRURWhiR[aQWhRQe ZaV a fOXff\ \eOORZ SRZdeU (858 Pg, 62%); P.S. 160 - 161�C; 
ȜPa[(MeCN)/QP 408 (İ/M-1cP-1 6,220); įH (400 MH], CDCO3) 8.29 (1H, dd, J = 9.7, 2.9 H]), 8.04 (1H, 
d, J = 2.9 H]), 7.57 (1H, dd, J = 8.8, 4.8 H]), 7.49 (1H, d, J = 8.8 H]), 7.41 ± 7.33 (1H, P), 7.30 ± 7.24 
(1H, P), 3.94 (3H, V); įC (101 MH], CDCO3) 179.0 (d, J = 2.3 H], C), 161.2 (d, J = 247.3 H], C), 158.7 
(C), 132.94 (d, J = 2.4 H], C), 130.3 (d, J = 6.5 H], C), 129.5 (C), 129.2 (C), 128.1 (d, J = 7.5 H], CH), 
127.4 (CH), 123.2 (CH), 121.0 (d, J = 24.2 H], CH), 115.4 (d, J = 22.8 H], CH), 110.4 (d, J = 1.5 H], 
CH), 55.8 (CH3); įF (376 MH], CDCO3) -113.9; ESI-HRMS P/] 261.0376 (MH+ C14H10O2FS UeTXiUeV 
261.0380) 

2,7-dimetho[\thio[anthone (2,2¶-MeOTX) 

 

5-MeWhR[\WhiRVaOic\Oic acid (15.5 g, 84 PPRO) aQd K2CO3 (12.8 g, 93 PPRO) ZeUe added WR DMF (200 
PO) iQ a 1 L fOaVk. CXI (1.6 g, 8.4 PPRO) aQd 4-bURPRaQiVROe (13.4 PO, 93 PPRO) ZeUe WheQ added aQd 
Whe Pi[WXUe heaWed aW 145�C fRU 23 hUV befRUe cRROiQg aQd SRXUiQg RYeU ZaWeU (300 PO). The aTXeRXV 
Pi[WXUe ZaV fiOWeUed befRUe acidif\iQg ZiWh 3 M HCO (40 PO). The UeVXOWiQg VOXUU\ ZaV fiOWeUed aQd Whe 
UeVidXe, diVVROYed iQ EWOAc (200 PO), ZaVhed ZiWh bUiQe, dUied (MgSO4) aQd fiOWeUed. The VROXWiRQ ZaV 
eYaSRUaWed iQ YacXR WR a VOXUU\ Zhich ZaV ZaVhed ZiWh EW2O aQd dUied WR giYe 5-PeWhR[\-2-((4-
PeWhR[\SheQ\O)WhiR)beQ]Ric acid aV aQ Rff ZhiWe VROid (15.1 g, 62%). 

A Pi[WXUe Rf Whe WhiReWheU (13.9 g, 48 PPRO) aQd SRO\ShRVShRUic acid (130 g) ZaV heaWed aW 120�C fRU 
1 hU befRUe aOORZiQg WR cRRO aQd TXeQchiQg ZiWh ZaWeU (100 PO). The Pi[WXUe ZaV PechaQicaOO\ bURkeQ 
XS WR a VXVSeQViRQ Zhich ZaV e[WUacWed ZiWh DCM, ZaVhed ZiWh VaW. aT. NaHCO3, dUied (MgSO4), 
fiOWeUed aQd eYaSRUaWed WR a \eOORZ VROid (11.8 g) Zhich ZaV UecU\VWaOOi]ed fURP MeCN (155 PO) WR giYe 
2,7-diPeWhR[\WhiR[aQWhRQe aV a fOXff\ \eOORZ VROid (10.5 g, 80%): P.S. 155 ± 157 �C; ȜPa[(MeCN)/QP 
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415 (İ/M-1cP-1 6,270); įH (400 MH], CDCO3) 8.08 (2H, d, J = 2.9 H]), 7.49 (2H, d, J = 8.9 H]), 7.25 
(2H, dd, J = 8.9, 2.9 H]), 3.94 (6H, V); įC (101 MH], CDCO3) 179.5 (C), 158.4 (C), 129.7 (C), 129.6 
(C), 127.5 (CH), 122.8 (CH), 110.4 (CH), 55.8 (CH3); ESI-HRMS P/] 273.0573 (MH+ C15H13O3S 
UeTXiUeV 273.0580) 

UV-Vis Spectra of Thio[anthone DeriYatiYes 
 

 
Figure S1: CRPSRViWe UV-YiV VSecWUa Rf TX deUiYaWiYeV (MeCN, 1î10-4 M) 
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Figure S2: IQdiYidXaO UV-YiV abVRUSWiRQ VSecWUa Rf TX deUiYaWiYeV 
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Triplet Measurements of Thio[anthone DeriYatiYes 
LoZ temperature (77 K) emission measurement:  

The ORZ WePSeUaWXUe ePiVViRQ VSecWUa ZeUe PeaVXUed iQ FLS900 FOXRUeVceQce VSecWURPeWeU 
(EdiQbXUgh IQVWUXPeQW). The URRP WePSeUaWXUe abVRUSWiRQ VSecWUa ZeUe PeaVXUed iQ UV-ViV 
VSecWURPeWeU (AgiOeQW CaU\ 60). FRU aOO Whe PeaVXUePeQWV 10 μM cRQceQWUaWiRQ ZaV XVed. 
MeWh\Oc\cORhe[aQe (AOfa AeVaU), 2-PeWh\O WeWUah\dURfXUaQ (AOfa AeVaU) ZeUe XVed aV UeceiYed.  

 

IQ FigXUe S3, Whe URRP WePSeUaWXUe abVRUSWiRQ aQd gOaVV WePSeUaWXUe ePiVViRQ VSecWUa aUe SUeVeQWed fRU 
Whe WhiR[aQWhRQe. IW iV ZeOO kQRZQ WhaW Whe WhiR[aQWhRQe iV QRQePiVViYe iQ QRQSROaU VROYeQWV aW URRP 
WePSeUaWXUe. TheUefRUe, Whe VWURQg Ued-VhifWed ePiVViRQ RbVeUYed iQ QRQSROaU VROYeQW 
(MeWh\Oc\cORhe[aQe) aW gOaVV WePSeUaWXUe iV VafeO\ aVVigQed WR Whe ePiVViRQ fURP Whe WUiSOeW VWaWe. The 
higheVW eQeUg\ ePiVViRQ baQd (436 QP) iV XVed aV Whe ORZeVW WUiSOeW eQeUg\ aQd iW PaWcheV ZeOO ZiWh Whe 
UeSRUWed WUiSOeW eQeUg\ Rf WhiR[aQWhRQe. The ePiVViRQ aQd abVRUSWiRQ VSecWUa Rf RWheU PROecXOeV aUe 
SUeVeQWed iQ FigXUe S4 

Figure S3: RRRP WePSeUaWXUe abVRUSWiRQ aQd gOaVV WePSeUaWXUe ePiVViRQ VSecWUa Rf 
WhiR[aWhRQe iQ PeWh\Oc\cORhe[aQe. The e[ciWaWiRQ ZaYeOeQgWh ZaV 380 QP. 
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The ePiVViRQ UeVXOWV aW 77K iQ 2-MeTHF fRU Whe OaVW WhUee deUiYaWiYeV, 2-MeOTX, 2-F,2¶-MeOTX, 2,2¶-
MeOTX aUe VhRZQ iQ FigXUe S5  

Figure S4. RRRP WePSeUaWXUe abVRUSWiRQ aQd gOaVV WePSeUaWXUe ePiVViRQ VSecWUa Rf diffeUeQW WhiR[aWhRQe deUiYaWiYeV 
iQ PeWh\Oc\cORhe[aQe. The ORZeVW eQeUg\ baQdV aUe PeQWiRQed aQd Whe caOcXOaWed WUiSOeW eQeUgieV aUe UeSRUWed. The 
e[ciWaWiRQ ZaYeOeQgWhV aUe: 350 QP (3,3¶- MeOTX), 360 QP (3,3¶-FTX), 370 QP (3-MeOTX), 375 QP (3-FTX), 380 
QP (ITX), 385 QP (2-FTX),  390 QP (4-MeOTX) UeVSecWiYeO\.  



 

S16 
 

Figure S5. RRRP WePSeUaWXUe abVRUSWiRQ, URRP WePSeUaWXUe ePiVViRQ aQd 77K ePiVViRQ Rf Whe WhiR[aQWhRQe deUiYaWiYeV iQ 2-
PeWh\O WeWUah\dURfXUaQ. FRU aOO Whe PeaVXUePeQWV 390 QP e[ciWaWiRQ ZaYeOeQgWh ZaV XVed. HeUe Ze haYe SORWWed aOO Whe VSecWUa 
ZiWh [-a[iV QRUPaOi]ed.   

ps and ns TRIR Studies 
Instrumentation 
We SeUfRUPed SV aQd QV WiPe-UeVROYed iQfUaUed (TRIR) PeaVXUePeQWV iQ RUdeU WR PeaVXUe Whe ViQgOeW 
aQd WUiSOeW OifeWiPeV. AOO Whe PeaVXUePeQWV ZeUe SeUfRUPed iQ CD3CN (1 PM). Each VROXWiRQ ZaV 
degaVVed XViQg WhUee fUee]e SXPS WhaZ c\cOeV befRUe WiPe-UeVROYed PeaVXUePeQWV. The VaPSOe HaUUick 
ceOO (SaWh OeQgWh 400 �P) ZiWh CaF2 ZiQdRZV ZaV cRQWiQXRXVO\ UaVWeU VcaQ iQ RUdeU WR aYRid 
ShRWRdaPage. The deWaiOed deVcUiSWiRQ Rf Whe TRIR PeaVXUePeQWV aW Whe NRWWiQghaP haV beeQ 
diVcXVVed iQ deWaiO eOVeZheUe.8 BUeifO\, 800 QP, 100 fV, 80 MH] fXQdaPeQWaO SXOVeV aUe geQeUaWed ZiWh 
a cRPPeUciaO Ti:SaSShiUe RVciOOaWRU (MaiTai). The iQSXW SXOVeV aUe aPSOified iQ a Ti:SaSShiUe aPSOifieU 
(SSiWfiUe PUR/SSecWUa Ph\VicV) WR SURdXce 800 QP, 100 fV, 1 kH], 2 PJ SXOVeV. HaOf Rf Whe RXWSXW iV XVed 
WR SXPS a TOPAS-C (LighW CRQYeUViRQ) WhaW SURdXceV WXQabOe IR SXOVeV XViQg a diffeUeQce fUeTXeQc\ 
geQeUaWRU. The RWheU SaUW Rf Whe aPSOifieU RXWSXW iV XVed WR SXPS a haUPRQic geQeUaWRU (TiPeSOaWe 
WUiSOeU, MiQiRSWic TechQRORg\) WR SURdXce 400 QP, 100 fV SXPS SXOVeV. FRU 355 QP SicRVecRQd 
e[SeUiPeQWV, Ze haYe XVed a VecRQd TOPAS RXWSXW SXPSed b\ Whe 800 QP fXQdaPeQWaO. The IR beaP 
SaVVeV WhURXgh a Ge beaP VSOiWWeU aQd haOf Rf Whe IR beaP iV UefOecWed RQWR a ViQgOe eOePeQW MCT 
deWecWRU (KROPaU TechQRORg\) WR VeUYe aV a UefeUeQce aQd Whe RWheU haOf iV fRcXVed aQd RYeUOaSV ZiWh 
Whe SXPS beaP aW Whe VaPSOe SRViWiRQ. The SXPS SXOVe ZaV deOa\ed UeOaWiYe WR Whe SURbe SXOVe b\ XViQg 
a WUaQVOaWiRQ VWage (LMA AcWXaWRU, AeURWech, USA. The SROaUi]aWiRQ Rf Whe SXPS SXOVe ZaV VeW aW Whe 
Pagic aQgOe (54.7�) UeOaWiYe WR Whe SURbe SXOVe WR aYRid URWaWiRQaO diffXViRQ. FRU a PeaVXUePeQW ZiWh a 
ORQgeU WiPe deOa\V a Q-VZiWched Nd:YVO QV-OaVeU (ACE- 25QSPXHP/MOPA, AdYaQced OSWicaO 
TechQRORg\, UK) ZaV ePSOR\ed aV a SXPS VRXUce aQd WhiV ZaV V\QchURQi]ed UeOaWiYe WR Whe SSiWfiUe 
PUR aPSOifieU RXWSXW. The IR SURbe beaP ZaV diVSeUVed ZiWh a VSecWURgUaSh aQd deWecWed ZiWh a 128 
eOePeQW HgCdTe OiQeaU aUUa\ deWecWRU (IQfUaUed AVVRciaWeV, USA). 
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ps (400 nm e[citation) TRIR spectra and kinetics of ITX  
 

The SV aQd QV TRIR VSecWUa Rf ITX iQ CD3CN aV Whe ShRWRSh\VicaO SURSeUWieV (ViQgOeW OifeWiPe, WUiSOeW 
TXaQWXP \ieOd) aUe ZeOO kQRZQ. The SV TRIR VSecWUa Rf ITX iQ Whe 1650-1450 cP-1 UegiRQ fRU VeOecWed 
WiPe deOa\V afWeU 400 QP e[ciWaWiRQ ZeUe SUeVeQWed iQ FigXUe S6. The QegaWiYe SeakV aW 1637 aQd 1592 
cP-1 aUe aVVRciaWed ZiWh Whe gURXQd VWaWe bOeach aQd aUe aVVigQed WR Q(C=O) aQd Q(C=C) baQdV 
UeVSecWiYeO\.  The WUaQVieQW Seak aW 1477 cP-1 aSSeaUV iPPediaWeO\ afWeU Whe fOaVh aQd iV aVVigQed WR Whe 
ViQgOeW e[ciWed VWaWe. The 1477 cP-1 baQd deca\V aW Whe VaPe UaWe (240 �10 SV) aV a QeZ baQd aW 1518 
cP-1 gURZV iQ aQd WhiV Seak iV aVVigQed WR Whe WUiSOeW VWaWe.  

 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
  

 
 

Figure S6. (a) SV-TRIR VSecWUa Rf ITX fRU VeOecWed WiPe deOa\V iQ CD3CN fROORZiQg ShRWRe[ciWaWiRQ (400 QP). (b) aQd (c) VhRZ 
VeOecWed TRIR kiQeWic WUaceV aVVRciaWed ZiWh Whe fRUPaWiRQ aQd deca\ Rf Whe SaUeQW (1592 cP-1), ViQgOeW (1477 cP-1) aQd WUiSOeW (1518 
cP-1)  e[ciWed VWaWe baQdV RbWaiQed fURP TRIR VSecWUa.  

 



 

S18 
 

Estimation of triplet quantum \ield for ITX from the parent bleach recoYer\ kinetics 
 

The WUiSOeW TXaQWXP \ieOd (ĭISC) iV eVWiPaWed fURP Whe SaUeQW bOeach UecRYeU\ kiQeWicV XViQg Whe 
aSSUR[iPaWiRQ WhaW WUiSOeW TXaQWXP \ieOd iV giYeQ b\ Whe ǻAPa[/ ǻA� UaWiR. 

 
  

Figure S7. SV iQWeQViW\ kiQeWicV Rf 1592 cP-1 baQd.  The iQiWiaO bOeach UecRYeU\ iV aVVRciaWed ZiWh gURXQd VWaWe UecRYeU\ 
dXe WR UadiaWiYe (fOXRUeVceQce) aQd QRQUadiaWiYe (iQWeUQaO cRQYeUViRQ) deca\V. The bOeach UecRYeU\ aW ORQgeU WiPe iV XVed 
WR caOcXOaWe Whe WUiSOeW TXaQWXP \ieOd.  



 

S19 
 

 
  

 
Figure S8. SeOecWed TRIR kiQeWic WUaceV aVVRciaWed ZiWh Whe ViQgOeW, WUiSOeW e[ciWed VWaWeV aQd gURXQd VWaWe diVSOa\iQg deca\ Rf 
Whe ViQgOeW VWaWe, fRUPaWiRQ aQd deca\ Rf Whe WUiSOeW VWaWe, aQd gURXQd VWaWe UecRYeU\ fRU Whe WhiR[aWhRQe deUiYaWiYeV iQ CD3CN. 
The chaUacWeUiVWic WUaQVieQW IR SeakV aVVRciaWed ZiWh e[ciWed VWaWe ViQgOeW, WUiSOeW VWaWe aQd SaUeQW Rf TX ^(a) aQd (b)`;  3,3¶-
MeOTX ^(c) aQd (d) ± SOeaVe QRWe Whe iQVeUW WR (c) Zhich VhRZV Whe UeVXOWV fURP gORbaO aQaO\ViV WR PRUe cOeaUO\ VhRZ Whe deca\ 
Rf Whe ViQgOeW aQd Whe gURZWh Rf Whe WUiSOeW`; 3,3¶-FTX(e) aQd (f)`;  3-MeOTX^(g) aQd (h) ± SOeaVe QRWe Whe iQVeUW WR (h) Zhich 
VhRZV Whe UeVXOWV fURP gORbaO aQaO\ViV WR cOeaUO\ VhRZ Whe UecRYeU\ Rf SaUeQW`; 3-FTX ^(i) aQd (j2-FTX ^(k) aQd (O)`; 4-MeOTX 
^(P) aQd (Q)`; 2-MeOTX ^(R) aQd (S)`; 2-F,2¶-MeOTX ^(T) aQd (U)`; 2,2¶-MeOTX ^(V) aQd (W)` aUe VhRZQ. 
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TD-DFT Calculations of Thio[anthone DeriYatiYes 
CaOcXOaWiRQV ZeUe caUUied RXW ZiWh GaXVViaQ09W RQ a VWaQdaUd deVkWRS PC (OcWR-CRUe IQWeO i7-9700, 
16 GB RAM)9 

Optimised co-ordinates 
3,3¶-MeOTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C 2.62616 -1.20095 -0.00017  C 2.62328 -1.20037 -0.00502 
C 1.39402 -0.55507 0  C 1.39404 -0.55274 -0.01169 
C 1.28285 0.84041 0.00005  C 1.28096 0.84344 -0.00732 
C 2.47053 1.60535 0.00005  C 2.47416 1.60622 0.0044 
C 3.72255 1.00171 -0.00003  C 3.7217 1.00077 0.01178 
C 3.78835 -0.40397 -0.00007  C 3.79028 -0.4068 0.00703 
H 2.72348 -2.28645 -0.00043  H 2.7164 -2.2876 -0.00855 
H 2.38366 2.69979 0.00015  H 2.39494 2.70044 0.00759 
H 4.62038 1.61058 -0.0001  H 4.62526 1.60869 0.02098 
C 0 1.58152 0.00001  C 0 1.57574 -0.01455 
O 0 2.8042 -0.0001  O 0 2.80559 -0.02539 
C -1.28284 0.84041 0.0001  C -1.28096 0.84344 -0.00723 
C -1.39401 -0.55506 0.00011  C -1.39404 -0.55274 -0.01175 
C -2.47052 1.60536 0.00015  C -2.47416 1.60621 0.00465 
C -2.62617 -1.20095 0.00004  C -2.62328 -1.20037 -0.00519 
C -3.72255 1.00172 0.00011  C -3.7217 1.00076 0.01197 
H -2.38365 2.69979 0.00022  H -2.39494 2.70044 0.00801 
C -3.78835 -0.40397 -0.00004  C -3.79028 -0.40681 0.00702 
H -2.72348 -2.28644 0.00004  H -2.7164 -2.2876 -0.00895 
H -4.62037 1.61059 0.00022  H -4.62526 1.60869 0.02126 
S 0 -1.61602 0.00032  S 0 -1.61508 -0.02879 
O 4.93884 -1.14594 0.00012  O 4.93565 -1.14493 0.01343 
O -4.93884 -1.14593 -0.00039  O -4.93564 -1.14493 0.01336 
C 6.20772 -0.44281 -0.00029  C 6.21232 -0.4448 0.02703 
H 6.30771 0.15996 0.90692  H 6.30693 0.15462 0.93764 
H 6.92256 -1.27695 0.00003  H 6.92471 -1.2814 0.03003 
H 6.30746 0.15922 -0.90801  H 6.32249 0.16143 -0.87729 
C -6.20774 -0.44282 -0.00018  C -6.21231 -0.44479 0.02696 
H -6.30761 0.1599 -0.90743  H -6.3225 0.16135 -0.87741 
H -6.92257 -1.27696 -0.00055  H -6.9247 -1.28139 0.0301 
H -6.30761 0.15926 0.90751  H -6.3069 0.1547 0.93752 



 

S21 
 

3,3¶-FTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C -1.26551 -0.00002 -2.63026  C -0.00061 -1.26507 -2.62752 
C -0.61501 0.00023 -1.38956  C -0.00005 -0.61344 -1.38777 
C 0.77732 0.00019 -1.28649  C 0.00053 0.78027 -1.2855 
C 1.54813 0 -2.47299  C 0.00052 1.54896 -2.47498 
C 0.94041 -0.00028 -3.72298  C -0.00005 0.93951 -3.7233 
C -0.46211 -0.00035 -3.77003  C -0.0006 -0.46314 -3.76787 
H -2.35447 0.00006 -2.70765  H -0.00104 -2.35651 -2.70291 
H 2.64275 0.00013 -2.38499  H 0.00098 2.64344 -2.39519 
H 1.53502 -0.00052 -4.63664  H -0.00007 1.53631 -4.63782 
C 1.52289 0.00026 0  C 0.00118 1.51891 0 
O 2.74215 0.00029 0  O 0.00224 2.74415 0 
C 0.77732 0.00019 1.28649  C 0.00053 0.78027 1.2855 
C -0.61501 0.00023 1.38956  C -0.00005 -0.61344 1.38777 
C 1.54813 0 2.47299  C 0.00052 1.54896 2.47498 
C -1.26551 -0.00002 2.63026  C -0.00061 -1.26507 2.62752 
C 0.94041 -0.00028 3.72298  C -0.00005 0.93951 3.7233 
H 2.64275 0.00013 2.38499  H 0.00098 2.64344 2.39519 
C -0.46211 -0.00035 3.77003  C -0.0006 -0.46314 3.76787 
H -2.35447 0.00006 2.70765  H -0.00104 -2.35651 2.70291 
H 1.53502 -0.00052 4.63664  H -0.00007 1.53631 4.63782 
S -1.6754 0.0007 0  S -0.00005 -1.67511 0 
F -1.0552 -0.00064 -4.96142  F -0.00115 -1.05758 -4.95934 
F -1.0552 -0.00064 4.96142  F -0.00115 -1.05758 4.95934 

 

 

  



 

S22 
 

3-MeOTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C 3.24792 -1.5541 -0.00014  C 3.24499 -1.55372 0.02514 
C 2.05814 -0.81243 0.00008  C 2.05806 -0.81065 -0.0122 
C 2.06601 0.582 0.00002  C 2.06497 0.58505 -0.00471 
C 3.31133 1.24643 -0.00026  C 3.31209 1.24684 0.04361 
C 4.50088 0.52347 -0.00049  C 4.49912 0.52204 0.08203 
C 4.46827 -0.87943 -0.00044  C 4.46598 -0.88101 0.07231 
H 3.22775 -2.64447 -0.0001  H 3.22702 -2.64668 0.01852 
H 3.31948 2.34256 -0.00027  H 3.32918 2.34163 0.04977 
H 5.45727 1.04449 -0.00073  H 5.45822 1.04176 0.11952 
H 5.40137 -1.44374 -0.00063  H 5.39999 -1.44787 0.10233 
C 0.8388 1.42904 0.00021  C 0.83809 1.42323 -0.04614 
O 0.9423 2.64574 0.00033  O 0.94303 2.64581 -0.09475 
C -0.49608 0.79217 0.00022  C -0.49369 0.79517 -0.02423 
C -0.71805 -0.5909 0.00025  C -0.71684 -0.5888 -0.0329 
C -1.61995 1.64938 0.00017  C -1.62312 1.65052 0.00432 
C -1.99818 -1.13565 0.00013  C -1.9945 -1.13542 -0.0152 
C -2.91551 1.14761 0.00005  C -2.91401 1.14628 0.02423 
H -1.44646 2.73346 0.00022  H -1.45745 2.735 0.01046 
C -3.09324 -0.24887 -0.0001  C -3.0942 -0.25196 0.01417 
H -2.18157 -2.21006 0.00022  H -2.17371 -2.21179 -0.0226 
H -3.76227 1.82586 0.00009  H -3.76642 1.82359 0.04673 
S 0.5868 -1.75802 0.0005  S 0.58746 -1.75608 -0.07694 
O -4.29878 -0.89621 -0.00054  O -4.29463 -0.89578 0.03144 
C -5.50802 -0.09444 -0.00037  C -5.51113 -0.09611 0.06727 
H -5.5598 0.514 -0.90783  H -5.58576 0.52173 -0.83281 
H -6.28674 -0.86938 -0.00053  H -6.28803 -0.87308 0.07763 
H -5.55979 0.51373 0.90726  H -5.5443 0.50399 0.98176 

 

  



 

S23 
 

3-FTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C -2.86991 -1.53686 -0.00021  C -2.86544 -1.53659 -0.02403 
C -1.67411 -0.80513 0.00014  C -1.6725 -0.8033 0.01751 
C -1.67041 0.58961 0.00013  C -1.66888 0.59281 0.00869 
C -2.91065 1.26464 -0.00011  C -2.91098 1.26483 -0.04561 
C -4.10568 0.55125 -0.00055  C -4.10302 0.54922 -0.08867 
C -4.08461 -0.852 -0.00066  C -4.08074 -0.85427 -0.07726 
H -2.85925 -2.62765 -0.0001  H -2.85644 -2.62987 -0.01613 
H -2.91039 2.36092 0.00012  H -2.91949 2.35985 -0.05244 
H -5.05828 1.07997 -0.00097  H -5.05817 1.07618 -0.13098 
H -5.02275 -1.40858 -0.00105  H -5.01927 -1.41379 -0.11078 
C -0.43878 1.42617 0.00025  C -0.43875 1.42123 0.05625 
O -0.52455 2.6425 0.0003  O -0.52457 2.64199 0.12211 
C 0.89759 0.77425 0.00025  C 0.89627 0.77738 0.01898 
C 1.09923 -0.60766 0.00022  C 1.09749 -0.60588 0.02967 
C 2.02619 1.62759 0.00019  C 2.02721 1.62867 -0.02528 
C 2.38416 -1.16727 -0.00009  C 2.38107 -1.16681 0.00034 
C 3.31644 1.11109 -0.00014  C 3.31542 1.11016 -0.05696 
H 1.86006 2.71291 0.00047  H 1.86937 2.71441 -0.03347 
C 3.46303 -0.28469 -0.00038  C 3.46 -0.28584 -0.04238 
H 2.53818 -2.24783 -0.00004  H 2.53377 -2.24981 0.00965 
H 4.18511 1.76908 -0.00031  H 4.1845 1.7701 -0.09151 
S -0.2112 -1.76292 0.00073  S -0.21112 -1.76066 0.09169 
F 4.69422 -0.79091 -0.00074  F 4.69081 -0.79357 -0.07176 

 

  



 

S24 
 

TX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C 1.40696 -0.00037 2.63682  C 1.4066 -0.04575 2.62959 
C 0.76295 0.00015 1.39092  C 0.76095 0.03354 1.38872 
C -0.62817 0.00023 1.28808  C -0.63164 0.02252 1.28548 
C -1.38992 0.00003 2.47735  C -1.39091 -0.07579 2.4732 
C -0.76414 -0.00058 3.72009  C -0.76236 -0.15809 3.71129 
C 0.63742 -0.00089 3.7991  C 0.63923 -0.14175 3.79008 
H 2.4956 -0.00032 2.70314  H 2.49737 -0.03504 2.69853 
H -2.48318 0.00046 2.39839  H -2.48344 -0.08476 2.40279 
H -1.3591 -0.00103 4.63242  H -1.35592 -0.23467 4.62405 
H 1.12515 -0.00145 4.77459  H 1.12987 -0.20574 4.76472 
C -1.3748 0.00037 0  C -1.36714 0.11568 0 
O -2.59423 0.00055 0  O -2.58404 0.26102 0 
C -0.62817 0.00023 -1.28808  C -0.63164 0.02252 -1.28548 
C 0.76295 0.00015 -1.39092  C 0.76095 0.03354 -1.38872 
C -1.38992 0.00003 -2.47735  C -1.39091 -0.07579 -2.4732 
C 1.40696 -0.00037 -2.63682  C 1.4066 -0.04575 -2.62959 
C -0.76414 -0.00058 -3.72009  C -0.76236 -0.15809 -3.71129 
H -2.48318 0.00046 -2.39839  H -2.48344 -0.08476 -2.40279 
C 0.63742 -0.00089 -3.7991  C 0.63923 -0.14175 -3.79008 
H 2.4956 -0.00032 -2.70314  H 2.49737 -0.03504 -2.69853 
H -1.3591 -0.00103 -4.63242  H -1.35592 -0.23467 -4.62405 
H 1.12515 -0.00145 -4.77459  H 1.12987 -0.20574 -4.76472 
S 1.82154 0.00095 0  S 1.81481 0.17012 0 

 
  



 

S25 
 

ITX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C -3.86202 -1.09679 -0.00092  C -3.84902 -1.09621 -0.12531 
C -2.5326 -0.64939 0.00003  C -2.52821 -0.64821 0.00957 
C -2.22007 0.71015 0.00029  C -2.21578 0.71264 0.03803 
C -3.28036 1.64321 -0.00047  C -3.27133 1.64512 -0.07844 
C -4.60361 1.21337 -0.00142  C -4.58626 1.21357 -0.21635 
C -4.89413 -0.16011 -0.00163  C -4.87622 -0.16002 -0.23825 
H -4.0924 -2.16274 -0.00114  H -4.08201 -2.16382 -0.14503 
H -3.03659 2.71181 -0.00026  H -3.03714 2.71427 -0.05672 
H -5.41494 1.93979 -0.00199  H -5.39569 1.9401 -0.30683 
H -5.93216 -0.49441 -0.00235  H -5.91091 -0.49561 -0.34545 
C -0.83396 1.25346 0.00144  C -0.83847 1.24228 0.19279 
O -0.65069 2.45916 0.00282  O -0.66079 2.43983 0.38222 
C 0.32743 0.31998 0.00075  C 0.32557 0.32283 0.10696 
C 0.21571 -1.06966 0.00052  C 0.21418 -1.06767 0.08471 
C 1.61587 0.89362 0.00041  C 1.61359 0.897 0.05205 
C 1.35208 -1.89101 0.00001  C 1.34809 -1.88822 0.01289 
C 2.76016 0.09366 -0.00007  C 2.75539 0.09753 -0.02251 
H 1.69462 1.9871 0.00058  H 1.6995 1.98855 0.07048 
C 2.61642 -1.30745 -0.00027  C 2.61082 -1.30429 -0.04104 
H 1.25493 -2.97748 -0.00019  H 1.25312 -2.97735 -0.00295 
H 3.50455 -1.94049 -0.00065  H 3.49901 -1.93894 -0.09973 
S -1.31843 -1.90637 0.001  S -1.31964 -1.90218 0.16437 
C 4.13389 0.73704 -0.0004  C 4.12897 0.73921 -0.08418 
H 4.00983 1.85258 0.00059  H 4.0111 1.85389 -0.0226 
C 4.90791 0.35186 1.26616  C 4.9852 0.29286 1.10624 
H 5.86527 0.88214 1.31935  H 5.94784 0.81769 1.11809 
H 4.33999 0.6033 2.16976  H 4.48712 0.50128 2.06004 
H 5.12718 -0.72033 1.30552  H 5.20478 -0.78064 1.07933 
C 4.90628 0.35387 -1.26855  C 4.80897 0.41248 -1.41863 
H 4.33779 0.60804 -2.17103  H 4.19339 0.72527 -2.26987 
H 5.86423 0.88312 -1.32142  H 5.7736 0.9264 -1.50582 
H 5.12424 -0.71849 -1.31061  H 5.00388 -0.66009 -1.53178 

 



 

S26 
 

2-FTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C -3.08091 -1.24277 -0.00041  C -3.06901 -1.24197 -0.08992 
C -1.7846 -0.70758 -0.00006  C -1.78015 -0.70545 0.02753 
C -1.56353 0.66987 0.00018  C -1.55921 0.67385 0.03305 
C -2.68384 1.53054 0.00038  C -2.67528 1.53284 -0.08703 
C -3.97517 1.01293 0.00011  C -3.95936 1.0124 -0.20742 
C -4.1733 -0.37686 -0.00032  C -4.1571 -0.37762 -0.20767 
H -3.24037 -2.32191 -0.00076  H -3.23094 -2.32309 -0.09247 
H -2.51239 2.6133 0.00076  H -2.51271 2.6155 -0.08222 
H -4.83368 1.68364 0.00033  H -4.8164 1.68199 -0.30094 
H -5.18705 -0.77983 -0.00075  H -5.16794 -0.7831 -0.30179 
C -0.21906 1.30439 -0.0001  C -0.22099 1.29491 0.16717 
O -0.10883 2.51738 -0.00052  O -0.11086 2.49963 0.35134 
C 1.00592 0.4461 0.0001  C 1.0032 0.44832 0.06471 
C 0.98425 -0.94877 -0.00004  C 0.98112 -0.94695 0.06601 
C 2.24925 1.11072 0.00017  C 2.24426 1.11272 -0.03002 
C 2.16926 -1.7056 -0.00036  C 2.16281 -1.70509 -0.01961 
C 3.41112 0.34554 -0.00002  C 3.40036 0.34546 -0.11682 
H 2.27317 2.20757 0.00038  H 2.27354 2.20738 -0.03058 
C 3.40132 -1.0592 -0.00036  C 3.39112 -1.05992 -0.11246 
H 2.13159 -2.79755 -0.00065  H 2.12674 -2.79999 -0.01592 
H 4.3327 -1.62712 -0.0007  H 4.3198 -1.63261 -0.18156 
S -0.49077 -1.88201 0.00052  S -0.49179 -1.87473 0.19617 
F 4.59052 0.9688 0.0002  F 4.57699 0.97018 -0.20767 

 

  



 

S27 
 

4-MeOTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C -2.60603 -1.85527 0.00018  C -2.57423 -1.86103 -0.07486 
C -1.60776 -0.86795 -0.00003  C -1.59993 -0.86837 0.08282 
C -1.92972 0.49051 -0.00004  C -1.9252 0.49054 0.03345 
C -3.29452 0.85874 0.00007  C -3.27223 0.85165 -0.18823 
C -4.29152 -0.11016 0.0002  C -4.24862 -0.1262 -0.35237 
C -3.94477 -1.47141 0.00029  C -3.8998 -1.48434 -0.29345 
H -2.34187 -2.91343 0.00028  H -2.31035 -2.92077 -0.03224 
H -3.54782 1.925 0.00005  H -3.53705 1.91297 -0.22716 
H -5.34022 0.18248 0.00023  H -5.28753 0.16009 -0.52565 
H -4.72876 -2.22942 0.00046  H -4.66961 -2.24969 -0.42163 
C -0.93247 1.5929 -0.00013  C -0.93536 1.5808 0.2141 
O -1.29479 2.75645 -0.00021  O -1.29926 2.71921 0.47094 
C 0.52766 1.26635 -0.00007  C 0.5186 1.27555 0.06017 
C 1.00919 -0.03601 -0.00012  C 1.00701 -0.02706 0.11686 
C 1.44515 2.33899 0.00007  C 1.41659 2.33818 -0.14709 
C 2.40661 -0.27098 0  C 2.39059 -0.26996 -0.03354 
C 2.81541 2.09764 0.0002  C 2.78247 2.08898 -0.29642 
H 1.05408 3.36104 0.00008  H 1.03481 3.36092 -0.18881 
C 3.31614 0.78584 0.00021  C 3.28576 0.78451 -0.2419 
H 3.5152 2.93417 0.00028  H 3.47141 2.92258 -0.45741 
H 4.38801 0.61371 0.00043  H 4.35402 0.60526 -0.36206 
S 0.03342 -1.47152 -0.00039  S 0.0296 -1.43686 0.39568 
O 2.69715 -1.61553 -0.00016  O 2.69578 -1.60522 0.05453 
C 4.09499 -1.99939 0.00025  C 4.07968 -1.99726 -0.16293 
H 4.02185 -3.09565 -0.00003  H 4.02166 -3.08965 -0.06086 
H 4.58823 -1.63963 -0.90703  H 4.40306 -1.71393 -1.16907 
H 4.58757 -1.64002 0.90804  H 4.72194 -1.56581 0.6106 

 

  



 

S28 
 

2-MeOTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C -3.50144 -1.18383 -0.00018  C -3.45545 -1.17913 -0.24409 
C -2.19039 -0.68401 0.00001  C -2.17633 -0.68085 0.0274 
C -1.93311 0.68723 0.00007  C -1.91848 0.69274 0.05914 
C -3.03054 1.5772 -0.00005  C -2.98146 1.58504 -0.19642 
C -4.33516 1.0948 -0.00028  C -4.25694 1.10086 -0.47359 
C -4.57008 -0.28953 -0.00035  C -4.49473 -0.28182 -0.49522 
H -3.68865 -2.25826 -0.0002  H -3.64811 -2.2545 -0.26524 
H -2.83012 2.65478 0.00006  H -2.7899 2.66205 -0.17133 
H -5.17514 1.78787 -0.0004  H -5.07508 1.79541 -0.67262 
H -5.59398 -0.66512 -0.00055  H -5.49806 -0.6576 -0.71179 
C -0.57273 1.28704 0.00023  C -0.58397 1.26067 0.36613 
O -0.43445 2.49723 0.00047  O -0.46493 2.41909 0.73578 
C 0.63328 0.39803 0.00008  C 0.62604 0.39789 0.19653 
C 0.571 -1.00042 0.00014  C 0.56207 -0.99959 0.18341 
C 1.88423 1.02421 -0.00005  C 1.86542 1.03002 0.05057 
C 1.73405 -1.78002 0.00008  C 1.71676 -1.77888 0.03362 
C 3.04999 0.23546 -0.00012  C 3.02163 0.24216 -0.10465 
H 1.9586 2.11728 -0.00009  H 1.94201 2.11937 0.06004 
C 2.98724 -1.1672 -0.00011  C 2.95762 -1.16229 -0.11126 
H 1.67292 -2.87084 0.00022  H 1.65694 -2.87228 0.02629 
H 3.88781 -1.77444 -0.00025  H 3.85584 -1.76898 -0.22951 
S -0.9292 -1.89228 0.00025  S -0.94074 -1.86877 0.38675 
O 4.20166 0.98774 -0.00022  O 4.16404 0.99116 -0.23989 
C 5.46883 0.28653 -0.00019  C 5.42337 0.28963 -0.42325 
H 5.57235 -0.31474 -0.90772  H 5.40349 -0.29435 -1.34844 
H 6.18253 1.12212 -0.00017  H 6.1343 1.1236 -0.50136 
H 5.57231 -0.3147 0.90739  H 5.64427 -0.33302 0.44886 

 

  



 

S29 
 

2-F,2¶-MeOTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C 3.07115 1.524 -0.09087  C 3.04169 1.51588 -0.1918 
C 1.80549 0.92801 0.04938  C 1.79663 0.92938 0.08902 
C 1.64984 -0.45835 0.08347  C 1.64127 -0.45671 0.1657 
C 2.79029 -1.27946 -0.02751  C 2.75755 -1.28847 -0.0508 
C 4.03352 -0.67114 -0.16898  C 3.9802 -0.68679 -0.3335 
C 4.20333 0.72289 -0.20218  C 4.15238 0.70524 -0.40755 
H 3.17288 2.61146 -0.11585  H 3.14749 2.60445 -0.24679 
H 2.67577 -2.36943 0.00659  H 2.64779 -2.37558 0.0105 
H 5.19426 1.16503 -0.3131  H 5.12861 1.14368 -0.63103 
C 0.33341 -1.14607 0.24519  C 0.33967 -1.10807 0.48679 
O 0.28972 -2.34254 0.45711  O 0.30526 -2.2469 0.92216 
C -0.92881 -0.35156 0.12152  C -0.92107 -0.34487 0.24461 
C -0.96363 1.04778 0.08877  C -0.95422 1.05222 0.17433 
C -2.1276 -1.06703 0.04126  C -2.10712 -1.0704 0.09018 
C -2.17438 1.74152 -0.02182  C -2.15563 1.73971 -0.043 
C -3.3423 -0.36358 -0.07142  C -3.31037 -0.37395 -0.13182 
H -2.1271 -2.16186 0.07242  H -2.10762 -2.16119 0.1437 
C -3.37754 1.03975 -0.10244  C -3.34453 1.03022 -0.19724 
H -2.18992 2.83374 -0.04819  H -2.17249 2.83344 -0.09637 
H -4.31576 1.58065 -0.18861  H -4.279 1.5658 -0.36822 
S 0.46843 2.03933 0.20395  S 0.47523 2.03342 0.39294 
F 5.11687 -1.4423 -0.27704  F 5.04258 -1.46814 -0.54258 
O -4.43388 -1.19619 -0.14374  O -4.39219 -1.20745 -0.267 
C -5.74428 -0.58858 -0.25334  C -5.69156 -0.60639 -0.51701 
H -5.82137 -0.01218 -1.17942  H -5.68397 -0.06298 -1.46678 
H -6.39456 -1.47394 -0.28738  H -6.33897 -1.49206 -0.57712 
H -5.9586 0.01867 0.63053  H -5.98276 0.03578 0.31957 
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2,2¶-MeOTX 

 

ChaUge =  0 MXOWiSOiciW\ = 1 

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

 # opt b3lyp/6-31g(d,p) 
scrfс(cpcm,solventсacetonitrile) 
geomсconnectivity 

C -2.60279 1.6956 0.1087  C 1.6896 -0.1593 2.58229 
C -1.37967 1.06855 -0.14868  C 1.07892 0.18936 1.37233 
C -1.28633 -0.32548 -0.25178  C -0.30958 0.34479 1.27956 
C -2.43522 -1.10423 -0.09299  C -1.10484 0.14191 2.41043 
C -3.66339 -0.46574 0.16932  C -0.4838 -0.21425 3.62393 
C -3.75976 0.93066 0.26958  C 0.91013 -0.36353 3.7202 
H -2.66408 2.78318 0.18941  H 2.77595 -0.27772 2.64689 
H -2.39049 -2.19378 -0.18177  H -2.18917 0.25873 2.36493 
H -4.70839 1.41987 0.4702  H 1.38576 -0.63771 4.66227 
C -0.00002 -1.03663 -0.53895  C -0.97786 0.73148 0 
O 0 -2.17301 -0.96643  O -2.04035 1.32729 0 
C 1.28631 -0.32548 -0.2518  C -0.30958 0.34479 -1.27956 
C 1.37973 1.06858 -0.14919  C 1.07892 0.18936 -1.37233 
C 2.43515 -1.10426 -0.09277  C -1.10484 0.14191 -2.41043 
C 2.60297 1.69567 0.10754  C 1.6896 -0.1593 -2.58229 
C 3.66339 -0.46574 0.16917  C -0.4838 -0.21425 -3.62393 
H 2.39034 -2.19383 -0.18108  H -2.18917 0.25873 -2.36493 
C 3.75992 0.93072 0.26857  C 0.91013 -0.36353 -3.7202 
H 2.66438 2.78328 0.18766  H 2.77595 -0.27772 -2.64689 
H 4.70866 1.41997 0.46857  H 1.38576 -0.63771 -4.66227 
S -0.00002 2.11726 -0.37774  S 2.12649 0.47819 0 
O -4.70436 -1.35473 0.30762  O -1.3799 -0.3848 4.64982 
O 4.70424 -1.35479 0.30811  O -1.3799 -0.3848 -4.64982 
C -6.02452 -0.81706 0.56332  C -0.86366 -0.77361 5.95137 
H -6.34731 -0.18572 -0.26928  H -1.78463 -0.83412 6.54753 
H -6.62872 -1.73322 0.61737  H -0.37277 -1.74972 5.89116 
H -6.04027 -0.28217 1.51695  H -0.19347 -0.00235 6.34247 
C 6.02441 -0.81719 0.56398  C -0.86366 -0.77361 -5.95137 
H 6.03988 -0.2817 1.51732  H -0.37277 -1.74972 -5.89116 
H 6.62843 -1.73342 0.61884  H -1.78463 -0.83412 -6.54753 
H 6.34764 -0.18643 -0.26886  H -0.19347 -0.00235 -6.34247 
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E[cited State Energies 
 

          

Q-RUbiWaO    HOMO (ʌ-RUbiWaO)   LUMO (ʌ*-RUbiWaO) 

Figure S9: ReSUeVeQWeWiYe MOV fRU Whe ORZeVW eQeUg\ WUaQViWiRQV Rf iQWeUeVW, 3,3¶-MeOTX VhRZQ 

ThiR[aQWhRQe  GaVeRXV CPCM 
3,3¶-MeOTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

355 363 292 313 356 364 291 308 

ChaUacWeU Qʌ* ʌʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* ʌʌ* 

 ǻ Q-S  -8 kj/PRO 21 kj/PRO 8 kj/PRO 33 kj/PRO 
Table S3 

ThiR[aQWhRQe  GaVeRXV CPCM 
3,3¶-FTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

353 365 290 310 355 360 286 319 

ChaUacWeU Qʌ* ʌʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* 

 ǻ Q-S -12 kj/PRO 21 kj/PRO 5 kj/PRO 33 kj/PRO 
Table S4 

ThiR[aQWhRQe  GaVeRXV CPCM 
3-MeOTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

349 354 284 307 346 358 280 306 

ChaUacWeU Qʌ* ʌʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* ʌʌ* 

 ǻ Q-S -5 kj/PRO 23 kj/PRO 12 kj/PRO 38 kj/PRO 
Table S5 

ThiR[aQWhRQe  GaVeRXV CPCM 
3-FTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

349 356 282 306 346 357 278 316 

ChaUacWeU Qʌ* ʌʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* 

 ǻ Q-S -7 kj/PRO 23 kj/PRO 11 kj/PRO 38 kj/PRO 
Table S6 
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ThiR[aQWhRQe  GaVeRXV CPCM 
TX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

345 347 274 302 338 353 269 312 

ChaUacWeU Qʌ* ʌʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* 

 ǻ Q-S -2 kj/PRO 28 kj/PRO 15 kj/PRO 43 kj/PRO 
Table S7 

ThiR[aQWhRQe  GaVeRXV CPCM 
ITX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

343 345 270 302 333 353 264 312 

ChaUacWeU ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* 

 ǻ Q-S 2 kj/PRO 32 kj/PRO 20 kj/PRO 48 kj/PRO 
Table S8 

ThiR[aQWhRQe  GaVeRXV CPCM 
2-FTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

337 344 263 301 329 353 258 311 

ChaUacWeU ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* 

 ǻ Q-S 7 kj/PRO 38 kj/PRO 24 kj/PRO 53 kj/PRO 
Table S9 

ThiR[aQWhRQe  GaVeRXV CPCM 
4-MeOTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

336 346 267 302 325 354 261 303 

ChaUacWeU ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* ʌʌ* 

 ǻ Q-S 10 kj/PRO 35 kj/PRO 29 kj/PRO 52 kj/PRO 
Table S10 

ThiR[aQWhRQe  GaVeRXV CPCM 
2-MeOTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

320 343 252 300 310 353 243 312 

ChaUacWeU ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* 

 ǻ Q-S 23 kj/PRO 48 kj/PRO 43 kj/PRO 69 kj/PRO 
Table S11 

 

  



 

S33 
 

ThiR[aQWhRQe  GaVeRXV CPCM 
2-MeO,2¶-FTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

311 342 242 299 301 352 234 311 

ChaUacWeU ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* 

 ǻ Q-S 31 kj/PRO 57 kj/PRO 51 kj/PRO 77 kj/PRO 
Table S12 

ThiR[aQWhRQe  GaVeRXV CPCM 
2,2¶-MeOTX  S1 S2 T1 T2 S1 S2 T1 T2 

 

EQeUg\ 
(kj/PRO) 

302 342 235 299 291 352 225 310 

ChaUacWeU ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* Qʌ* ʌʌ* ʌʌ* 

 ǻ Q-S 40 kj/PRO 64 kj/PRO 61 kj/PRO 86 kj/PRO 
Table S13 

 

S\nthesis of NoYel Photochemical Precursors 
Amino cinnamate 8 

 
Scheme S3 

A VWiUUed VXVSeQViRQ Rf NaH (60% RQ RiO, 32 g, 800 PPRO) iQ WROXeQe (300 PO) ZiWh diPeWh\O caUbRQaWe 
(68 PO, 808 PPRO) ZaV heaWed WR 95�C iQ a 1 L fOaVk ZiWh aQ RYeUhead VWiUUeU aQd cRQdeQVeU. A VROXWiRQ 
Rf aceWRSheQRQe (46.6 PO, 400 PPRO) iQ WROXeQe (100 PO) ZaV added dURSZiVe WR aOORZ fRU a cRQWUROOed 
e[RWheUP aQd H2 eYROXWiRQ. AfWeU Whe addiWiRQ ZaV cRPSOeWe, heaWiQg ZaV cRQWiQXed fRU 1 hRXU befRUe 
Whe VROXWiRQ ZaV cRROed iQ aQ ice baWh aQd TXeQched ZiWh aceWic acid (23 PO, 400 PPRO) aQd 1 M HCO 
(400 PO). The biShaVic Pi[WXUe ZaV VeSaUaWed aQd Whe aTXeRXV Oa\eU fXUWheU e[WUacWed ZiWh EWOAC 
(2î150 PO) befRUe Whe SRROed RUgaQic e[WUacWV ZeUe ZaVhed ZiWh bUiQe, dUied (MgSO4), fiOWeUed aQd 
cRQceQWUaWed LQ YDFXR. The UeVXOWiQg RiO ZaV fiOWeUed WhURXgh ViOica ZiWh SeW. eWheU 40/60, WheQ EW2O aQd 
Whe VROXWiRQ eYaSRUaWed XQdeU UedXced SUeVVXUe WR giYe Whe 1,3-keWR eVWeU aV aQ RiO (71.5 g, 100%). 53.5 
g (300 PPRO) Rf WhiV RiO, aORQg ZiWh aOO\OaPiQe (45 PO, 600 PPRO) aQd aceWic acid (34 PO, 600 PPRO) 
ZaV added WR EWOH (300 PO) iQ a 1 L fOaVk  aQd Whe VROXWiRQ UefOX[ed fRU 3 hRXUV XQWiO aOO keWR-eVWeU had 
beeQ cRQVXPed. The cRROed VROXWiRQ ZaV cRQceQWUaWed, SXUified b\ chURPaWRgUaSh\ RQ ViOica (10-20% 
EW2O iQ SeWURO) aQd cRQceQWUaWed WR aQ RiO (52 g) ZiWh ZaV Ue-diVVROYed iQ SeWURO (50 PO), cRROed iQ a 
fUee]eU aW -20�C aQd Whe UeVXOWiQg VXVSeQViRQ UaSidO\ fiOWeUed WR giYe 8 aV a ZhiWe VROid (47.5 g, 73%): 
P.S. 35 ± 36 �C; įH (400 MH], CDCO3) 8.61 (1H, V, NH), 7.43 ± 7.32 (5H, P, AU.H), 5.78 (1H, ddW, J = 
17.1, 10.1, 4.9 H], CH=CHH), 5.21 (1H, aSS. dT, J = 17.1, 1.7 H], CH=CHH), 5.11 (1H, aSS. dT, J = 
10.3, 1.6 H], CH=CHH), 4.64 (1H, V, CH=C), 3.72 ± 3.64 (5H, P, NCH2, OCH3); įC (101 MH], CDCO3) 
170.9 (C), 165.1 (C), 136.0 (C), 135.5 (CH), 129.5 (CH), 128.5 (2îCH), 127.9 (2îCH), 116.0 (CH2), 
85.5 (CH), 50.4 (CH2), 46.9 (CH3); ESI-HRMS P/] 218.1180 (MH+ C13H16NO2 UeTXiUeV 218.1176) 
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Boc protection to 25 

 
Scheme S4 

TR a VROXWiRQ Rf aPiQR ciQQaPaWe 8 (21.7 g, 100 PRO) iQ MeCN (100 PO) ZaV added BRc2O (28.3 g, 130 
PPRO) aQd DMAP (0.61 g, 5 PPRO) aQd Whe Pi[WXUe heaWed WR 65�C. AfWeU gaV eYROXWiRQ had ceaVed, 
addiWiRQaO BRc2O (16.7 g, 77 PPRO) ZaV added SRUWiRQZiVe. The VROXWiRQ ZaV cRQceQWUaWed aQd SXUified 
b\ chURPaWRgUaSh\ RQ ViOica (10-20% EW2O iQ SeWURO) WR giYe 25 aV a VROid (19.0 g, 60%): P.S. 60 ± 61 
�C; įH (400 MH], CDCO3) 7.40 ± 7.29 (5H, P, AU.H), 5.92 (1H, ddW, J = 17.0, 10.6, 5.4 H], CH=CHH), 
5.86 (1H, V, CH=C), 5.25 ± 5.16 (2H, P, CH=CHH), 4.24 (2H, aSS. dW, J = 5.4, 1.6 H], NCH2), 3.56 
(3H, V, OCH3), 1.15 (9H, V, 3îCH3); įC (101 MH], CDCO3) 167.0 (C), 156.1 (C), 153.7 (C), 136.9 (C), 
133.6 (CH), 129.4 (CH), 128.8 (2îCH), 127.8 (2îCH), 117.1 (CH2), 109.7 (CH), 81.8 (C), 53.3 (CH2), 
51.3 (CH3), 27.8 (3îCH3); ESI-HRMS P/] 318.1699 (MH+ C18H24NO4 UeTXiUeV 318.1700) 

Į-amido acr\late 13 

 
Scheme S5 

SolYent-free Ba\lis-Hillman :  A Pi[WXUe Rf PeWh\O acU\OaWe (333 PPRO, 1.0 eT.), beQ]aOdeh\de (333 
PPRO, 1.0 eT.) aQd DABCO (20 PRO %) ZaV VWiUUed aW URRP WePS fRU 5 da\V befRUe SRXUiQg RYeU 1 M 
HCO (250 PO) aQd e[WUacWiQg ZiWh EWOAc (3î200 PO). The RUgaQic e[WUacWV ZeUe dUied (MgSO4), fiOWeUed 
aQd eYaSRUaWed WR aQ RiO (62.9 g) cRQWaiQiQg a15 PRO. % beQ]aOdeh\de. The SURdXcW A ZaV Rf VXfficieQW 
SXUiW\ WR XVe iQ Qe[W VWeS.  

Ac\lation:  TR aQ ice cRROed VROXWiRQ Rf Whe abRYe Ba\OiV-HiOOPaQ addXcW A iQ DCM (a300 PPRO; 
2M), aQd S\UidiQe (1.15 eT), ZaV added aceW\O chORUide (1.15 eT.) dURSZiVe. The Pi[WXUe ZaV aOORZed 
WR ZaUP WR URRP WePSeUaWXUe aQd VWiUUiQg cRQWiQXed XQWiO Whe aOcRhRO ZaV fXOO\ cRQVXPed (PRQiWRUed 
b\ WOc). The cRQceQWUaWiRQ ZaV haOYed b\ Whe addiWiRQ Rf PRUe DCM aQd Whe Pi[WXUe ZaVhed ZiWh 1 M 
HCO (î2) aQd ZaWeU. The VROXWiRQ ZaV dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR giYe B aV aQ RiO 
cRQWaiQiQg UeVidXaO beQ]aOdeh\de aV aQ iPSXUiW\ (a15%). YieOd § 83% (2-VWeSV) 

Ser-OMe.HCl:  AceW\O chORUide (2.5 eT) ZaV added dURSZiVe WR MeOH (600 PO) befRUe Whe SRUWiRQZiVe 
addiWiRQ Rf DL-VeUiQe (0.5 PRO, 1.0 eT.) aQd Whe Pi[WXUe UefOX[ed fRU 2 hUV. The VROYeQW ZaV eYaSRUaWed, 
Whe SURdXcW ZaV WUiWXUaWed ZiWh EW2O, fiOWeUed aQd ZaVhed (EW2O) befRUe dU\iQg WR a fUee-fORZiQg SRZdeU 
(76 g, 98%) 

Serine Adduct C:  TR a 1:1 THF/WaWeU VROXWiRQ Rf cUXde aOO\Oic aceWaWe B (200 PPRO, 1 M) cRROed iQ 
aQ ice baWh ZaV added DABCO (2.5 eT.) The ice baWh ZaV UePRYed aQd Whe Pi[WXUe VWiUUed fRU 15 PiQ 
befRUe Whe SRUWiRQZiVe addiWiRQ Rf SeU-OMe.HCO (1.2 eT.). The Pi[WXUe ZaV VWiUUed, XQWiO Whe UeacWiRQ 
had gRQe WR cRPSOeWiRQ, befRUe UePRYaO Rf THF XQdeU UedXced SUeVVXUe. The UePaiQiQg Pi[WXUe ZaV 
e[WUacWed ZiWh EWOAc, dUied (MgSO4) aQd chURPaWRgUaSh\ RQ ViOica (gUadieQW eOXWiRQ 30% -80% EWOAc 
iQ he[aQe) \ieOded Whe SURdXcW C aV aQ RiO (49g), fUee fURP beQ]aOdeh\de aQd aV a Pi[ Rf diaVWeUeRPeUV. 
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Ben]o\lation to E:  TR a VROXWiRQ Rf C (a167 PPRO ) iQ DCM (1 M) ZaV added EW3N (1.15 eT.) aQd Whe 
VROXWiRQ cRROed iQ aQ ice baWh afWeU Zhich ZaV added B]CO (1.15 eT.) dURSZiVe. The VROXWiRQ ZaV VWiUUed 
aW URRP WePSeUaWXUe fRU aSSUR[. 1 hU. befRUe ZaVhiQg ZiWh 1 M HCO (î2) aQd bUiQe. The VROXWiRQ ZaV 
dUied (MgSO4), fiOWeUed aQd eYaSRUaWed WR D aQ RiO Zhich ZaV XVed diUecWO\ fRU Whe VecRQd beQ]R\OaWiRQ. 
TR VROXWiRQ Rf D iQ MeCN (1 M) aQd EW3N (1.2 eT.) ZaV added B]CO (1.2 eT) aQd Whe Pi[WXUe WheQ 
heaWed aW UefOX[ ZiWh VWiUUiQg XQWiO fXOO cRQVXPSWiRQ Rf Whe VWaUWiQg PaWeUiaO (WOc PRQiWRUiQg). AfWeU 
cRROiQg WR URRP WePSeUaWXUe Whe VOXUU\ ZaV fiOWeUed aQd Whe VROXWiRQ cRQceQWUaWed LQ YDFXR befRUe Ue-
diVVROYiQg iQ DCM aQd ZaVhiQg ZiWh 1 M HCO aQd bUiQe. The VROXWiRQ ZaV dUied (MgSO4), fiOWeUed aQd 
eYaSRUaWed WR aQ RiO Zhich ZaV SXUified b\ chURPaWRgUaSh\ RQ ViOica (20 ± 30% EWOAc iQ he[aQe) WR 
giYe E aV aQ RiO (75g, Pi[WXUe Rf diaVWeUeRPeUV).  

Ben]oate Elimination to 13: TR aQ ice cRROed VROXWiRQ Rf E (a150 PPRO) iQ DCM (0.6 M) ZaV added 
QeaW DBU (1 eT.) dURSZiVe. The ice baWh ZaV UePRYed aQd VWiUUiQg cRQWiQXed XQWiO Whe UeacWiRQ had gRQe 
WR cRPSOeWiRQ (WOc PRQiWRUiQg).  The VROXWiRQ ZaV ZaVhed (VaW. NaHCO3), bUiQe aQd dUied (MgSO4). 
ChURPaWRgUaSh\ RQ ViOica (30% EWOAc iQ he[aQe) \ieOded SURdXcW 13 aV a ZhiWe VROid (40.5g, 50% 
fURP B): P.S. 110 ± 112 �C; įH (400 MH], CDCO3) 7.55 ± 7.50 (2H, P, AU.H), 7.38 ± 7.23 (8H, P, 
AU.H), 6.71 (1H, bU. V, PhCH), 6.56 (1H, aSS. W, J = 1.0 H], CHH=C), 5.99 ± 5.97 (1H, P, CHH=C), 
5.96 (1H, d, J = 0.7 H], CHH=C), 5.45 (1H, d, J = 0.7 H], CHH=C), 3.70 (3H, V, CH3), 3.43 (3H, V, 
CH3); įC (101 MH], CDCO3) 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 (2îCH), 128.4 (2îCH), 128.3 (2îCH), 128.2 (2îCH), 128.1 (CH), 127.8 (CH2), 
124.8 (CH2), 62.5 (CH), 52.3 (CH3), 52.2 (CH3); ESI-HRMS P/] 380.1496 (MH+ C22H22NO5 UeTXiUeV 
380.1498) 

Amido st\rene 23 

 
Scheme S6 

A VROXWiRQ Rf Į-WeWUaORQe (100g, 684 PPRO) aQd aOO\OaPiQe (77 PO, 1.03 PRO) iQ c\cORhe[aQe (250 PO) 
ZaV VWiUUed RYeU 3c PROecXOaU VieYeV, 3-5 PP beadV, (140 g) iQ a 1 L fOaVk, heaWed aW 50�C fRU 90 hUV 
(95% cRQYeUViRQ). The Pi[WXUe ZaV fiOWeUed WhURXgh ceOiWe, cRQceQWUaWed LQ YDFXR aQd Whe UeVXOWiQg RiO 
SRXUed RYed DCM (500 PO), cRROed iQ aQ ice baWh, befRUe Whe addiWiRQ Rf beQ]R\O chORUide (79 PO, 684 
PPRO) WheQ WUieWh\OaPiQe (95 PO, 684 PPRO) RYeU abRXW 20 PiQV. The fXOO\ chaUged YeVVeO ZaV aOORZed 
WR ZaUP WR URRP WePSeUaWXUe aQd VWiUUed fRU 17 hUV befRUe fiOWeUiQg aQd Whe fiOWUaWe ZaVhed (1M HCO, 
VaW. aT. NaHCO3 aQd bUiQe), dUied (MgSO4) aQd fiOWeUed befRUe cRQceQWUaWiQg XQdeU UedXced SUeVVXUe. 
TR Whe UeVXOWiQg RiO ZaV added he[aQe WR aOORZ WUiWXUaWiRQ Rf Whe SURdXcW befRUe fiOWeUiQg WR giYe eQaPide 
23 aV aQ Rff-ZhiWe VROid (139 g, 70%): P.S. 86 ± 87 �C; įH (400 MH], CDCO3) 7.49 ± 7.11 (9H, P, 
AU.H), 5.99 (1H, dddd, J = 17.3, 10.2, 7.3, 5.4 H], CH2=CH), 5.52 (1H, dd, J = 6.0, 3.5 H], C=CHCH2), 
5.22 ± 5.09 (2H, P, CH2=CH), 4.83 (1H, dd, J = 14.5, 5.4 H], NCHHCH), 3.68 (1H, dd, J = 14.5, 7.3 
H], NCHHCH), 2.73 (1H, aSS. Wd, J = 14.3, 6.7 H], CCHHCH2), 2.60 (1H, aSS. dW, J = 15.5, 5.9 H], 
CCHHCH2), 2.18 (1H, aSS. dT, J = 17.6, 6.1 H], CH2CHHCH), 2.00 (1H, dddd, J = 17.0, 13.5, 6.7, 3.5 
H], CH2CHHCH); įC (101 MH], CDCO3) 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 (2îCH), 127.6 (2îCH), 127.0 (CH), 122.8 
(CH), 118.4 (CH2), 50.2 (CH2), 27.3 (CH2), 22.9 (CH2); ESI-HRMS P/] 290.1549 (MH+ C20H20NO 
UeTXiUeV 290.1539) 
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N-Bn-3-(but-3-en-1-\lo[\)-maleimide (27) 

NBQ

O

O

BU
NBQ

O

O

OOH

EW3N (2.0 HT.)
MHCN, U.W

(1.1 HT)

27  
Scheme S7 

A Pi[WXUe Rf N-beQ]\O-3-bURPRPaOeiPide (16.9 g, 63.5 PPRO), 3-bXWeQ-1-RO (6 PO, 70 PPRO) aQd 
WUieWh\OaPiQe (17.6 PO, 127 PPRO) iQ MeCN (65 PO) ZaV VWiUUed aW URRP WePSeUaWXUe fRU 4 da\V. The 
Pi[WXUe ZaV cRQceQWUaWed, Ue-diVVROYed iQ DCM (100 PO) aQd ZaVhed ZiWh ZaWeU (2î 50 PO), dUied 
(MgSO4), fiOWeUed aQd cRQceQWUaWed WR aQ RiO Zhich ZaV fiOWeUed WhURXgh ViOica ZiWh EW2O. The VROYeQW 
ZaV UePRYed LQ YDFXR, SXUified b\ chURPaWRgUaSh\ RQ ViOica (70-100% DCM iQ SeWURO) aQd 
cRQceQWUaWed WR aQ RiO Zhich ZaV WUiWXUaWed ZiWh SeWURO / EW2O, fiOWeUed aQd dUied WR giYe 27 aV a ZhiWe 
VROid (10.3 g, 63%): P.S. 66 - 67�C; įH (400 MH], CDCO3) 7.35 ± 7.22 (5H, P, AU.H), 5.80 (1H, ddW, J 
= 17.0, 10.2, 6.7 H], CH=CHH), 5.36 (1H, V, CH=C), 5.20 ± 5.10 (2H, P, CH=CH2), 4.64 (2H, V, 
NCH2Ph), 4.05 (2H, W, J = 6.8 H], OCH2CH2), 2.57 (2H, aSS. TW, J = 6.8, 1.3 H], OCH2CH2); įC (101 
MH], CDCO3) 170.1 (C), 165.5 (C), 160.2 (C), 136.4 (C), 132.6 (CH), 128.8 (2îCH), 128.6 (2îCH), 
127.9 (CH), 118.6 (CH2), 96.6 (CH), 71.7 (CH2), 41.3 (CH2), 32.7 (CH2); ESI-HRMS P/] 280.0940 
(MNa+ C15H15NO3Na UeTXiUeV 280.0944) 

NoYel Reactor Configurations 
Parallel NMR Tube Irradiations 
FRU UaSid VcUeeQiQg Rf Whe VeQViWi]eU VeUieV, a ViPSOe QeZ PeWhRd ZaV deYiVed WR VaYe WiPe aQd PaWeUiaO. 
IUUadiaWiRQV ZeUe caUUied RXW diUecWO\ iQ VWaQdaUd NMR WXbeV XViQg deXWeUaWed aceWRQiWUiOe. SWRck 
VROXWiRQV Rf Whe VXbVWUaWe (5 PO, 0.1 ± 0.2 M) ZeUe SUeSaUed iQ a 5 PO YROXPeWUic fOaVk, ZiWh adiSRQiWUiOe 
(0.5 eT) aV aQ iQWeUQaO VWaQdaUd if QeceVVaU\, befRUe diVSeQViQg 0.4 PO aOiTXRWV iQWR iQdiYidXaO NMR 
WXbeV cRQWaiQiQg Whe VeQViWi]eU Rf iQWeUeVW. The VROXWiRQV ZeUe WheQ iUUadiaWed iQ SaUaOOeO ZiWh a 9 W PL-
S UVA OaPS b\ hROdiQg Whe WXbeV eTXidiVWaQW fURP Whe OaPS (1-2 PP) XViQg aQ iPSURYiVed WXbe hROdeU 
(FigXUe S10). The ORZ SRZeU RXWSXW Rf Whe OaPS PeaQW WhaW e[WeUQaO cRROiQg ZaV QRW UeTXiUed. 

The UeacWiRQ SURgUeVV ZaV PRQiWRUed SeUiRdicaOO\ b\ 1H-NMR. B\ XViQg WhiV PeWhRd, Whe eQWiUe 
VeQViWi]eU VeUieV cRXOd be VcUeeQed ZiWhiQ a ZRUkiQg da\, ZiWhRXW Whe Qeed fRU VaPSOe SUeSaUaWiRQ, aQd 
XViQg jXVW 0.5 ± 1.0 PPRO Rf Whe VXbVWUaWe.  

Figure S10: PaUaOOeO NMR WXbe iUUadiaWiRQV ZiWh 9 W SO-V OaPS 
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36 W Blue COB Reactor Configuration 
TR iQYeVWigaWe Whe efficac\ Rf Whe YiVibOe OighW abVRUbiQg TX deUiYaWiYeV aV µeQeUg\ WUaQVfeU 
ShRWRcaWaO\VWV¶ iW ZaV QeceVVaU\ WR cRQVWUXcW a QRYeO UeacWRU baVed aURXQd a high-iQWeQViW\ bOXe OighW 
VRXUce. ReSRUWed UeacWRUV fRU YiVibOe OighW ShRWRcaWaO\ViV aUe XVXaOO\ baVed aURXQd SMD (SXUface MRXQW 
DeYice) LED chiSV. SiQgOe cRORXU, high SRZeU SMD LEDV W\SicaOO\ RSeUaWe aW abRXW 1 ± 3 W, haYe 
abRXW 1- 3 iQdiYidXaO diRdeV iQ a ViQgOe hRXViQg aQd PXVW be cRQQecWed iQ aUUa\V if PRUe SRZeU / OighW 
iQWeQViW\ iV UeTXiUed. 

COB (ChiS OQ bRaUd) LEDV haYe PaQ\ PRUe diRdeV (> 9) PRXQWed RQ a ViQgOe VXUface aQd caQ RffeU 
PXch higheU SRZeU deQViWieV ZiWhRXW haYiQg WR cRQQecW PXOWiSOe chiSV iQ aQ aUUa\. TheVe deYiceV caQ 
be cRPPRQO\ fRXQd iQ high SRZeU ZhiWe LED VSRWOighWV. The ZhiWe OighW iV SURdXced b\ a ShRVShRU 
fiOP RYeU aQ LED chiS Zhich dRZQ-cRQYeUWV a higheU eQeUg\ OighW VRXUce WR Whe fXOO UaQge Rf YiVibOe 
cRORXUV. . IQ Whe caVe Rf ZhiWe COB LEDV Whe ShRVShRU iV dUiYeQ b\ Whe PXch eaVieU / cheaSeU WR acceVV 
ePiVViRQ fURP bOXe LEDV. AV a UeVXOW, aOO ZhiWe COB chiSV haYe aW WheiU ceQWUe a SRZeUfXO VRXUce Rf 
bOXe OighW Zhich iV ideaO fRU PaQ\ ShRWRUedR[ caWaO\VWV aQd ORZeU eQeUg\ WUiSOeW VeQViWi]eUV Zhich caQ 
e[ciWed b\ YiVibOe OighW. IQWeUeVWiQgO\, µQaked¶ bOXe COB chiSV haYe RQO\ UeOaWiYeO\ UeceQWO\ becRPe 
cRPPeUciaOO\ aYaiOabOe. LED PaQXfacWXUeU CiWi]eQ SURdXce VXch chiSV fRU aTXaUiXPV, VZiPPiQg SRROV 
aQd aUchiWecWXUaO XVe.  

A WUa\ Rf Whe 34.6 V, 22 PP COB chiSV ZaV RUdeUed fRU iQiWiaO iQYeVWigaWiRQV baVed RQ Whe cRQYeQieQW 
chiS Vi]e aQd aYaiOabiOiW\ Rf a cRPSacW 36 W 1.05 A cRQVWaQW cXUUeQW dUiYeU. The Seak ZaYeOeQgWh iV 
455 QP aQd Whe ePiVViRQ VSaQV fURP aSSUR[iPaWeO\ 430 ± 480 QP.  

36 W Blue COB Reactor Construction 
The ke\ UeTXiUePeQWV Rf a ShRWRchePicaO baWch UeacWRU aUe: 

1) OighW VRXUce iQ RSWiPaO SRViWiRQ WR eQVXUe efficieQW OighW deOiYeU\ WR VROXWiRQ 

2) a PeaQV Rf VWiUUiQg VROXWiRQ aQd  

3) effecWiYe heaW PaQagePeQW.  

ReSRUWed YiVibOe OighW PediaWed ShRWRUedR[ UeacWiRQV aUe RfWeQ dUiYeQ b\ a 40 W KeVViO OaPS RU a 
fOe[ibOe LED VWUiS SOaced Vide-RQ aQd a feZ ceQWiPeWUeV aZa\ fURP a YiaO cRQWaiQiQg Whe UeacWiRQ 
VROXWiRQ (FigXUe S11, OefW). The RYeUaOO OighW caSWXUe iV SRRU aQd aV a UeVXOW Whe UeacWiRQV aUe RfWeQ OefW 
RQ RYeUQighW WR dUiYe a VXcceVVfXO UeacWiRQ WR cRPSOeWiRQ. The Vide-RQ PeWhRd Rf iUUadiaWiRQ iV QeceVVaU\ 
ViQce Whe YiaOV aUe VWiUUed RYeU a PagQeWic VWiUUeU aQd WheUe iV QR URRP beORZ fRU Whe bXOk\ cRPPeUciaO 
OighW VRXUce. 

   
Figure S11 - LHIW: IQefficieQW Vide-RQ iUUadiaWiRQ ZiWh e[WeUQaO KeVViO OaPSV RYeU PagQeWic VWiUUeU; RLJKW: NRYeO iQWegUaWed 
COB LED aQd PagQeWic VWiUUeU fRU efficieQW OighW caSWXUe 

The XVe Rf a COB LED aOORZV fRU efficieQW VWiUUiQg ZiWh ViPXOWaQeRXV iUUadiaWiRQ ViQce Whe fOaW COB 
chiS caQ be PRXQWed diUecWO\ RQWR Whe PeWaO VXUface Rf a PagQeWic VWiUUeU ZiWhRXW affecWiQg iWV abiOiW\ WR 
VWiU (FigXUe S11, UighW). IQ WhiV Za\, a YeVVeO caQ be PagQeWicaOO\ VWiUUed diUecWO\ RYeU Whe high iQWeQViW\ 
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diVchaUge Rf Whe COB. IQ Whe caVe Rf Whe 36 W COB XVed, iW ZaV aVVXPed Whe PeWaO bRd\ Rf Whe VWiUUeU 
VhRXOd aOORZ fRU VXfficieQW heaW diVViSaWiRQ aQd VR SUeYeQW Whe COB chiS RYeUheaWiQg.  

The UeacWRU ZaV baVed aURXQd a HeidROSh VWiUUeU hRWSOaWe ZiWh bURkeQ heaWiQg cRQWUROV (FigXUe S12). 
The heaWiQg ciUcXiWU\ cRXOd be UePRYed aQd UeSOaced ZiWh Whe LED dUiYeU Zhich fRUWXiWRXVO\ fiW QeaWO\ 
ZiWhiQ Whe UeVXOWiQg caYiW\. AV a UeVXOW, Whe dUiYeU cRXOd be ZiUed iQWeUQaOO\ RQWR Whe RUigiQaO heaWiQg 
VZiWch aOORZiQg fRU a cRPSacW aQd Vafe deVigQ ZiWh PiQiPaO effRUW. The LED COB ZaV fi[ed WR Whe 
SOaWe ZiWh a cRPPeUciaOO\ aYaiOabOe PRXQW aQd a cRXSOe Rf VcUeZV WaSSed iQWR Whe PeWaO VXUface. 
TheUPaO cRQWacW ZaV Pade ZiWh VRPe WheUPaO SaVWe.   

   
Figure S12: WRUkiQg SURWRW\Se Rf Whe 36 W bOXe COB UeacWRU 

SWiUUiQg aceWRQiWUiOe iQ a 50 PO Ubf RYeU Whe 36 W COB UeVXOWed iQ UaSid heaWiQg Rf Whe VROYeQW WR QeaU 
UefOX[ aQd VR a faQ ZaV iQWURdXced WR Whe Vide Rf Whe YeVVeO. ThiV aOORZed Whe WePSeUaWXUe WR be 
PaiQWaiQed beORZ 40�C aQd aOVR aVViVWed iQ cRROiQg Whe VXUface Rf Whe VWiUUeU. AddiWiRQaO cRQWURO RYeU 
Whe WePSeUaWXUe cRXOd iQYROYe a VPaOO dRXbOe jackeWed YeVVeO RU cROd-fiQgeU.  

TX Sensiti]er Screening Studies 
Alkene Isomeri]ation Studies in NMR Tubes 
 

 
Scheme S8 

A VWRck VROXWiRQ ZaV SUeSaUed iQ a 5 PO YROXPeWUic fOaVk XViQg 1 PPRO Rf Whe UeOeYaQW WUDQV-VW\UeQe 
deUiYaWiYe aQd deXWeUaWed aceWRQiWUiOe (0.2 M). FRU each iUUadiaWiRQ, 0.5 PO aOiTXRWV ZeUe added WR aQ 
NMR WXbe cRQWaiQiQg Whe UeOeYaQW WhiR[aQWhRQe deUiYaWiYe (5 PRO%) befRUe geQWO\ ZaUPiQg WR eQVXUe 
Whe VeQViWi]eU ZaV fXOO\ diVVROYed. The NMR WXbe ZaV SOaced agaiQVW a ORZ SUeVVXUe 9 W PL-S UVA 
OaPS aQd Whe iVRPeUic UaWiR ZaV PRQiWRUed eYeU\ 15 PiQV b\ 1H-NMR.  
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 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 1.09 1 : 0.87 
30 1 : 1.15 1 : 1.03 
45 1 : 1.15 1 : 1.04 

Table S14: 3,3¶-MeOTX 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 0.97 1 : 0.76 
30 1 : 1.13 1: 1.00 
45 1 : 1.14 1 : 1.03 

Table S15: 3,3¶-FTX 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 1.03 1 : 1.02 
30 1 : 1.23  
60 1 : 1.23 1 : 1.05 

Table S16: 3-MeOTX 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 0.88 1 : 0.77 
30 1 : 1.19 1 : 1.00 
45 1 : 1.24 1 : 1.04 
60 1 : 1.23  

Table S17: 3-FTX 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 1.22  
30 1 : 1.57 1 : 1.10 
45 1 : 1.64 1 : 1.11 
60 1 : 1.63  

Table S18: ITX 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 1.50 1 : 0.83 
30 1 : 1.83 1 : 1.12 
45 1 : 1.86 1 : 1.15 
60 1 : 1.88  

Table S19: 2-FTX 

 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 1.05 1 : 0.78 
30 1 : 1.90 1 : 1.11 
45 1 : 2.09 1 : 1.18 
60 1 : 2.13 1 : 1.21 

Table S20: 4-MeOTX 
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 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 2.32 1 : 1.06 
30 1 : 4.91 1 : 1.47 
45 1 : 4.82 1 : 1.52 
60 1 : 4.82  

Table S21: 2-MeOTX 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 1.72 1 : 1.31 
30 1 : 4.66 1 : 1.73 
45 1 : 4.92 1 : 1.73 
60 1 : 4.97  

Table S22: 2-F,2¶-MeOTX 

 WUDQV : FLV  
TiPe / PiQV ȕ-Me VW\UeQe Me-ciQQaPaWe  
15 1 : 2.02 1 : 1.17 
30 1 : 3.70 1 : 1.48 
45 1 : 3.55 1 : 1.46 

Table S23: 2,2¶-MeOTX 

Sensiti]er Screen Zith 125 W, 150 ml Immersion Well Reactor  
Enamide (1) to 2,4-methanop\rrolidine (2)  

 
Scheme S9 

The geQeUaO iPPeUViRQ ZeOO baWch iUUadiaWiRQ SURcedXUe ZaV fROORZed XViQg a 125 W Hg OaPS aQd 150 
PO P\Ue[ UeacWRU. A VROXWiRQ Rf eQaPide 1 (3.95 g, 15 PPRO) iQ degaVVed MeCN (150 PO) ZaV iUUadiaWed 
ZiWh Whe UeOeYaQW WhiR[aQWhRQe deUiYaWiYe (0.6 PPRO) aQd Whe UeacWiRQ PRQiWRUed b\ TXaQWiWaWiYe 1H-
NMR XViQg 1,3,5-WUiPeWhR[\beQ]eQe aV aQ iQWeUQaO VWaQdaUd.  

 SeQViWi]eU (4 PRO %) 
TiPe (PiQ) 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 
IQiWiaO 

SURdXcWiYiW\ 
PPRO/h 

5.4 6.2 6.9 6.3 6.8 7.8 8.3 7.4 7.2 

Table S24 

THPA (3) to C\clobutene (7) 

 
Scheme S10 

The geQeUaO iPPeUViRQ ZeOO baWch iUUadiaWiRQ SURcedXUe ZaV fROORZed XViQg a 125 W Hg OaPS aQd 150 
PO P\Ue[ UeacWRU. A VROXWiRQ Rf THPA 3 (4.56 g, 30 PPRO) aQd SURSaUg\O aOcRhRO (2.62 PO, 45 PPRO) 



 

S41 
 

iQ degaVVed MeCN (150 PO) ZaV iUUadiaWed ZiWh Whe UeOeYaQW WhiR[aQWhRQe deUiYaWiYe (0.6 PPRO) aQd 
Whe UeacWiRQ PRQiWRUed b\ TXaQWiWaWiYe 1H-NMR XViQg 1,3,5-WUiPeWhR[\beQ]eQe aV aQ iQWeUQaO VWaQdaUd.  

 

 SeQViWi]eU (4 PRO %) 
TiPe (PiQ) 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 / 

IQiWiaO 
SURdXcWiYiW\ 

PPRO/h 
22 26 21 25 24 25 8 1.8 0 

Table S25 

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

 
Scheme S11 

A VROXWiRQ Rf eQaPiQe 8 (1.63 g, 7.5 PPRO) aQd Whe UeOeYaQW TX deUiYaWiYe (0.3 PPRO) iQ degaVVed 
MeCN (150 PO) ZaV iUUadiaWed iQ a 150 PO P\Ue[ iPPeUViRQ ZeOO baWch UeacWRU ZiWh a 125 W Hg OaPS. 
The UeacWiRQ ZaV fROORZed b\ TXaQWiWaWiYe 1H-NMR XViQg 1,3,5-WUiPeWhR[\beQ]eQe aV aQ iQWeUQaO 
VWaQdaUd. WheQ aW fXOO cRQYeUViRQ Whe cRQceQWUaWed UeacWiRQ Pi[WXUe ZaV SXUified b\ chURPaWRgUaSh\ 
RQ ViOica (30-40% EWOAc iQ SeWURO) WR \ieOd c\cOic iPiQe 10 aV a SaOe RUaQge RiO.  

įH (400 MH], CDCO3) 7.85 ± 7.78 (2H, P, AU.H), 7.45 ± 7.36 (3H, P, AU.H), 4.26 (1H, aSS. ddW, J = 
16.4, 8.0, 1.8 H], NCHH), 3.74 (1H, ddW, J = 16.4, 5.4, 1.9 H], NCHH), 3.69 (3H, V, OCH3), 3.21 (1H, 
aSS. ddW, J = 17.0, 9.0, 1.8 H], CHH), 2.94 ± 2.82 (1H, P, CH), 2.70 (1H, aSS. ddW, J = 17.0, 5.7, 1.9 
H], CHH), 2.53 ± 2.40 (2H, P, CH2); įC (101 MH], CDCO3) 173.0 (C), 172.6 (C), 134.5 (C), 130.6 
(CH), 128.6 (2îCH), 127.6 (2îCH), 66.9 (CH2), 51.8 (CH3), 41.2 (CH2), 39.3 (CH2), 33.5 (CH); ESI-
HRMS P/] 218.1175 (MH+ C13H16NO2 UeTXiUeV 218.1176) 

 SenƐiƚiǌer ;ϰ molйͿ 
time / min 3,3'-MeOTX 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 (й) 67й 47й 47й 48й 42й 39й 31й 29й 

* FXOO cRQVXPSWiRQ Rf VWaUiQg eQaPiQe RbVeUYed bXW SURdXcW iQWegUaWiRQ iQaccXUaWe dXe WR VigQificaQW degUadaWiRQ 
b\-SURdXcWV 

Table S26 
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Cross [2+2] Sensiti]er Screen in NMR Tubes 
A VWRck VROXWiRQ ZaV SUeSaUed iQ a 5 PO YROXPeWUic fOaVk XViQg 0.5 PPRO Rf Whe UeOeYaQW Į-aPidR 
acU\OaWe deUiYaWiYe aQd adiSRQiWUiOe (0.25 PPRO) iQ deXWeUaWed aceWRQiWUiOe (0.1 M). FRU each iUUadiaWiRQ, 
0.4 PO aOiTXRWV ZeUe added WR aQ NMR WXbe cRQWaiQiQg Whe UeOeYaQW WhiR[aQWhRQe deUiYaWiYe (10 PRO%) 
befRUe geQWO\ ZaUPiQg WR eQVXUe Whe VeQViWi]eU ZaV fXOO\ diVVROYed. The NMR WXbe ZaV SOaced agaiQVW 
a ORZ SUeVVXUe 9 W PL-S UVA OaPS aQd UeacWiRQ ZaV PRQiWRUed eYeU\ 15 PiQV b\ 1H-NMR.  

Į-amido acr\late (11) to 2,4-methanoproline (12) 

 
Scheme S12 

Į-amido acr\late (13) to 2,4-methanoproline (14) 

 
Scheme S13 

 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 9 73 30 36 
30 0 80 7 52 

Table S27 
 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 22 65 33 33 
30 0 84 9 46 

Table S28 
 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 1 82 47 27 
30 0 83 17 42 

Table S29 
 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 20 64 47 25 
30 3 78 17 40 

Table S30 
 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 20 66 76 10 
30 2 80 56 18 

Table S31 
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 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 27 57 53 5 
30 2 76 73 9 

Table S32 
 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 47 37   
30 27 57 75 8 

Table S33 
 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 47 37   
30 27 57 75 8 

Table S34 
 

 Reaction D Reaction E  
Time / min s.m. ϭϭ (й) prod ϭϮ (й) s.m. ϭϯ (й) prod ϭϰ (й) 
15 79 4   
60   86 2 

Table S35 

PreparatiYe Scale S\nthesis of 2,4-methanoproline (14) 
 

 
Entry Sensitizer (mol й) Conc. (M) Time (h) Yield (й) 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 geQeUaO iPPeUViRQ ZeOO baWch iUUadiaWiRQ SURcedXUe ZaV fROORZed XViQg a 125 W Hg OaPS aQd 150 
PO P\Ue[ UeacWRU. IQ aOO caVeV Whe VeQViWi]eU cRQceQWUaWiRQ ZaV fi[ed aW 0.005 M. WheQ Whe UeacWiRQ had 
Ueached fXOO cRQYeUViRQ, Whe VROXWiRQ ZaV cRQceQWUaWed aQd WUiWXUaWed ZiWh EW2O, fiOWeUed aQd Whe UeVidXe 
ZaVhed ZiWh EW2O WR \ieOd SURdXcW 14 aV a ZhiWe VROid: P.S. 170 ± 171�C; įH (400 MH], CDCO3) 7.43 ± 
7.29 (8H, P, AU.H), 7.15 ± 7.09 (2H, P, AU.H), 4.95 (1H, V, NCH), 3.85 (3H, V, OCH3), 3.61 (3H, V, 
OCH3), 2.63 (1H, d, J = 7.3 H], CHH), 2.58 (1H, dd, J = 10.0, 8.3 H], CHH), 2.26 ± 2.20 (2H, P, 
CHH, CHH); įC (101 MH], CDCO3) 177.0 (C), 169.2 (C), 168.3 (C), 138.4 (C), 134.1 (C), 131.6 (CH), 
128.6 (2îCH), 128.4 (CH), 128.3 (2îCH), 128.0 (2îCH), 127.7 (2îCH), 67.6 (CH), 67.4 (C), 53.7 (C), 
52.5 (CH3), 52.1 (CH3), 48.3 (CH2), 38.8 (CH2); ESI-HRMS P/] 380.1489 (MH+ C22H22NO5 UeTXiUeV 
380.1492) 
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Blue Light Mediated Reactions Zith 36 W, 455 nm COB Reactor 
General procedure 
A VROXWiRQ Rf Whe UeOeYaQW VXbVWUaWe iQ degaVVed VROYeQW ZaV added WR a PXOWi-Qecked URXQd bRWWRP fOaVk 
cRQQecWed WR a QiWURgeQ OiQe. The headVSace ZaV SXUged ZiWh N2 VeYeUaO WiPeV befRUe Whe addiWiRQ Rf 
2,2¶-MeOTX. The VROXWiRQ ZaV VWiUUed RYeU Whe PRdified hRWSOaWe COB UeacWRU (Vee abRYe) fURP a 
diVWaQce Rf aSSUR[iPaWeO\ 15 PP, ZiWh faQ cRROiQg. SaPSOe ZeUe WakeQ SeUiRdicaOO\ fRU TXaQWiWaWiYe 
aQaO\ViV b\ 1H-NMR XViQg 1,3,6-WUiPeWhR[\beQ]eQe aV aQ iQWeUQaO VWaQdaUd (Vee geQeUaO baWch 
iUUadiaWiRQ SURcedXUe abRYe) WR deWeUPiQe Whe SUeciVe eQdSRiQW Rf Whe UeacWiRQ fRU accXUaWe UeacWRU 
cRPSaUiVRQ.  

Intramolecular [2+2] of St\rene 15 

 
Scheme S14 

125 W Batch Irradiation: The geQeUaO iPPeUViRQ ZeOO baWch SURcedXUe ZaV fROORZed XViQg a 125 W 
Hg OaPS aQd 150 PO P\Ue[ UeacWRU WR iUUadiaWe aOO\Oic eWheU 15 (2.61 g, 15 PPRO) iQ degaVVed MeCN 
(0.1 M) ZiWh ITX (191 Pg, 0.75 PPRO). AfWeU 2.75 hUV Whe UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR 
aQd chURPaWRgUaSh\ RQ ViOica (10% EW2O iQ DCM) \ieOded SURdXcW 16 aV a Pi[WXUe Rf diaVWeUeRPeUV (1 
: 0.17), RiO (2.34 g, 90%) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
aOO\Oic eWheU 15 (1.74 g, 10 PPRO) iQ degaVVed MeCN (0.5 M) ZiWh 2,2¶-MeOTX (27 Pg, 0.1 PPRO) iQ 
a 50 PO fOaVk fRU 3 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd chURPaWRgUaSh\ RQ ViOica 
(10% EW2O iQ DCM) \ieOded SURdXcW 16 aV a Pi[WXUe Rf diaVWeUeRPeUV (1 : 0.15), RiO (1.54 g, 89%) 

 

Intramolecular [2+2] of St\rene 17 
 

 
Scheme S15 

125 W Batch Irradiation: The geQeUaO iPPeUViRQ ZeOO baWch SURcedXUe ZaV fROORZed XViQg a 125 W 
Hg OaPS aQd 150 PO P\Ue[ UeacWRU WR iUUadiaWe aOO\Oic aPide 17 (4.16 g, 15 PPRO) iQ degaVVed MeCN 
(0.1 M) ZiWh ITX (191 Pg, 0.75 PPRO). AfWeU 3.5 hUV Whe UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR 
aQd chURPaWRgUaSh\ RQ ViOica (30% EWOAc iQ SeWURO) \ieOded SURdXcW 18 aV a URWaPeUic Pi[WXUe Rf 
diaVWeUeRPeUV, RiO (4.02 g, 97%) MajRU diaVWeUeRPeU: įH (500 MH], DMSO-d6, 100�C) 7.57 ± 7.44 (5H, 
P, AU.H), 7.33 ± 7.16 (5H, P, AU.H), 3.90 ± 3.70 (2H, P, 2îNCHH), 3.56 (1H, dd, J = 12.3, 6.6 H], 
NCHH), 3.45 (1H, dd, J = 12.3, 5.2 H], NCHH), 3.26 ± 3.20 (1H, P, CH), 3.02 ± 2.93 (2H, P, CH, 
CH), 2.33 ± 2.25 (1H, P, CHH), 2.17 ± 2.09 (1H, P, CHH); įC (126 MH], DMSO-d6, 120�C) 168.6 
(C), 144.4 (C), 137.2 (C), 128.8 (CH), 127.7 (2îCH), 127.6 (2îCH), 126.4 (2îCH), 125.6 (2îCH), 
125.3 (CH), 52.7 (CH2), 44.9 (CH), 41.5 (CH), 33.1 (CH), 31.0 (CH2); ESI-HRMS P/] 278.1542 (MH+ 
C19H20NO UeTXiUeV 278.1539) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
aOO\Oic aPide 17 (8.32 g, 30 PPRO) iQ degaVVed MeCN (0.5 M) ZiWh 2,2¶-MeOTX (82 Pg, 0.3 PPRO) 
iQ a 100 PO fOaVk fRU 5 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd chURPaWRgUaSh\ RQ 
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ViOica (30% EWOAc iQ SeWURO) \ieOded SURdXcW 18 aV a URWaPeUic Pi[WXUe Rf diaVWeUeRPeUV, RiO (7.13 g, 
86%) 

 

Cross [2+2] of Enamide 1 

 
Scheme S16 

400 W Batch Irradiation: BaWch iUUadiaWiRQ SUeYiRXVO\ UeSRUWed10 ZheQ eQaPide 1 (105 g, 400 PPRO) 
ZaV iUUadiaWed iQ MeCN (0.4 M) ZiWh ITX (1.0 g, 4 PPRO) ZiWh a 400 W Hg OaPS iQ a 1 L P\Ue[ UeacWRU 
fRU 24 hUV. The SURdXcW 2 ZaV iVROaWed aV a SaOe \eOORZ VROid (93.4 g, 89%) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
eQaPide 1 (7.90 g, 30 PPRO) iQ degaVVed MeCN (0.5 M) ZiWh 2,2¶-MeOTX (82 Pg, 0.3 PPRO) iQ a 
100 PO fOaVk fRU 3 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed ZiWh he[aQe aQd 
fiOWeUed, ZaVhiQg ZiWh cROd EW2O WR giYe 2 aV a SaOe \eOORZ VROid (6.58 g, 83%) 

Cross [2+2] of Enamide 19 

 
Scheme S17 

400 W Batch Irradiation: BaWch iUUadiaWiRQ SUeYiRXVO\ UeSRUWed11 ZheQ eQaPide 19 (265 g, 800 PPRO) 
ZaV iUUadiaWed iQ MeCN (0.4 M) ZiWh ITX (2.0 g, 8 PPRO) ZiWh a 400 W Hg OaPS iQ a 2 L P\Ue[ UeacWRU 
fRU 35 hUV. The SURdXcW 20 ZaV iVROaWed aV a SaOe \eOORZ VROid (249 g, 94%) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
eQaPide 19 (9.94 g, 30 PPRO) iQ degaVVed MeCN (0.5 M) ZiWh 2,2¶-MeOTX (82 Pg, 0.3 PPRO) iQ a 
100 PO fOaVk fRU 1.5 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed ZiWh he[aQe aQd 
fiOWeUed, ZaVhiQg ZiWh cROd EW2O WR giYe 20 aV a SaOe \eOORZ VROid (9.05 g, 91%) 

Cross [2+2] of Enamide 21 

 
Scheme S18 

400 W Batch Irradiation: BaWch iUUadiaWiRQ SUeYiRXVO\ UeSRUWed11 ZheQ eQaPide 21 (117 g, 400 PPRO) 
ZaV iUUadiaWed iQ MeCN (0.2 M) ZiWh ITX (1.0 g, 4 PPRO) ZiWh a 400 W Hg OaPS iQ a 2 L P\Ue[ UeacWRU 
fRU 29 hUV. The SURdXcW 22 ZaV iVROaWed aV a SaOe \eOORZ VROid (102 g, 87%) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
eQaPide 21 (8.80 g, 30 PPRO) iQ degaVVed MeCN (0.5 M) ZiWh 2,2¶-MeOTX (82 Pg, 0.3 PPRO) iQ a 
100 PO fOaVk fRU 3.5 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed ZiWh he[aQe aQd 
fiOWeUed, ZaVhiQg ZiWh cROd EW2O WR giYe 22 aV a SaOe \eOORZ VROid (7.78 g, 88%) 
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Cross [2+2] of Enamide 23 
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Scheme S19 

400 W Batch Irradiation: The geQeUaO iPPeUViRQ ZeOO baWch SURcedXUe ZaV fROORZed XViQg a 400 W 
Hg OaPS aQd 1 L P\Ue[ UeacWRU WR iUUadiaWe eQaPide 23 (57.9 g, 200 PPRO) iQ degaVVed MeCN (0.2 M) 
ZiWh ITX (1.0 g, 4 PPRO). AfWeU 20 hUV Whe UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed 
ZiWh he[aQe aQd fiOWeUed, ZaVhiQg ZiWh cROd EW2O WR giYe 24 aV a beige SRZdeU (39.5 g, 68%): P.S. 138-
139�C; įH (500 MH], DMSO-d6, 80�C)  7.58 ± 7.52 (2H, P AU.H), 7.44 ± 7.32 (3H, P, AU.H), 7.12 ± 
6.92 (4H, P, AU.H), 3.90 (1H, d, J = 8.0 H], NCHH), 3.38 (1H, d, J = 8.0 H], NCHH), 2.85 ± 2.73 (2H, 
P, CH2), 2.70 (1H, V, CH), 2.42 ± 2.37 (1H, P, CHH), 2.19 ± 1.96 (4H, P, CH2, CH, CHH); įC (126 
MH], DMSO-d6, 80�C) 171.3 (C), 136.4 (C), 135.7 (C), 135.0 (C), 129.9 (CH), 128.0 (CH), 127.6 
(2îCH), 127.4 (2îCH), 125.6 (CH), 125.1 (CH), 125.0 (CH), 71.1 (C), 56.7 (CH2), 49.8 (CH), 45.8 
(CH2), 36.6 (CH), 28.7 (CH2), 23.2 (CH2); ESI-HRMS P/] 290.1544 (MH+ C20H20NO UeTXiUeV 
290.1539) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
eQaPide 23 (8.68 g, 30 PPRO) iQ degaVVed MeCN (0.5 M) ZiWh 2,2¶-MeOTX (82 Pg, 0.3 PPRO) iQ a 
100 PO fOaVk fRU 6 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed ZiWh he[aQe aQd 
fiOWeUed, ZaVhiQg ZiWh cROd EW2O WR giYe 24 aV a beige VROid (5.87 g, 68%) 

 

Cross [2+2] of Amino Cinnamate 25 
 

 
Scheme S20 

400 W Batch Irradiation: The geQeUaO iPPeUViRQ ZeOO baWch SURcedXUe ZaV fROORZed XViQg a 400 W 
Hg OaPS aQd 400 PO P\Ue[ UeacWRU WR iUUadiaWe aPiQR ciQQaPaWe 25 (12.7 g, 40 PPRO) iQ degaVVed 
MeCN (0.1 M) ZiWh ITX (0.5 g, 2 PPRO). AfWeU 3.5 hUV Whe UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR 
aQd WUiWXUaWed ZiWh he[aQe aQd fiOWeUed, ZaVhiQg ZiWh SeWURO WR giYe 26 aV a SaOe \eOORZ VROid (9.2 g, 
72%) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
aPiQR ciQQaPaWe 25 (9.52 g, 30 PPRO) iQ degaVVed MeCN (0.5 M) ZiWh 2,2¶-MeOTX (82 Pg, 0.3 
PPRO) iQ a 100 PO fOaVk fRU 3.75 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed 
ZiWh he[aQe aQd fiOWeUed, ZaVhiQg ZiWh SeWURO WR giYe 26 aV a ZhiWe VROid (7.98 g, 84%): P.S. 73-74�C; 
įH (400 MH], CDCO3) 7.45 ± 7.21 (5H, P, AU.H), 3.92 (1H, d, J = 8.9 H], NCHH), 3.70 (3H, V, OCH3), 
3.56 (1H, d, J = 8.9 H], NCHH), 3.08 ± 3.02 (2H, P, CH, CH), 1.92 ± 1.84 (2H, P, CH2), 1.07 (9H, V, 
3îCH3); įC (101 MH], CDCO3) 169.7 (C), 157.1 (C), 138.5 (C), 127.9 (2îCH), 127.3 (CH), 126.8 
(2îCH), 79.1 (C), 76.5 (C), 51.7 (CH3), 51.0 (CH), 50.9 (CH2), 45.3 (CH2), 38.0 (CH), 28.0 (3îCH3); 
ESI-HRMS P/] 318.1693 (MH+ C18H24NO4 UeTXiUeV 318.1700) 
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Intramolecular [2+2] of Alko[\-maleimide 27 
 

 
Scheme S21 

 
125 W Batch Irradiation: The geQeUaO iPPeUViRQ ZeOO baWch SURcedXUe ZaV fROORZed XViQg a 125 W 
Hg OaPS aQd 150 PO P\Ue[ UeacWRU WR iUUadiaWe aOkR[\-PaOeiPide 27 (3.86 g, 15 PPRO) iQ degaVVed 
MeCN (0.1 M). AfWeU 1.5 hUV Whe UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd chURPaWRgUaSh\ RQ 
ViOica (5% EW2O iQ DCM) \ieOded SURdXcW 28 aV a ZhiWe VROid (3.57 g, 92%) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
aOkR[\-PaOeiPide 27 (2.57 g, 10 PPRO) iQ degaVVed MeCN (0.1 M) ZiWh 2,2¶-MeOTX (136 Pg, 0.5 
PPRO) iQ a 250 PO fOaVk fRU 1.5 hUV. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed ZiWh 
he[aQe aQd fiOWeUed, ZaVhiQg ZiWh cROd EW2O WR giYe 28 aV a SaOe \eOORZ VROid (2.38 g, 93%): P.S. 127-
129�C; įH (400 MH], CDCO3) 7.40 ± 7.25 (5H, P, AU.H), 4.75 (1H, d, J = 14.1 H], NCHHPh), 4.71 
(1H, d, J = 14.1 H], NCHHPh), 4.45 (1H, ddd, J = 9.3, 7.7, 1.8 H], OCHH), 4.09 (1H, ddd, J = 10.7, 
9.3, 5.7 H], OCHH), 3.15 ± 3.08 (1H, P, CH), 3.05 (1H, ddd, J = 10.4, 4.3, 1.1 H], CH), 2.20 (1H, 
ddd, J = 13.7, 8.2, 4.2 H], CHH), 2.15-2.06 (1H, P, CHH), 2.12 (1H, dd, J = 10.4, 5.7 H], CHH), 1.87 
(1H, ddW, J = 12.8, 5.7, 1.7 H], CHH); įC (101 MH], CDCO3) 176.4 (C), 175.3 (C), 135.7 (C), 128.8 
(2îCH), 128.7 (2îCH), 128.1 (CH), 84.6 (C), 71.0 (CH2), 42.6 (CH2), 42.6 (CH), 41.9 (CH), 31.9 
(CH2), 25.0 (CH2) 

Cookson¶s Dione [2+2] 

 
Scheme S22 

 
125 W Batch Irradiation: BaWch iUUadiaWiRQ SUeYiRXVO\ UeSRUWed ZheQ DieOV AOdeU addXcW 29 (2.61 g, 
15 PPRO) ZaV iUUadiaWed iQ EWOAc (0.1 M) ZiWh a 125 W Hg OaPS iQ a 150 PO P\Ue[ UeacWRU fRU 15 PiQ. 
The SURdXcW 30 ZaV iVROaWed aV aQ Rff-ZhiWe VROid (2.38 g, 91%) 

36 W Blue COB Irradiation: The geQeUaO 36 W COB UeacWRU SURcedXUe ZaV fROORZed b\ iUUadiaWiQg 
DieOV AOdeU addXcW 29 (2.61 g, 15 PPRO) iQ degaVVed EWOAc (0.5 M) ZiWh 2,2¶-MeOTX (41 Pg, 0.15 
PPRO) iQ a 50 PO fOaVk fRU 25 PiQ. The UeacWiRQ Pi[WXUe ZaV cRQceQWUaWed LQ YDFXR aQd WUiWXUaWed ZiWh 
he[aQe aQd fiOWeUed, ZaVhiQg ZiWh cROd EW2O WR giYe 30 aV a SaOe \eOORZ VROid (2.41 g, 92%) 
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Comparison Zith non-Sensiti]ed Reaction 

  
Figure S13: OHIW- DeSOeWiRQ Rf 29 RYeU WiPe ZiWh, aQd ZiWhRXW 2,2¶MeOTX (36 W bOXe COB); RLJKW- UV abVRUSWiRQ Rf 29 

RYeU WiPe ZiWh iUUadiaWiRQ aW 455 QP VhRZiQg deSOeWiRQ Rf Seak aW 374 QP 

 

 
Figure S14: CRPSaUiVRQ Rf YiV OighW abVRUSWiRQ Rf eQediRQe 29 aQd 2,2¶-MeOTX 
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X-Ra\ Data for 24 and 26 

 
Figure S15: X-Ra\ VWUXcWXUe Rf cRPSRXQd 24. EOOiSVRidV VhRZQ aW 30% SURbabiOiW\ 

 

 
Figure S16: X-Ra\ VWUXcWXUe Rf cRPSRXQd 26. EOOiSVRidV VhRZQ aW 30% SURbabiOiW\ 
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Cr\stallograph\ 
X-Ua\ diffUacWiRQ e[SeUiPeQWV RQ 24 aQd 26 ZeUe caUUied RXW aW 100(2) K RQ a BUXkeU APEX II 

diffUacWRPeWeU ZiWh CCD XViQg MR-KĮ UadiaWiRQ (Ȝ = 0.71073 c).  IQWeQViWieV ZeUe iQWegUaWed iQ 

SAINT12 aQd abVRUSWiRQ cRUUecWiRQV baVed RQ eTXiYaOeQW UefOecWiRQV ZeUe aSSOied XViQg SADABS.13  

BRWh VWUXcWXUeV ZeUe VROYed XViQg SheOXT14 aQd UefiQed b\ fXOO PaWUi[ OeaVW VTXaUeV agaiQVW F2 iQ 

SheOXL15,16 XViQg OOe[217. AOO Rf Whe QRQ-h\dURgeQ aWRPV ZeUe UefiQed aQiVRWURSicaOO\. WhiOe aOO Rf Whe 

h\dURgeQ aWRPV ZeUe ORcaWed geRPeWUicaOO\ aQd UefiQed XViQg a UidiQg PRdeO.  CU\VWaO VWUXcWXUe aQd 

UefiQePeQW daWa aUe giYeQ iQ TabOe S37. CU\VWaOORgUaShic daWa fRU cRPSRXQdV 24 aQd 26 haYe beeQ 

deSRViWed ZiWh Whe CaPbUidge CU\VWaOORgUaShic DaWa CeQWUe aV VXSSOePeQWaU\ SXbOicaWiRQ CCDC 

1989743-1989744. CRSieV Rf Whe daWa caQ be RbWaiQed fUee Rf chaUge RQ aSSOicaWiRQ WR CCDC, 12 UQiRQ 

RRad, CaPbUidge CB2 1EZ, UK [fa[(+44) 1223 336033, e-PaiO: deSRViW@ccdc.caP.ac.Xk]. 
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IdeQWificaWiRQ cRde  24  26 
EPSiUicaO fRUPXOa  C20H19NO  C18H23NO4  
FRUPXOa ZeighW  289.36  317.37  
TePSeUaWXUe/K  100(2)  100(2)  
CU\VWaO V\VWeP  PRQRcOiQic  PRQRcOiQic  
SSace gURXS  P21/F  P21/Q  
D/c  18.0122(7)  12.9756(6)  
E/c  7.3245(2)  7.5343(3)  
F/c  11.5355(4)  17.9068(8)  
Į/�  90  90  
ȕ/�  97.158(2)  100.916(3)  
Ȗ/�  90  90  
VROXPe/c3  1510.02(9)  1718.93(13)  
Z  4  4  
ȡcaOcg/cP3  1.273  1.226  
ȝ/PP-1  0.078  0.086  
F(000)  616.0  680.0  
CU\VWaO Vi]e/PP3  0.456 î 0.198 î 0.14  0.495 î 0.405 î 0.373  
RadiaWiRQ  MRKĮ (Ȝ = 0.71073)  MRKĮ (Ȝ = 0.71073)  
2ș UaQge fRU daWa cROOecWiRQ/�  4.558 WR 50.694  3.574 WR 55.886  

IQde[ UaQgeV  
-21 � h � 21,  
-8 � k � 8,  
-13 � O � 13  

-16 � h � 17,  
-9 � k � 9,  
-23 � O � 23  

RefOecWiRQV cROOecWed  21808  15326  
RiQW / RVigPa 0.0653 / 0.0358  0.0340 / 0.0327  
DaWa/UeVWUaiQWV/SaUaPeWeUV  2759/0/199  4103/0/212  
GRRdQeVV-Rf-fiW RQ F2  1.034  1.035  

FiQaO R iQde[eV [I>=2ı (I)]  R1 = 0.0400,  
ZR2 = 0.0933  

R1 = 0.0400,  
ZR2 = 0.0950  

FiQaO R iQde[eV [aOO daWa]  R1 = 0.0590,  
ZR2 = 0.1040  

R1 = 0.0515,  
ZR2 = 0.1018  

LaUgeVW diff. Seak/hROe / e c-3  0.17/-0.21  0.24/-0.24  
 

Table S37:  CU\VWaO daWa aQd VWUXcWXUe UefiQePeQW fRU 24 aQd 26. 
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Copies of 1H and 13C NMR Spectra 
1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 

 



 

S59 
 

1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (500 MH], DMSO-d6) 80�C 

 

13C-NMR (126 MH], DMSO-d6) 80�C 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (400 MH], CDCO3) 

 

13C-NMR (101 MH], CDCO3) 
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1H-NMR (500 MH], DMSO-d6) 100�C

 

13C-NMR (126 MH], DMSO-d6) 120�C 
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1H-NMR (400 MH], DMSO-d6) 

 

13C-NMR (101 MH], DMSO-d6) 
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1H-NMR (400 MH], DMSO-d6) 

 

13C-NMR (101 MH], DMSO-d6) 
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1H-NMR (500 MH], DMSO-d6) 

 

13C-NMR (126 MH], DMSO-d6) 

 



 

S75 
 

References 
1 PeUkRZVki, A. J.; CUX], C. L.; NiceZic], D. A. AQ APbieQW TePSeUaWXUe NeZPaQ-KZaUW ReaUUaQgPeQW MediaWed b\ 
OUgaQic PhRWRUedR[ CaWaO\ViV. J. AP. CKHP. SRF. 2015, 137, 15684±15687 

2 HeUbicidaO VXOShRQaPideV, PaWeQW US4632693 (A), 1986 

3 1,3-BENZOTHIAZINONE DERIVATIVES AND USE THEREOF, PaWeQW EP1424336 (A1), 2004 

4 1,4-beQ]RWhia]eSiQe deUiYaWiYeV, PaWeQW US5416066 (A), 1995 

5 WaWaQabe, M.; DaWe, M.; TVXka]aki, M.; FXUXkaZa, S. CKHP. PKDUP. BXOO. 1989, 37, 36 ± 41 

6 RRbeUWV, K. C.; SPiOeV, S. CXIII. -MeWhR[\-deUiYaWiYeV Rf WhiR[aQWhRQe. J. CKHP. SRF. 1929, 863-872 

7 NRYeO WhiR[aQWheQe deUiYaWiYeV aQd VaOWV WheUeRf aQd a SURceVV fRU Whe PaQXfacWXUe Rf VaPe. PaWeQW GB861521 (A), 1961 

8 BUeQQaQ, PeWeU, MichaeO W. GeRUge, OPaU S. JiQa, CRQRU LRQg, JeQQifeU McKeQQa, MaU\ T. PU\ce, XXe-ZhRQg SXQ, aQd 
KhXRQg Q. VXRQg.  PhRWRiQdXced Seí C IQVeUWiRQ FROORZiQg PhRWRO\ViV Rf (Ș5-C4H4Se)CU(CO)3. A PicRVecRQd aQd 
NaQRVecRQd TiPe-ReVROYed IQfUaUed, MaWUi[ IVROaWiRQ, aQd DFT IQYeVWigaWiRQ. OUJDQRPHWDOOLFV, 2008, 27, 3671-3680 

9 GaXVViaQ 16, ReYiViRQ C.01, FUiVch, M. J.; TUXckV, G. W.; SchOegeO, H. B.; ScXVeUia, G. E.; RRbb, M. A.; CheeVePaQ, J. R.; 
ScaOPaQi, G.; BaURQe, V.; PeWeUVVRQ, G. A.; NakaWVXji, H.; Li, X.; CaUicaWR, M.; MaUeQich, A. V.; BORiQR, J.; JaQeVkR, B. G.; 
GRPSeUWV, R.; MeQQXcci, B.; HUaWchiaQ, H. P.; OUWi], J. V.; I]Pa\ORY, A. F.; SRQQeQbeUg, J. L.; WiOOiaPV-YRXQg, D.; DiQg, F.; 
LiSSaUiQi, F.; Egidi, F.; GRiQgV, J.; PeQg, B.; PeWURQe, A.; HeQdeUVRQ, T.; RaQaViQghe, D.; ZakU]eZVki, V. G.; GaR, J.; Rega, 
N.; ZheQg, G.; LiaQg, W.; Hada, M.; EhaUa, M.; TR\RWa, K.; FXkXda, R.; HaVegaZa, J.; IVhida, M.; NakajiPa, T.; HRQda, Y.; 
KiWaR, O.; Nakai, H.; VUeYeQ, T.; ThURVVeOO, K.; MRQWgRPeU\, J. A., JU.; PeUaOWa, J. E.; OgOiaUR, F.; BeaUSaUk, M. J.; He\d, J. J.; 
BURWheUV, E. N.; KXdiQ, K. N.; SWaURYeURY, V. N.; KeiWh, T. A.; KRba\aVhi, R.; NRUPaQd, J.; RaghaYachaUi, K.; ReQdeOO, A. P.; 
BXUaQW, J. C.; I\eQgaU, S. S.; TRPaVi, J.; CRVVi, M.; MiOOaP, J. M.; KOeQe, M.; AdaPR, C.; CaPPi, R.; OchWeUVki, J. W.; MaUWiQ, 
R. L.; MRURkXPa, K.; FaUkaV, O.; FRUeVPaQ, J. B.; FR[, D. J. GaXVViaQ, IQc., WaOOiQgfRUd CT, 2016. 
 
10 EOOiRWW, L. D.; BeUU\, M.; HaUji, B.; KOaXbeU, D.; LeRQaUd, J.; BRRkeU-MiObXUQ, K. I. OUJ. PURFHVV RHV. DHY. 2016, 20, 
1806-1811 

11 EOOiRWW, L. D.; BRRkeU-MiObXUQ, K. I. PhRWRchePicaOO\ PURdXced APiQRc\cORbXWaQeV aV MaVked DieQeV iQ TheUPaO 
EOecWURc\cOic CaVcade ReacWiRQV. OUJ. LHWW. 2019, 21, 1463í1466 
 
12 BUXkeU, SAINT+ Y8.38A IQWHJUDWLRQ EQJLQH, DDWD RHGXFWLRQ SRIWZDUH, BUXNHU AQDO\WLFDO ;-UD\ IQVWUXPHQWV IQF., 
MDGLVRQ, :I, USA 2015. 

13 BUXkeU, SADABS 2014/5, BUXNHU A;S DUHD GHWHFWRU VFDOLQJ DQG DEVRUSWLRQ FRUUHFWLRQ, BUXNHU AQDO\WLFDO ;-UD\ 
IQVWUXPHQWV IQF., MDGLVRQ, :LVFRQVLQ, USA 2014/5. 

14 SheOdUick, G. M., SHELXT - IQWegUaWed VSace-gURXS aQd cU\VWaO-VWUXcWXUe deWeUPiQaWiRQ. AFWD CU\VWDOORJUDSKLFD D-
FRXQGDWLRQ DQG AGYDQFHV 2015, 71, 3-8. 

15 SheOdUick, G. M., A VhRUW hiVWRU\ Rf SHELX. AFWD CU\VWDOORJUDSKLFD SHFWLRQ A 2008, 64, 112-122. 

16 SheOdUick, G. M., CU\VWaO VWUXcWXUe UefiQePeQW ZiWh SHELXL. AFWD CU\VWDOORJUDSKLFD SHFWLRQ C-SWUXFWXUDO CKHPLVWU\ 
2015, 71, 3-8. 

17 DRORPaQRY, O. V.;  BRXUhiV, L. J.;  GiOdea, R. J.;  HRZaUd, J. A. K.; PXVchPaQQ, H., OLEX2: a cRPSOeWe VWUXcWXUe 
VROXWiRQ, UefiQePeQW aQd aQaO\ViV SURgUaP. JRXUQDO RI ASSOLHG CU\VWDOORJUDSK\ 2009, 42, 339-341. 

                                                      


