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CHAPTER'I.

1 Bifunctional Organic Photocatalysts for Enantioselevtisible
Light Mediated Photocatalysis

At the date of submission of this thesis, a version of this chdpsrbeen submittedor publicationand is
under review.

A. B.Rolkawrote the manuscript. BK6nig supervised the project.



Abstract

his chapter aimgo highlight the developments in the field of visidight mediated

enantioselective photocatalysis utilizing bifunctional organic photocatalysts by giving an

overview of the existing hybrid structures and the reactions they have been employed in.
Further, an emphasis is put on the comparison to dual catalytic versions featuring two discreet
catalysts, when applicable. Organic bifunctional structures in this context are defined as the
combination of organic photocatalyst moieties that can be activatedibiple light with chiral

catalysts, responsible for enantioselective induction, in one sole catalyst.
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1.1 Introduction

The field of photocatalysis has seen the accomplishment of many important transformations that
pose a challenge to achieve under alternative conditions. Creative strategies utilizing light in
combination with a welthosen photocatalyst have not only been established as mild alternatives
for harsher synthetic conditions but have also led to the development of novel reaction routes.
Many reviews over the last years have covered the success story of photocatdigsisyer,
intensive research in the field is still ongoing. In particular, enantioselective versions of
photocatalytic protocols still pose a significant challenge due to the generation of transient and
highly reactive photeexcited intermediates$. Quccessful mplementation of chirality has often
been achieved by the utilization of dual catalytic strateyjiesvhich an achiral photocatalyst is
separate from an additional, asymmetiryducing chiral catalyst. Howevérhas also been shown

that chiral motifs carbe combined with a photocatalyst into a single structure, leading to
bifunctional catalyst that fulfills both rolesThese bifunctional structures are the focus of this

chapter.

The scope of tis chapterwill be limited to include only bifunctional ganic photocatalysts used
for enantioselective photocatalysis operating by visible light excitation. Bifunctional organic
photocatalysts requiring activation by light outside of the visible range as well as bifunctional
metaktbased photocatalyst$ will not be covered inthis chapter, neither will dual catalytic

systems that are linked necovalently®

Further, as the mechanisms of operation for both dual catalytic and bifunctionaytalstems,

along with the relevant transition states explaining gtereochemical outcome, have been well
covered in recent reviewsless focus here will be put on those topics. Instead, the emphasis will
be placed on summarizing the existing work and recent developments and giving a perspective of
their role within enatioselective photocatalysis by comparing tiesults ofbifunctional catalytic

systensto outcomesachievedwith dual catalytic systemsvhen applicable.



1.2 Bifunctional lactanrphotocatalyst

In 2014, the Bach group introduced the first example bifanctional chiral photocatalystj that
canefficiently absorb light in the visible region by merging a thioxanthone photocatalyst with a

OKANIf RSNAGIFGAGS 2F YSYLIQa | OAR {dRT G aSNBSa I &
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Figure 11: Structure of chiral, bifunctional thioxanthodactam photocatalysi and an achiral versio2).

Since then, the utility of this catalyst has been demonstrated in a diverse range of transformations
by the Bactygroup, the most recent one in 202Rrior to this catalyst, bifunctional catalysts based

on benzophenone or xanthone motifs had been successfully utilized for enantioselective catalysis,
but required UMight activation and were prone to decomposition bgwanted hydrogen atom
abstraction® In their seminalpublication in 2014,1 was shown to effectively catalyze the
intramolecular enantioselective [2+2] cycloaddition of quinoloBgSchemel-1A)! High levels

of enantianericexcess (ee) betweeBi7-96% were achieved with simultaneously high yields ef 79
97% on eight different substrates. In 2016, the Bach group extended this methodology to include
a more challenging intermolecular version of the transformation featuringl2¢liinoloness and
eledron-deficient olefins6 (Schemel-1B)’h y OS | A Ay X KA IK -9F Qete 2 F

achieved with moderate to good yields (94%) for 14 quinolones as well as one isoquinolone.

dzLJ

The scope of enantioselective [2+2] photocycloadditions was furthermtended in 2020, first
to include the intramolecular reaction utilizinggdkylquinolones3 with 4-O-tethered alkenes (14
BASER YR Q%S t t Sy

and later to an intermolecular Aza Rato¢BUchi reaction of quinoxalinond® (Scheme-1D, 14

examples) and allenes (6 examples) (Sch&m€, 720 di’*

examples with yields between 80% and 8®8% ee)!

In 2018 the group impressively introduced the abilityldd catalyze the deracemization of chiral
allenes, allowing for the conversion of race allened 3ainto enantiomerically enriched material
gA0K SEOSt DRynil7 &&mlas (chehd&Ep = 2 yields between 8%-quant.)’2
Two years later, the methodology was extended to include trisubstituted allenes with & 82

alkenylidene)-pyrrolidin-2-one motif 13b (Schemel-1E n = 1 13 examples with yields between

l.j

S



60-pc: I YR

F 3l Ay S8 Sstwelldg/oie tdrésmbatitudallene(85% yield, 45%

ee) and one sevemembered 30 maRenylidenejazepan2-one (87% yield, B4 ee)?

Subsequent reactions of the enantioenriched chiral alleimres DielsAlder or bromination

reaction showcasedthe ability to convert the axial chirality of the allenes to point chirality.

Further, in 2021enantioenrichedacyclicallene amidesl4 were also impressively shown to be

accessible by photochemical deracemizatimmracl4Ay wmMd SEI YLX Sa GAUK KA
from 73% to 93% (SchemelF, yields between 74%uant.)!3
‘ Enantioselective [2+2] Cycloadditions ‘
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Scheme 11: Visie-light-mediated reactions catalyzed by bifunctional thioxanthdne

In addition to chiral allenes, the ability &fto induce deracemizations was further applied to a

variety of reactions yielding chiral products. In 2019, this process was key forah@aselective

synthesis of cyclopropari6 that proceeded via an initial di-methane rearrangement of-allyl



substituted quinolones15 (Scheme1-1G) to yield racemic 16 that was followed by a
deracemization to give chirdb (nine examples with yields between-88% yield and moderate
SSQa -53%)“ Additionally, in 2020 they further published the deracemization of eight
differently substituted chiral spirocyclopropgxindoles17 with ent-1 (Schemel-1H), with the
reaction assumed to be operating via a reversible ring operiiid) (65%97% yield, 585% ee)
and subsequent recyclization that results in a net enantioenrichnfavibst recently in 2022, the
Bach group apped the thioxanthonel-catalyzed deracemization to alken&8, furnishing chiral
tetrasubstituted olefins in excellent enantioselectivities (Schelvid, 16 examples with yields
between 51%quart® ' YR SAGK ROAK SSQa 2F y m:

All of these reactionsSchemel-1) are assumed to be operating by a triplet energy transfer
mechanism, with thioxanthone being thghotosensitizef’ L (itripiét energy of 263 kJ/mé&® is
comparable to that of the parent thioxanthorfeX(265 kJ/malt’for structure see Schente5C),
indicating that in theory it should be capable of catalyzing triglensitization reactions
achievable with the achiral’X catalyst. The ability of bifunctional catalysfeaturing a lactam
binding site to promote enantioselective deracemizaticgactions can be at least partially
rationalized on the basis of the strong distance dependency of triplet energy transfer in solution.
This dependence allows minimal differences in association constants and proximity between the
two enantiomeric substrate and the sensitizer which form diastereomeric complexes upon
binding - to affect the relative rates of energy transfer to the individual enantiomers and thus
influence the enantioselective control of a photochemical process. Control experiments gitilizin
achiral thioxanthone lacking a binding site (FigulelB) in the racemization of allenent-13a
(Schemel-1E) supported this distance dependent hypothesis due to a much lower quantum yield
than the inversion fronent-13ato 13acatalyzedbyl6 . F nom 003 . ndpH

1.3 Bifunctional photocatalysts for aerobic oxidation reactions

Up until the end of 2016, the lactatmased chiral thioxanthond was the only bifunctional
thioxanthone catalyst utilized in enantioselective pbcatalysis. However, the Xiao group
introduced a novel class of bifunctional catalysts to the field in 2016 by linking chiral bisoxazoline
ligands to thioxanthonel@, Schemel-2A)!8 Their performance as chiral catalysts together with
Ni(acacjyas a Lewiscid was evaluated for the enantioselective aerobic oxidationkdtoesters

with impressive results, yielding4 with an excellent enantioselectivity of 95% (Scheir2D,

entry 1) with catalysiL9f. Interestingly, the thioxanthone cataly20 featuringtwo thioxanthone



moieties (Schemd-2B) showed a reduced enantioselectivity of 91% (Sch&®b, entry 2).
Moreover, a control experiment utilizing a dual catalytic system closest to the bifunctional catalyst
(Schemel-2C, 10 mol% of sensitizéd and 10mol% of separate ligan@2) under otherwise
identical reaction conditions gav24 with significantly decreased yield (68%) and ee (79%),
demonstrating the benefit of the bifunctional catalyst. In total, 22 substrates were
enantioselectively oxidized in ovatgood yields (780y:"2 0 | YR ¢ A $9B%).KHoweker, S S Q a
in a more recent publication, control experiments utilizing a modified dual catalytic system
consisting of thioxanthon@Xas a photocatalyst an#2 as a chiral ligand under slightly altered
reaction conditions (10 W 525 ngreen light, MTBE as solvent) g&4in 88% yield with a high
level of enantioinduction (94% ee). Furthermore, by switching from thioxanthoXeto
tetraphenylporphyrin TPB as sensitizer, the catalyst loading could berdased to only 0.5 mol%

while simultaneously increasing the yield to 99% with an excellent enantioselectivity of 958% ee.

o) o) o)
S S S
o ° o ° R o °
- | | . |
" {/lN o S/IN N\? LN I Ph
@‘ R R Ph Ph
19b, R = i-Pr
19a 19¢, R = +-Bu 19f, R = Me
19d, R = Ph 199, R = i-Pr
19e, R =Bn
@ 0 10 mol% [Nli(acac)zé PCC/ Ligand] o} Entry PC Ligand Yield[%] ee [%)]
toluene, -15 °© OH :
(;é cojag ——————~ Do, A 1 19f 97 95
visible light + O, 2 20 - 95 91
23 24 3 21 22 68 79

Schemel-2:9y I yiA2aSt SOGA O S kdtoSskels atilizidg tRidxdnfRdnbased gatalgs®O. |

A different approach to accessing chig4 utilizing a novel bifunctional catalyst consisting of a
phasetransfer catalystP TG andTPPas an organic sensitizer was published in 2018 by the Meng
group @5, Schemel-3A)2°Comparab} high yield (95%) and still highbut lower compared to

the performance withl9f ¢ enantioselectivity (86%) was reportedth 25cas the bifunctional
catalyst (Schem@-3C, entry 1). In this case, the utilizationT@Pas a sensitizer and6é as a
separatePTCthat is not linked to the photocatalyst (Scherie8B) gave similar yield with only
slightly diminished eéScheme-3C, entry2) 2! Even without the use ofPP moderate yield (75%)



and ee (70%) were achieved by the same group in 2019, with sensitization likely occurring through
GKS F2NXIGA2Y 2F | OKA NI Xketo&igr2ahd: thielSTCudderybaificS E
conditions (Schemé-3C, entry 3§22

5 mol% [PTC+PC]
' or5 mol% PC-PTC
base, air
©§co hg T ent24
2 LED white light

23 PhCF3+ water, r.t.
O Q [ Entry PC PTC Yield[%] ee [%]
L1 5 - 95 86

2 TPP 26" >o5 81

3 - ogd 75 70

| aCsCQ as baseK:HPQ as base
i cconversiorf10 mol%

Schemel-3:9y' I yiiA2aSt SOl A O S kdtoBsheds atilizhg PPeakel tataljstsy 2 F

In 2019 Coeffard et al. reported on the synthesis of a bifunctional photocatalyst consisting of a
chiral quinine organocatalyst linked to an ieB@DIPYphotosensitize?* They employed it in

& 0 SNB 2 & ®fygeantioh @& tiohs, achieving up to 40% enantiomeric excess. Due to boron
being part of the photocatalytic unit and falling into the category of metalloids, it is not considered

purely organic irthe context of this review and is therefore not shown.

1.4 Bifunctional uregphotocatalysts

The development of bifunctional catalysts picked up speed after 2016 and the pool of existing
bifunctional catalysts was extended further in 2017 by the Bach gtolipey reported the
synthesis of four thioxanthorarea hybrid catalyst&7 (Schemel-4A); however, in a preliminary

unoptimized test reaction (Schenie4B) with27¢ only low ee (12%) and moderate conversion



(49%) was achieved. To the best of our knowledge, no further fallpweactions have been

reported involving these catalysts.

@ Bach 2017
FsC CF FsC CF FsC CF
A C ARG - A o A
S N. S N. SN
H N H SYN\H N H
N My, 27

Nyy 27a wNyy 270 c N\H 27d
", /N ", /N
0 o)
262 SRR S 0
&, & s &
o) 419 nm

% 27
\@\ 12% ee
PhCF3

Schemel-4: Chiral ureahioxanthone hybrid photoatalysts and cyclization of&yloxycyclohex@-enone
28.

1.5 Bifunctional photoaminocatalysts

In 2018, the group of Aleman introducdxfunctional photoaminocatalyst80, that creatively
combine a chiral imidazolidinone with thioxanthone (Schel¥®)2® Thiswork built upon the
seminal work of MacMillan from 2008, demonstrating how merging photoredox catalysis with
organocatalysis can serve as a powerful tool for the asymmetric alkylation of aldehydes. In the
original MacMillan system, 0.5 mol% of Ru(Bf¥)as a photoredox catalyst coupled with
20mol% of an imidazolidinone organocatalyst gave rise to excellent ee of the alkylation product
(up to 99%¥’ Other alternative dual catalytic approaches have since been reported, including
purely organiebased systms?82° However, catalyst80a30d represent the first example of
bifunctional photoaminocatalysts for enantioselectivealkylation of aldehyde82 (Schemel-

5B). Within this catalyst clas3Qcwas found to give the best results in the studied test reaction
of 32with 33. The utility of30cwas highlighted by achieving overall high enantioselectivities and
yields (12xamples, yields of 5 di’: = S S Qa -98%).0Far®&nyore ythis bifunctioha
system performed slightly better than a control dual catalytic system using parent thioxanthone
TXand structurally related imidazolidinone cataly&t (Schemel-5C), although the difference

may lie within experimental error.



E Aleman 2018 DMF, 15 °C, 9] 2

O  EtO,C.__CO,Et  2,6-lutidine (2.0 eq) | 34
Ph/d + \B( 23 W CFL - Ph 100% conversion O O
r >99% ee s

O,
N/ 5 0] 32 33 catalyst(s) 20 mol%  EtO,C~ “CO,Et
R IR l T\ @
N ’ O BT NN R 9
[ 7
S rvia O —2\\;\1
i Bu .

0 :
7/ s '
, ) ; N o '}N o) : N~ ph
30a,R'=Me, R2=H L gy ) By ) | H
30b, R"=Bn,R2=H 3 N7~ — NT : 1
30c, R'=Bu, R2= H " : S\ - S/R !
s s ' S S !
‘ S ‘
! Bn ;

30d R'= 2 _ 20 mol% each
-RT=Bn. R7=Me : ) 97% conversion
********************************************************************* 97% ee

Schemel-5: Chiral bifunctional photoaminocatalyss$ for the asymmetric alkylation of aldehydes.

The group conducted extensive mechanistic experiments and among other things found that the
overall quantum vyield of theh-alkylation of hydrocinnamdehyde 32 with diethyl
bromomalonate33 was lower for the bifunctional cataly8Dcthan for the dual catalytic system
(TX+31 ( =2.4vs. =4.4). Based on the mechanism originally proposed by the MacMillan
group, the catalytic cycle with bifunctionahtalyst30c was assumed to proceed via enamine
intermediate 30¢|, formed through condensation @0c with aldehyde32. After visible light
excitation, the attached thioxanthone moiety reduces diethyl bromomalona& to the
corresponding debrominated alkyl radical, while getting oxidized to the radical cation. Subsequent
addition of the alkyl radical to the enamine do8bl 6 2 Yy R  N&mindztadical interyhediate
30cll, which is oxidized either via a chgiropagation process that occurs through reduction of
the alkyl bromide or by a termination event via reduction of the previously generated
thioxanthone radical cadn. This intramolecular redox process was believed to be a contributing

factor for the lower quantum yield observed for the bifunctional catalyst.

1.6 Bifunctional chiral phosphoric acidRA photocatalgts

Starting with the first bifunctional £&symmetricchiral phosphoric acid photocatalysiSRAPA)
published by the Bach group in 202QSchemel-6, 35 and 36), the combination of carbonyl
based photosensitizers with chiral phosphoric acid backbones has been reported by multiple
groups. The Masson groupdependently reported the synthesis 86 in the same year as the
Bach group in addition to a monosubstituteg-symmetric derivative 37) and alkyne coupled
catalyst38.3! The same group later built on this concept and extended the scope of bifunctional
chiral photocatalyst$o includean additional &symmetric thioxanthone&9, anthraquinones40

and 41), aryl ketones42) anda nonvisible light absorbing benzophenone coupl&EINOL



derived phosphoric acid (not show#f)ln 2022, Takagi and Tanimoto published a derivativ@9of

with a modified chiral phosphoricidback bone 43).23

Schemel-6: Overview of visibldight absorbing bifunctional chiral phosphoric acid photocatalysts.

The eactions that these catalysts have been utilized in are manifold (Schéhé he Bach group
employed35 in an intermolecular cycloaddition of cyclopented® with i -carboxyisubstituted

cyclic enoned4 (Schemel-7A)¥* After benzylation, the enantioershed cycloaddition products

476 SNB 200FAYSR Ay Y2-BSoNdniaSelaively sthal Zubstr&eSsape O n n
(6 examples). Enantioinduction was proposed to be the result of a lowered triplet energy of the
substrate upon hydrogen bonding between tbarboxylic acid of the substratel and the chiral
phosphoric acid moiety &. Interestingly, the measured triplet energy 86 was lower than the

reported triplet energy for the parent thioxanthonelX = 265 kJ/mot/? 35. 235 kJ/mol).

Moreover,36 did not achieve any enantioinduction.

In contrast, the Masson group achieved an excellent ee (98%, 64% yield, d.r. 6:3% witthe

synthesis of 1,2liamines52via an electrophilic aminatio#:**(Schemel-7B). However, uike in

. FOKQAa $2N)] X GKS SylyiAaz2aSt SOaA@Aie Ay GKAa as
acid in nomphotochemical steps via hydrogen bonding, whereas the role of the attached
photocatalyst is the photocatalytic generation of reactive iemimtermediate 51 than can
subsequentlyreactwith the nucleophile pyrazole. Switching catalysts freéto 37 achieved an

equally high ee, but with aimproved d.r. of 7:3 along with an increased yield of 72%, possibly as



a result of decreased intramolelew bleaching due to the removal of the second thioxanthone
moiety. This yield was found to be further improved to 83% (Schkift, entry 2) after doubling
the equivalents of pyrazole (from 1.5 eq. to 3.0 eq.). In contrast, no significant enantiossjectivi
was observed witl88 (<56%) (Schemé@-7B, entry 3). The comparison to a dual catalytic system
with thioxanthoneTXand phosphoric aci@PAlunder the optimized reaction conditions resulted
in the same diastereoselective ratio of 7:3 with a slightly lower(90%) and a significantly
decreased yield of 21% (Schem@B, entry 4), validating the benefit of bifunctional catal§st

In 2021, the Masson group tested their new generation of bifunctional phbtmsphoric acid
catalysts discussed earli@%42) under the optimized reaction conditions for the electrophilic
amination of enecarbamate48. However, only39 (Schemel-7B, entry 5) achieved significant

enantioinduction with visible light

In the same year (2021), the Bach group published furtesults utilizing their chiral phosphoric
acid35in intermolecular [2+2] cycloadditions (Schem&C)%* Impressive enantioselectivity was
achieved (84€8% ee) with moderate to high yields {98%) in 19 examples. NMR studies suggest
that the reaction proeeds via the formation of an iminium ion upon protonation 5§ that
remains bound to the bifunctional chiral acid counterion in a hydrelgend assisted ion pair,
allowing for enantiofacial differentiation. The attached thioxanthone moieties can theriteens
the iminium ion in an energtransfer mechanism. Control experiments revealed that both the
photocatalyst and the chiral phosphoric agigre required for a successful reaction. Dual catalytic
systems consisting of chiral phosphoric adPA2l y R | ASLI NI GS NHziKSyAd.
[Rubpy)l(PR)2) 2 NJ A NA RA dzY  ¢(dibbpy)iPk) Photachtalyjst Rveré A8 investigated
(Scheméel-7C, entries 2 and 45). However, under all tested conditions, the enantioselectivity
did not exceed 49%49% @, Schemd-7C, entry 2). This is in contrast to the reaction utilizing
bifunctional catalys85 which could be optimized to furnisbb in an excellentenantioselectivity

of 95% with a good vyield of 81% (Scheir&C, entry 7), highlighting the superioritf the

bifunctional system in this reaction.

As described earliersée Schemel-1A and1-1B), the Bach group achieved the visiligt
mediated [2+2] photocycloaddition of quinolongdsfirst in an intramolecular fashion and then in
an intermolecular wayitilizing chiral hydrogen bonding catalyis{Figure 1-1A). In 2022, Takagi
and Tanimoto showed that:&ymmetric chiral phosphoric ac#B is also able to achieve high
enantioselectivities in these transformations (Schem&D), presumably due to hydrogen
bonding between quinolone and the phosphoric acid o3 as well as -~ interactions of

thioxanthone with quinolone. The effectiveness of the bifunctional photocatalyst was



demonstrated on four examples for the intramolecular reactioB with yields raging from 86%
dop: FYR  SEOSt-97%,yafid o8 fve interd@ddteculdy vexamplesth 56 and 100
equivalents of 2,3limethyl 2butene57 (yields: 24pdi’> = SBWWEY T o0

E] Bach 2020:

0 437 nm A BnBr H H
@ 10 mol% 35 K,COs : 86% ee
\ on _— o ARt d.r.= 68/32
H ° z g o ;
i -40 °C H rt. B 55% overall yield
0 (50 equiv.) O (0]

4 0 45 DCM o DMF Bno;\;‘
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46 47
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: o oH | 3 38 28 2:1 <5
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a].5 eq. of pyrazolé20 mol%405 nm without molecular sieves

Bach 2021:

HN 459 nm
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+
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55

10 mol% 35

- s
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Then 1 M HCI
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1 53a ¢ wdz CPA2 75 34
2 53a ¢ L°N CPA2 34 -49
3 53a 35 - 33 66
4 53b g L°N CPA2 32 -38
5¢ 53b ¢ L°N CPA2 11 8
6 53b 35 - 52 70
7° 53b 35 - 81 95

Ru(bpy}](PF): “[Ir(dFppy)(dtbbpy)]Pk -50 °C
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X

H
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N © DCM 100 eq. DCM N“To
3 ent 4 ; 56 57 58
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86% yield ! 76% yield

Schemel-7: Enantioselective reactions catalyzed by chptabto-phosphoric acid catalysts.



Lastly, the newest addition to ihfamily of bifunctional catalysts is represented 4gzIPNand
2CzPNderived phosphoric acid photocatalyst hybriEBand 60 (Figurel-2) published recently by
the Konigand Tostegroups.®

Konig and Toste 2023

Figurel-2: Structures of chiral cyanoarer®ased chiral phosphoric acid catalyS&and 60.

In preliminary experiments, their potential to act as both chiral energy transfer and photoredox
catalysts has been established in the [2+2] cycloadditioflobriginally published by Yoéh
(Schemel-8A) and in a photoredox catalyzed Minisci reactioneoaen the work of Xiat*°
(Scheméel-8B). In these proebf-concept reactions, the cyadmased bifunctional catalysts gave
lower enantioselective results than the previously reported dual catalytic systems. However, the

reactions were not optimized for ¢hnovel catalysts and research into their use is still ongoing.



1 mol% PC + 20 mol% CPA 0 o

. e e J
e 2 2
5 mol% 59-60 " “
| + |
/\@ <\/N - <\/N .
toluene, -78 °C “
10 2. blue LED Q O @
63

trans-cis trans-trans
| CPA3 | Eny PC  CPA  Yield[%]  dr.  ee[%]
' 4-(CF3)CgHy4 ' a
‘ OO : 1 & L°N. CPA1 83 41 81
! 6] H
; o | 2 & L°N. CPA3 74 7:1 95
: OO o NAT 3 3 - CPA3 71 6:1 97
| eCrcas | 4 59 - 63 2.2:1 54
! ‘ 5 60 - 80 3.8:1 65

“[Ir(Fppy)(dtbbpy)]PE

O 2 mol% 4CzIPN + 10 mol% CPA4 O ‘ 1
15 °o ‘ 1

oTBs JY Lii . CN ;

+ AcHN 10 mol% 59-60 (r2) . ¢ :

N 1,4 dioxane N 1

blue LEDs

64 1.5eq
ceas 3 3 4CzIPN
: 246(PsCeH, 1 e
j CO o P 1 Enty PC  CPA Yield[%] d.r. ee[%]
| o oH | 1 4CzIPN CPA4 64  >19:1 >99
| OO 2 59 - 33 >19:1 21
3 2,4,6-(Pr)sCeH, 3 60 - 13 >10:1 14

Schemel-8: Enantioselective reactions catalyzed by chiral cyanoatesed photephosphoric acid
catalysts.



1.7 Conclusion

Since the introduction of thioxanthorleased photocatalystl in 2014, the development of
bifunctional organic photocatalysts has gained attention and a multitude of hybrid catalysts have
been reported. The majority of these catalysts rely onxhnthone as the photocatalytic moiety,

but TPPand donoracceptor cyanoarenbased photocatalysts havasobeen successfully linked

to chiral motifs. In many cases where a comparison of the bifunctional catalyst to dual catalytic
systems is available,significant improvement of either yield or enantioselectivity (or both) has
been observed when utilizing the sole bifunctional catalgystem. These comparisons also
present the opportunity to investigate the operating mechanism better and draw insightfu
conclusions. However, there have also been reactions where no or no major benefit of the
bifunctional system was visible. Additionally, some of the reported structures require increased
synthetic effort compared to a dual catalytic counterpart and cdrsélection and development

of new reactions, tailored to the bifunctional catalyst, might be necessary to unfold the full
potential of these catalyst scaffolds. Overall, this field of photocatalysis remains underdeveloped,
but has shown great potential drthe establishment of new bifunctional catalysts presents an

exciting avenue of photocatalysis.
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Abstract

highly efficient, cheap and organic alternative to the commonly used iridium
photosensitizer (Ir[dF(Gppyk(dtbpy))PE ([Ir-H) is presented for visibléght energy
transfer catalysis. The organic d€zPNsurpasse$ir-F in selectivity while at the same
time being easily@cessible in one step. The catalyst is recyclable and, due to its uncharged nature,
soluble in nonpolar solvents such as tolueRarthermore, the scope of molecular scaffolds that

are compatible substrates for visiblight catalyzed dearomative cycloatidns is expanded.

.
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</ Cheap, organic photosensitizer

</ Visible light ¢ Expensive iridium catalyst
¢ Rapid increase in complexity 3 Harsh UV light

,/ Access to polycyclic frameworks




2.1 Introduction

Over the past few years, energy transfer catalysis has gained significant attention and has
emerged as a powerful synthetic toblThe reasons for this are manifold, but of particular
AAAYATFTAOLIYOS Aa (KS YSUGK2R2ft23eQa | oAf Adte G2 N
This is elegantly highlighted by the works of Glorius étaald You et at.that demonstrate the

generation of polycyclic cores by intramolecular dearomative cycloadditions of napBtierhe

2-1A) and indole derivativesS¢heme2-1B). The resulting molecular scaffolds often map onto

natural productframeworks and are challenging to synthesize via other me&nse alternative

to accessing these structures is the direct excitation of substrates by UV light. However, this
method often leads to unwanted side reactions and poor selectMy.utilizingvisible light and

suitable photosensitizers to indirectly activate molecules, the need for UV light and/or other harsh

reaction conditions can be avoided.

Key to the success of such a mild visitght catalyzed process is the careful selection of a
photosensitizer whose triplet energy upon excitation with visible light and intersystem crossing
matches the targeted molecules. In the past, photocatalyB$ with sufficiently high triplet
energies for challenging dearomative processes of the type depict&cheme2-1 have been
largely limited to iridiurdbased systems utilizing (Ir[dFgEpyL(dtbpy))PE([L NJHSEheme-10

and its derivative$*’ This catalyst, which has also been shown to be effective in other catalytic
energy transfer processedenefits from a londived excited triplet state and a high triplet
energy®° Despite these desirable traits, iridium catalysis has several significant drawbacks that
limit its widespread use. On the economic side, iridium has the distinction of Heéngrest of

the rare earth metals and has a correspondingly high price that can make the cost of the catalyst
prohibitively expensivé® Furthermore, the presence of transition metals in pharmaceuticals is
highly regulated, and use of an iridium photagigst in late stage steps is undesirable in regards

to industrial applications of these complexity generating processemally, the charged nature

of the expensive catalyst complicates its recyclaSit§t a ¢St Fa fAYAlGa GKS ¢

in many common nonpolar solvent§

This work aims to address these problems by avoiding iridium and offers a highly effective, cheap,
neutral, and organic alternative for the widely utilizdd Ni}pr@tosensitizer. Based upon OLED
research®and reportsabout the photochemical and photophysical properties of organic dyes, we

were drawn to 1,2bis(carbazeb-yl)-4,5-dicyanobenzene2CzP) (Scheme2-1D) as a promising



candidate for this task! Specifically, the high triplet energy of this system at 6Q&l/knol
(corresponding to 1= 2.63 e\Af9as well as the prior use of this catalyst for photochrontfded
us to explore its performance in the dearomatization reactions of aforementioned naphthol and

indole derivatives

Previous works: iridium-catalyzed triplet sensitization

[A] Glorius (2018)

@

D1 (1 moi%) R¥S

1 ,4-dioxane
blue LED, 18 h

You (2019)

I N ‘
[Ir-F] (4 mol%) ;o 1 |
DCM/ CH,CN _ 3 (Ir[dF(Cgs)_ngli(itbv))ﬁ:g ([Ir-F1) |
blue LED, 48 h N R 3 ¢ = 60.1 keal/mo :

0] f -
2CzPN (2 mol%)

CO,Ph CHC|3
blue LED, 16 h

CO,Me
CO,Me

2CzPN (4 mol%)
2CzPN
E, = 60.6 kcal/mol 4

PhMe
blue LED, 19 h

Scheme2-1: Previously reported dearomatizations of naphtiutgrivatives A)® and indolederivatives B)*
and structure of the organic alternati&CzPND) to ([Ir-H) (O.



2.2 Resuls and discussion

The dearomative cycloaddition of naphthbh was used as a model reaction to investigate the

organic catalysPCzPNTable2-1). To bgin,laand 5 mol¥2CzPNvere irradiated with 455 nm

light in 1,4dioxane at room temperature. tdler these conditions, we were pleased to see full

conversion of the starting material but with poor selectivity, as measured by the rae:8&

(entry 1). This reaction proceeds via two sequential triplet energy excitation processes. First,

excitationof laresults in a [2+2] cycloaddition to for@g, while subsequent excitation &a

followed by rearrangemenfurnishes2a. The ultimate ratio oRa:3ais influenced by the triplet

energy of the catalyst and the rate of energy tramsf€or the complete mchanism, see

experimental par.4.5.1

Table2-1: Optimization studies for the organocatalytic dearomatization of naphifzdl

I

0 cone sZEéﬁtToém ) ,.
455 nm
time, r.t., N, 5
1a rac-2a rac-3a
Entry PC X Time Solvent Ratio 2a:32&

1c 2CzPN 5 17 h 1,4-dioxane 1.2:1
2d 2CzPN 5 17 h 1,4-dioxane 1.2:1
3 2CzPN 5 17 h PhMe 1.8:1
4 2CzPN 5 17 h CHd 16:1
5 2CzPN 1 14 h CHd 16 (94961
6 2CzPN 0.5 14 h CHd 31
7 2CzPN 0.2 14 h CHd 1:1.6
8f 2CzPN 1 17 h CHd 1:20
9 TX 5 17 h CHdG N/Ag
10 - - 17 h 1,4-dioxane N/A9

aReactions were run at a 0.2 mmol sca@etermined by*H-crude NMR ratio. Entries with a ratio showed no other proton signals and
full conversion with isolation of a mixture Bhand3ain near quantitative yield?0.04 Md<pa "

nnp

yY fA3KIDG

-

= 455 nm®94% isolated yield confirms the use of the NMR ratio is a reliable indication of @igléq of Sc(OT$) 9Not applicable. No

conversion of starting material.

Lowering the wavelength from 455 to 40&nrdid not influence selectivity (entry 2). After a brief

screening of solvents, it was found that chloroform was ideal, leading to formati@a wfth a

dza SR

high selectivity of 16:1 (entry 4). We were able to lower both the reaction time to 14 h and the

catalyst loading to 1 mol% without impacting the reaction (entry 5). Further lowering the catalyst



loading resulted in worse selectivity (entries 6 and 7). Through the addition of a Lewis acidic
additive, the reaction could be directed toward the selective fation of 3a (entry 8). However,

this observed effect proved not to be general to other substrates. Therefore, 1 0¥BNN
chloroform irradiated at 455 nm for 14 h were chosen as the optimized conditions, @iaiimg

94% isolated yield as a single demeomer and with £a3aratio of 16:1 (entry 5). In comparison,

the optimized conditions of Glorius utilizing 1 molRoNJ}1Gdioxane; 0.04 M; 18 h; 455 nm)
achieved a ratio of 6:1 with a yield of 86%howing that2?CzPNs able to improve the selegity

of the reaction. Control experiments utilizing the organic photosensitizer thioxantfiodewhich
absorbs at lower wavelengtigentry 9), and irradiation without any catalyst (entry 10) resulted

in no conversion, proving the necessity2@zPNWith optimized conditions in hand, tailored to

the organic dy@CzPNthe substrate scope was investigated to better com@tePNvith [L NJb C

To do so, five substrates were selected with different electronic and steric properties at the
activating groupR as well as at the naphthyl ring? Rrable2-2). For ease of comparison, the
already reported yields with 1 mol% of the iridium catalystNJ}ar€ included in brackets. Based
upon these yields, it is evident thaCzPNs able to catalyze the dearomadimon of naphthols in

a highly efficient fashion that is comparable or superiofltd\}L C

Table2-2: Substrate scope of naphthdls

R2
m o
o 2CzPN (1 mol%) .

1 CHCl3
A R H H
RZ% 455 nm
= 14 h, rt., Ny 1
R
1 rac-2

rac-2a, 94% (86%) rac-2b, 62% (61%) rac-2c, 99% (92%) rac-2d, 76%° (72 %) rac-2e, 70%P (47%)

aYields are isolated yields. Yields in brackets are isolated yields arfigfireally reported reactions with 1 mol% [NJB R2actions were
run on a 0.2 mmol scale at 0.1 Mwo mol%2CzPN42 h.

Reactions witlRCzPNeadily scale and could be performed equally effectively in multiple gram
quantities with only 1 mol% catalysb¢heme2-2A). We were also able to take advantage
2CzPK @eutral charge to readily recycle the catalyst by means of column chromatography in 88%

yield, and the recycled catalyst shows no change in activity upon r8gbeihe2-2B).



(o} 2CzPN (1 mol%) /‘I d
CHCI recycle:
CooPh _ CHC 2CzPN
455 nm
19 h, rt., N,
1c rac-2¢ 88%
7.00 mmol 2.04 g, 92%
~ oy O
recycled ‘
o 2CzPN H Q H
“/OOCOMe \'
—_—
CHCl, me” O
455 nm rac-2a
1a 14 h,rt, Ny 90%

Scheme2-2: Scale up of the reaction with recycling of catalygtdnd subsequent reaction with recycled
catalyst(B).

Motivated by the positive results, we explored the compatibility B€zPN with the
dearomatization ofridole derivates. This class of compounds represents a more challenging test
due to their increased triplet energy. While the optimized conditions for naphthol
dearomatization resulted in very poor conversioriaf it was found that utilization of toluenas
solvent allowed the reaction to proceed in higtelds é€xperimental part 2.4.3)1 It is thought

that the use of the less polar toluene solvent inhibits electron transfer from the indole substrate

to the excited photocatalyst that preferentially occurger triplet sensitization in polar solvents.

The ability to utilize nonpolar solvents wiCzPNhighlights another advantage of this organic
photosensitizer over the LI NJb99stem, which is only minimally soluble in toluene

0 M n n bppm)ff ;aand other nonpolar solvents due to its charged nature (TaBlig). A
comparison of the maximum solubility in a range of different solvents revealed a more than 100
times higher solubility c2CzPNn toluene. It is noteworthy that the organic catalyst retains high

solubility in polar solvents

Table2-3: Maximum solubilities oflf-F and2CzPNn common organic solverits

Solvent [Ir-Fp 2CzPN

PhMe 7.0x106° 1.3x10?
1,4-dioxane 2.2x16% 1.6x10?
DCM 5.6x10° 8.3x1(

Methyl tert-butyl ether 7.0x16P 9.2x10*
DMSO 1.6x10! 1.6x16?

aMaximum solubility given as concentration (Mol&@As reported by the group of Weav¥2cSeeexperimental part 2.4.3.4



To demonstrate the efficiency of our conditions, a scope of indoles was investiJatieldZ-4).
Table2-4: Substrate scope ahdoles

X X
AN 2CzPN (4 mol%)
Nt PhMe
N 455 nm N R

R2 24 h,rt, Ny R2
4 rac-5

MeO,C_ CO,Me MeO,C_CO,Me

S

rac-5a, 95% (95%)  rac-5b, 99% (79%) f . rac-5¢c, 99%"

MeO,C_CO,Me MeO,C_CO,;Me
BocN

©\N\: Ph ©\N\: Ph ©\N\: CO,Et
H H H

rac-5d, 76% (66%)  rac-5e, 51% (50%)°  rac-5f, 76% (81%)

aYields are isolated yields. Yields in brackets are isolated yields of the originally reported reactiohs Nj#HREeactions run on a
0.05mmol scale at 0.0125 MNineteen hoursOriginally reported reaction with 8 mol% Nk C

Just as withl] Niisuibstitution at the 2position was weltolerated 3, 5d, 5e, and5f), as was the

use of a more sterically hindered idisubstituted alkene5e). The reaction proceeds utilizing
ddz0 aGNF G§Sa oS NRAy 3 N-ackd graupsith thé higReat §/iSds bbserved2wkd |y
the acetylated substrate$b, 5¢). These nearly quantitative yields are thought to be attributed to

the electronwithdrawing nature of the acetyl group, which lowers the triplet energy of the
substrates while at the same time increasing their oxidation potential to limit redox events with
the catalyst. Using aN-acetylated substrate, we were especially delighted to firat thigh levels

of reactivity could be obtained without the bulky diester linker which facilitates ring closure via
the ThorpelngoldEffect 6c).1” Once again, for all substrates tested, the organic photosensitizer

proved to be comparable or superior tb Nllat@quivalent catalyst loadings.

Having established that the organic catalyst is an effective replacemernit fisfHw@ sought to
test theorganic photocatalyst on more challenging cases containing allene cycloaddition partners
that have the potential to form highly strained methylencyclobutane proditEhis class of
substrates is particularly intriguing due to the presence of an olefiharproduct that can serve
as a functional group handle for further structural elaboration. Whereas the direct UV excitation
of aromatic rings followed by their trapping with allenes has been reported, little has been done

within the field of visibldight triplet-sensitized chemistri? A rare example of triplesensitized



OKSYAauNER Ay@2f@Aay3 |tfSySa Aa GKS g2N])
dimethoxyacetophenone sensitizer was required in the dearomative cycloaddition of indole
derivatives'®®®¢ However, in addition to the high catalyst loading, a higessure mercury lamp
was necessary gxperimental part 2.4.5)2 Inspiredby their work, we synthesized alleréeto
investigate whether2CzPNcan overcome these significadiimitations. Applyilg the same
optimized conditions as fotc, we were pleased to see full conversionédb the dearomatized
products7 and8in high yield and with a ratio of 5.3:1 (Tall®).

Table2-5: Formation of methylencyclobutane products from allene substitutestbla 62

/
/
MeO,C_CO,Me CO,Me
CO,Me
MeO,C COMe  7czpN (4 mol%)
PhMe
- . + >
N 455 nm N H
N 19, rt, Ny Ac
Ac 99%
6 rac-7 ratio 5.3 : 1 rac-8

3solated yield. Reaction has previously not been reported WitiNfET8e reaction was run on a 0.05 mmol scale at 0.0125 M.

We next explored the previously unreported visitight photochemistry ofnaphthol allene
derivatives (Table2-6). When treating naphthol keton®a with slightly modified conditions
described above for the dearomatization of naphthols, we were surprised to obtain the aromatic

cyclic acetalOaas the main product in 61% vyield.

Table2-6: Dearomative cycloaddition of allersubstituted naphtholderivative$

603 R! g
1 ! A
O o IO
: : o) 4

\ f/ :r’ \I/ with R = Me: 61% (10a)
—

y with R = OPh: 0%
4
COR" 2CzPN (2 mol%)
@ rac-10 rac-10a
O O/w‘ 455 nm

i 16 h, r.t., Ny

9

9a: R' = Me with R = Me: 15% (11a)
9b: R" = OPh with R' = OPh: 81% (11b)

rac-11 rac-11b

aYields are isolated yields. Reaction has previously not been reportediwitfiR€actions were run on a 0.1 mmol scale at 0.05 M.

The product was confirmed by a single crystatay analysisgxperimental part 2.4.3) and
supported by the literatur&known UVphotochemistry of allenyl salicylaldehyd&&¢We believe

that 10ais formed via dearomatized intermediate that upon 1,3allylic transposition yields

27T



product10a As a minor side product under these conditions, dihydrofdrbamwas also obtained
via a 1,4cycloaddition. By exchanging the acetyl gro@g) (with a phenyl esterqp), only the

dearomatized productlbwas observedni 81% yield



2.3 Conclusion

In conclusion, we have shov€CzPNo be a highly effective and general triplet sensitizer that can
serve as an effective replacement for the expenslveN[leafalyst that has until now been the
preferred sensitizer to activatsubstrates with high triplet energies via visible light. Through a
series of direct comparisons, the organic catalyst consistently matonesltperformed the
iridium catalyst in dearomative cycloadditions. The organic dye was furthermore applied in the
previously not reported visiblght induced photocycloaddition of naphthol and indole allenes,
giving rise to complex polycyclic frameworks. The catalyst itself is readily synthesized in gram
guantities in one step from cheap and commercial starting malerand is benchktable. Its
uncharged nature allows for solubility in a broad range of polar and nonpolar solvents and for easy
recovery and reuse of the catalyst via column chromatography. Finally, reactions performed with
2CzPNnhave proven to be readily amenable to large, multigram scales. We believe that the
presented work will facilitate a broader use of visibitght mediated tripletsensitized reactions
through the identification of a cheap organic replacement for the pnesiip utilized iridium

catalyst.



2.4 Experimental part

2.4.1 Generalnformation

All reagents were purchased from commercial suppliers (Sigma Aldrich, Alfa Aesar, Acros, Fluka,

TCIl or VWR) and used as received. Anhydrous solvents were obtained from Acros Qrfzmics i

2F Iy 1 ONRP{SIf o020G0fS 04l yK@RNRdzA€0 2NJ 08 RNEBAY
were performed in Schlenk vials or crimp capped vials under nitroggru@ihg plastic syringes

and cannulas to transfer solvents or liquid reagentotBieactions were weighed in under air

but degassed by three cycles of freeze pump thaw to ensure complete exclusion of air.

Analytical thinlayer chromatography (TLC) was performed usingopated ALUGRAM® Xtra SIL
G/UVess sheets (MachereNagel) and UNight (254 nm or 365 nm) for visualization. Purification
by flash column chromatography was performed on a Biotage® |18%I8gmektra One using
solvents of technical grade and silica gel 60 Mq4® > Y-240 meshy Merck) for intermediates

and distilledsolvents and prgacked Biotage® SNAP Ultra columns for final product isolations.

All NMR spectra were measured at room temperature using either a Bruker Avance 300 (300 MHz
for 'H, 75 MHz fot°C) or Bruker Avance 400 (400 MHZzdy 101 MHz fot*C).All chemical shifts

I NB NEB Listale SsRparts ger million [ppm] (multiplicity, coupling consthmumber of
protons), relative to the solvent residual peaks as the internal standard. Coupling conkiagts
given in Hertz [Hz]. Abbreviations usked signal multiplicity®H-NMR: b=broad, s = singlet, d =
doublet, t = triplet, g = quartet, dd = doublet of doublets, ddd = doublet of doublet of dublets, dt

= doublet of triplets, dq = doublet of quartets, gt = quartet of triplets, and multiplet;

HRMS (high resolution mass spectra) were measured at the Central Analytical Laboratory of the
University of Regensburg. The device used is a Finnigan MAT 95, ThermoQuest Finnigan TSQ 7000,
Finnigan MAT SSQ 710 A or an Agilem3® 6540 UHD instrument.

Infrared (IR) spectra were recorded neat on an Agilent Cary 63B Epectrometer. Melting

Points were measured in open capillary tubes using a Stanford Research System OptiMelt MPA
100 and are uncorrected. Centrifugation was carried out on an Eppen@eri®ifuge 5702 RH.
Photoreactions were performed using blue light OSRAM Oslon SSL 80 EDCQ@7P  6n@ £ dzS =T <
455 nm, ha= 0.7 A, 1.12 W) as irradiation source. For irradiation with 405 nm Edison®QHV

N 0 ma®=405 nm, Imax = 700 mA, 400 mW) wesdi Reactions were performed in crimp capped

vials at 25 °C, controlled by a thermostat metal cooling block.



2.4.2 Properties o2CzPN
2.4.2.1 U\VIS and Emission Spectra

U\-Vis absorption spectroscopy was performed at 25 °C on a Varian Cary 100 Spectrometer with
a 10 mm quartz cuvette.
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2CzPN in dry toluene (500 uM)

2CzPN in chloroform (1 mM)

2CzPN in chloroform (50 pM) Emission spectra blue LED

Figure 2-1: Emission spectra of used blue 455 nm LED and absorbance spe2@aRifin different
concentrations and solvents. Contetperiments using a 405 nm LED light source did not increase
selectivity in the dearomatization of naphthbd, therefore 455 nm was used as preferred light source.



2.4.2.2 Summarized Properties of 2CzPN from Literature

Triplet Energy o2 CzPN*

2.63 eV comsponding to 60.6 kcal/mol,

Photoluminescence (PL) characteristic@GZPNn toluene under nitroger?

IYAAAMYWU<ST nToT t[V 08620 I' ApdpALE NFTRGAYS

Redox potentials in volts ddCzPNvs. saturated calomel electrode (SCE) in MeCN at room

temperature®14°

En(PKFt O T 1,BRRD)=ATI2; BOP/P) = +1.47, R(P/IFVO T LbmMmednpT



2.4.3 Optimization and Solubility Studies

2.4.3.1 Optimization Table for the Dearomatization of Ineidgivatives

Table 2-1: Optimization studies for the organocatalytic dearomatization of indiale

MeO,C_CO,Me
Photocatalyst (PC)

(4-5 mol%)
Solvent o
455 nm ©\
c, t, rt, Ny H
5a
Entry PC PC loading Time t Concentration ¢ Ratio 4a:54 Solvent
1 2CzPN 5 mol% 48 h 0.1M 20:1 DC'(V:'S/, “{')eCN
2 2CzPN 5mol% 48 h 0.1 M 20:1 Chloroform
3 2CzPN 5 mol% 48 h 0.1 M 3:1 Chlorofornt
4 2CzPN 5 mol% 48 h 0.1M 13:1 MeCN
5 3DPA2FBN 5 mol% 48 h 0.1M 1.5:1 MeCN
6 3DPAFIPN 5 mol% 48 h 0.1M 31 MeCN
7 2CzPN 5 mol% 48 h 0.1M 1:3 Toluené
8 2CzPN 5 mol% 48 h 0.0125 M 1:20 Toluené
9 2CzPN 4 mol% 24 h 0.0125 M 1:20 (95 9%6) Toluené
; F ; ; F ;
©/N N\© ©/N N\©
F Xy NZ N
O SRS
3DPA2FBN 3DPAFIPN

L J

aReactions were performed with 0.2 mmol #d at 0.1 M and 0.05 mmol ofa at 0.0125 M.Determined by*H-crude NMR ratio.
Entries with a ratio showed no other proton signasnhydrous solvent was uset®5% isolated yield confirms the use of the NMR

ratio is a reliable indication of yield.



2.4.3.2 Control Experiments

All reactions were performed once mbsence of catalyst and once in absence of irradiation
source. Product formation was never observed in any of the investigated substrates {allene

substituted substrates, naphthalerivatives and indoleerivatives).

2.4.3.3 Recycling of the Catalyst

General Information:

In each performed photoreaction, products were purified by column chromatography, which also
allows for recycling of the catalyst through very minor adjustments of the solvent system. The
details are explained below. After completion of the reactithe crude mixture was concentrated

in vacuo andubmitted to flash column chromatography, starting with 100% DCM as solvent (blue
gradient Figure S2 to S25). Under these conditions, the catalyst comes off the column as a
clearly separated peak. Ontiee catalystis off the column (which can also be visually observed
due to the yellow band), the column is flushed with 100% petnoleether (PE) or pentane
followed by the appropriate EtOAC/PE solvent system (yellow gradient FRg2€) to isolate

the products. Lastly, the column is flushed with 100% EtOAc to flush off the degradation product
of the catalyst, which occurred in cases with long reaction tii2eh( Figure S2vs. Figure &3).

The degradation of the catalyst could also be visually oleseroy change of the solution color
from pale yellow to orange. In the largeale synthesis @c, 2CzPNvas recycled in 88% yield and
reused without further purification in the synthesis 2§, resulting in excellent isolated yields

(90%). Although théH-NMR of the recycled catalyst showed small impurities, they did not have

by AYLI OO 2y GKS OFiGrteadQa (2SR5 Novobtgiedsy LF y SS

recrystallizing the compound from acetone/hexane.



2.4.3.3.1 Naphtholderivatives
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Figure 2-2: Column report of the isolation dfe. Reaction time: 42 h and catalyst loading: 2 mol%.
Isolated yield: 70%. The high absorption of the degradation product arises from the strong color and does
not correspad to the actual amount of degradation.
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Figure 2-3: As comparison to Figur@& the column report of the isolation &e with a reaction time of
14 h, and Imol% catalyst loading. Isolated yield: 38%.



2.4.3.3.2 Indolederivatives
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Figure 2-4: Column report of the isolation dc. Isolated yield: 99%.
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Figure 8-5: Column report of the isolation of a mixture 8and8. Isolated yield: 99%



2.4.3.4 Determination of Maximum Solubility

Maximum concentration was determined using the General ProgedA of the published
procedure from the group of Weavé® 1.5 mg of2CzPNvere weighed into a 15 mL CELLSTAR®
tube with a screw cap. The respective solvent was added in steps2§i(AL (depending on the
solubility) by an Eppendorf pipette. After each addition, the tube was closed, sonicated for 4 min
and then centrifuged foR min at a speed of 4.4 x 1000 rpm. This procedure was repeated until
the catalyst was fully dissolved as determined by visible examination. Lastly, the fully dissolved
sample was centrifuged once more for 60 min at a speed of 4.4 x 1000 rpm to ensutkeha
catalyst is really fully dissolved. In the case of easily volatile solvents, the amount of solvent was

determined again after centrifugation, due to evaporation effects.



2.4.4 Experimental Procedures

2.4.4.1 Synthesis of Photocatalyst

1,2-bis(carbazob-yl)-4,5-dicyanobenzen€2CzPN

This substrate was made following the procedure of Adachi ¥iald Zhang et &'

A Schlenk flask equipped with a magnetic stirring bar was charged with a solutanbafzole

(3.49, 20 mmol) in dry THF (80 mL). NaH (60% in mineral oil, 1.2 g, 30 mmol) was slowly added
under nitrogen at room temperature and the resulting solution was stirred for 30 min. Then, 4,5
difluorophthalonitrile (1.3 g, 8.ehmol) was added andhe reaction was stirred overnight.
Afterwards, the reaction was quenched by addition of water (20 mL), the solvent was removed in
vacuo and the residue was redissolved in DCM. After washing with EtOH, the crude mixture was
first purified by flash columnhtomatography (DCM/PE 3:1) and then by recrystallization from
acetone/hexane yieldingCzPNas a paleyellow powder (710 mg, 1.5 mmol, 19%).

IH NMR (300 MHz, CD$4 (ppm) 8.33 (s, 2H), 7.88 7.78 (m, 4H), 7.16 7.10 (m, 4H), 7.09
7.04 (m, 8H).

The spectroscopic data matched that reported in the literattfre®



2.4.4.2 Synthesis of Starting Materials
2.4.4.2.1 Synthesis of Naphthalerivatives
These substrates were made following the procedures of Glorius’et al.

General Procedure for Naphthotlderivatives

Naphthol (1.0 eq.), ¥CQ (2.5 eqg.) and DMF were added to a crimp cap vial equipped with a
magnetic stirring bar. The tube was closed, first degassed and then placed under a nitrogen
atmosphere. bromo-1-butene (3.0 eq.) was added via a syringe and theltiegumixture was
stirred at 80°C with a metal heating block for 16 h. The reaction was quenched with waterl(L0

and extracted with EtOAc §8L0mL). The combined organics were washed with brine2@mL),

dried over NaSQ and the solvent was remed in vacuo. Purification by flash column

chromatography as noted yielded the alkylated naphthol product.
1-(1-(But-3-en-1-yloxy)naphthaler?-yl)ethan1-one (a)

o

(0]

cr™

Synthesized according Beneral Procedure lising 2acetytl-naphthol (1.86 g, 10.0 mmol),
K:CQ (3.469, 25.0 mmol) and-fromo-1-butene (3.05 mL, 30.0 mmol) in DMF (20 mL).

IHNMR (300 MHz, CD{I (ppm)8.26¢ 8.18 (m, 1H), 7.8687.81 (m, 1H), 7.70 (d= 8.6 Hz, 1H),
7.64¢ 7.52 (m, 3H), 5.98 (ddf= 17.1, 10.2, 6.8 Hz, 1H), 5@8.11 (m, 2H), 4.08 (= 6.8 Hz,
2H), 2.76 (s, 3H), 2.69 (gt 6.8, 1.3 Hz, 2H).

13CNMR (75 MHz, CD{l (ppm)200.9, 156.2, 136.9, 134.2, 128.6, 128.4, 128.3, 128.2, 126.7,
125.6, 1242, 123.5, 117.9, 76.4, 34.9, 31.0.

Conditions for Column Chromatograph®:>4% EtOAc in PE
Yield:1.7 g, 7.1 mmol, 71% (payellow oil)

The spectroscopic data matched that reported in the literattire.



Methyl 1-(but-3-en-1-yloxy}2-naphthoate (Lb)

o

(0]

o

Synthesized according t@eneral Procedure Lsing methyl ihydroxy2-naphthoate (1.01 g,
5.0mmol), KCQ(1.71 g, 12.4 mmol) and@romao-1-butene (1.50 mL, 14.8 mmol) in DMFA(R).

IHNMR (400 MHz, CD$4 (ppm)8.34¢ 8.22 (m, 1H), 7.88 7.82 (m, 2H), 7.64 7.49 (m, 3H),
6.02 (ddt,J= 17.1, 10.2, 6.8 Hz, 1H), 5£6.21 (m, 1H), 5.18 5.15 (m, 1H), 48 (t,J= 6.8 Hz,
2H), 3.98 (s, 3H), 2.72 @ 6.8, 2H).

3CNMR(101 MHz, CDgH (ppm)167.0, 157.3, 136.9, 134.8, 128.9, 128.5, 127.9, 126.9, 126.6,
123.9, 123.7, 119.4, 117.3, 75.6, 52.4, 34.9.

Conditions for Column Chromatograph§% EtOAc in PE
Yield:623 mg, 2.4 mmol, 49% (clear, colorless oil)

The spectroscopic data matched that reported in the literattire.

Phenyl 3(but-3-en-1-yloxy}2-naphthoate (c)
IS
(0] (o]

Synthesized according t@eneral Procedure lsing phenyl dhydroxy2-naphthoate (2.64 g,
10.0mmol), KCQ (4.15 g, 30.0 mmol) and-Hromo-1-butene (2.54 mL, 25.0 mmol) in DMF
(20mL).

IHNMR (400 MHz, CD§ (ppm)8.41¢ 8.27 (m, 1H), 8.06 (d= 8.7 Hz, 1H), 7.957.83 (m, 1H),
7.507.43 (m, 3H), 7.52 7.43 (m, 2H), 7.38 7.25 (m, 3H), 6.1§5.86 (m, 1H), 5.21 (dg, J = 17.2
Hz, 1.6 Hz, 1H), 5.165.09 (m, 1H), 4.27 (8= 6.8 Hz, 2H), 2.862.55 (m, 2H).

13CNMR (101 MHz, CDgH (ppm)164.6, 158.4, 151.1, 137.2, 134.6, 129.7, 129.0, 128.9, 128.0,
127.0, 126.8, 126.1, 124.1, 123.9, 122.0, 118.7, 117.4, 75.8, 34.9.



Conditions for Column Chromatographg:>4% EtOAc in PE
Yield:2.7 g, 8.5 mmol, 85% (white solid)

The spectroscopic data méated that reported in the literaturé.

Naphthalenl-yl cyclobutanecarboxylatel 8)

A round bottom flask equipped with a magnetic stirring bar was charged with a solution of

cyclobutanecarboxylic acid (1.2 mL, 13 mmolp®M (20 mL) and DMF (4 drops). The reaction
mixture was cooled down to 0 °C and oxalyl chloride (1.3 mL, 15 mmol) was added dropwise. After
complete addition, the mixture was allowed to warm up to room temperature and was stirred for
1.5h. The resultingaution was added dropwise via a syringe at 0 °C to another round bottom
flask, containing a mixture ofdaphthol (1.3 mL, 1.4 g, 10 mmol), DMAP (0.12 g, 10 mmol) and
E&N (1.5mL, 11 mmol) in DCM (10 mL). Afterwards, the resulting mixture was agairedltow
warm up to room temperature and was stirred for 30 min. The reaction was quenched with 1 M
HCI (20 mL) and extracted with DCMx(20 mL). The combined organics were washed with
NaHC®(40 mL), dried over N&8Q, and the solvent was removed in vacurification by flash
column chromatography (6% EtOAc in pentane) yieltie@.0g, 9.0 mmol, 89%) as a colorless

oil.

IHNMR (300 MHz, CD§! (ppm)7.90¢ 7.82 (m, 2H), 7.74 (d= 8.3 Hz, 1H), 7.547.42 (m, 3H),
7.23 (dJ= 1.0 Hz, 1H), 3.5@d, J= 8.6, 1.0 Hz, 1H), 2.682.51 (m, 2H), 2.5¢ 2.38 (m, 2H), 2.23
¢ 1.99 (M, 2H).

BCNMR (75 MHz, CD@I (ppm)174.0, 146.7, 134.8, 128.2, 127.1, 126.5, 126.0, 125.6, 121.2,
118.2, 38.39, 25.7, 18.7.

The spectroscopic data matched that reporiedhe literature?



Cyclobutyl(ihydroxynaphthaler2-yl)methanone 14)

OH O

A 50 mL crimp cap vial, equipped with a magnetic stirring bar was charged with SE(@0 g,
2.8mol%), degassed and placed under a nitrogen atmosphere. NadRl2I0 g, 8.9 mmol) was

0N YAFSNNBR (G2 GKS @GAlLt @Al | A&8NARYy3IS dzaAy3
0.9mmol) was added via a Hamilton syringe. The reaatnixture was stirred at 100 °C with a
metal heating block for 16 h, before it was quenched with water (10 mL) and extracted with DCM
(3 x 10mL). The combined organics were dried ovepI@ and the solvent was removed in
vacuo. Purification by flash cohin chromatography (1% EtOAc in pentane) yielddd1.6 g,
7.1mmol, 80%) as a paleellow solid.

IHNMR (300 MHz, CD§4 (ppm)14.14 (s, 1H), 8.46 (d= 8.3 Hz, 1H), 7.74 (@z 8.1 Hz, 1H),
7.65¢ 7.57 (m, 1H), 7.51 (4= 8.7 Hz, 2H), 7.317.17(m, 1H), 4.23; 3.94 (m, 1H), 2.6Q 2.08
(m, 5H), 2.0%; 1.86 (m, 1H).

B3CNMR (75 MHz, CDgL (ppm)207.0, 162.8, 137.2, 130.0, 127.4, 125.9, 125.5, 124.44]124.
118.3, 111.7, 42.4, 25.2, 18.3.

The spectroscopic data matched that reported in the étare 3

1-(But-3-en-1-yloxy)naphthale2-yl)(cyclobutylYmethanoneld)

it

o O

A Schlenk flask equipped with a magnetic stirring bar was charged with a solution of ndghthol
(1.5g, 6.6mmol), 3buten-1-ol (0.6 mL, 8.6 mmol) and PR&%.8 g, 7.3 mmol) in THF (15 mL) and

was placed under a nitrogen atmosphere. The reaction mixt@®eeoled down to 0 °C, and DIAD
(1.42 mL, 7.3nmol) was added dropwise via a syringe. Following complete addition, the mixture
was allowed to warm up to room temperature. After stirring for 16 h, the reaction was quenched

with water (10 mL) and extractaglith EtOAc (%20 mL). The combined organics were dried over

R NE



NaSQ, and the solvent was removed in vacuo. Purification by flash column chromatography (20
50% DCM in pentane) yieldéd as a paleyellow oil (0.33 g, 1.8xmol, 18%).

IHNMR (300 MHz, CD{} (ppm)8.29¢ 8.10 (m, 1H), 7.98 7.74 (m, 1H), 7.66 7.50 (m, 4H),
5.97 (ddt,J= 17.1, 10.2, 6.8 Hz, 1H), 538.07 (M, 2H), 4.2¢ 4.10 (m, 1H), 4.04 (8= 6.8 Hz,
2H), 2.65 (qtJ= 6.7, 1.4 Hz, 2H), 2.4%.18 (m, 4H), 2.12 1.96 (m, 1H), 5¢ 1.80 (M, 1H).

13CNMR (75 MHz, CD@It (ppm)205.4, 155.2, 136.4, 134.3, 128.4, 128.0, 128.0, 127.6, 126.6,
125.6, 124.1, 123.4, 117.7, 76.3, 45.4, 34.9, 25.4, 17.9.

The spectroscopic data matched that reported in the literattire.

6,7-Dimethylnaphthalenl-yl acetate 15)

OAc

A Schlenk flask equipped with a magnetic stirring bar was charged witdibkgino-4,5
dimethylbenzene (2.1 g, 8.0 mmol) in THF (40 mL) and furan (20 mL) and was placed under a
nitrogen atmosphere. Via a syringeBuLi (5.5 mL, 8.8 mmol, 1.6 M in hexane) was added
RNRLIWAAS 4G bty ¢ / FyYR GKB INBakzZ yiAg A/ 526 8z 2 RE
was quenched with water (40 mL) and extracted with EtOAc (3 x 50 neLgofibined organics

were dried over NgBQ, the solvent was removed in vacuo and the residue was redissolved in

DCM (8 mL).

After cooling the solution down to 0 °C,sBBE: (1.2 mL, 9.6nmol) was added dropwise via a
syringe and the mixture was stirred additional hour at 0 °C, before it was once again quenched
with water (10mL) and extracted with DCM (3 x 30 mL). The combined organics were dried over

NaSQ, the solvent was removed in vacuo and the residue was again redissolved in DCM (24 mL).

After addition of DMAP (98 mg, 0.8 mmol) andNE{1.2 mL, 8.&mol) the crude solution was
cooled down to 0 °C and acetyl chloride (0.74 mL, 10 mmol) was added dropwise via a syringe.
Following complete addition, the reaction mixture was warmed to room tempeeaand stirred

for 2 h, before it was quenched with 1 M HCI (10 mL) and extracted with D@MIO(B1L). The
combined organics were washed with NaHQDmL), dried over N&Q, and the solvent was
removed in vacuo. Purification by flash column chromaapyy (3% EtOAC in pentane) yieldes

as a paleyellow solid (933 mg, 44mol, 54%).



IHNMR (300 MHz, CD{} (ppm)7.66¢ 7.53 (m, 3H), 7.36 (= 7.8 Hz1H), 7.14 (ddJ= 7.5, 1.0
Hz, 1H), 2.47 (s, 3H), 2.434d,4.7 Hz, 6H).

13CNMR (75 MHz, CD@It (ppm)169.8, 146.2, 136.5, 136.4, 133.8, 127.7, 125.7, 125.2, 124.6,
120.6, 117.3, 21.2, 20.7, 20.3.

The spectroscopic data matched that reported in the literattire.

1-(6,7-Dimethyt1l-hydroxynaphthaler?-yl)ethanl1-one (16)

OH O

A 50 mL crimp cap vial, equipped with a magnetic stirring bar was charged with SE(@MThg,
0.22mmol, 5 mol%), degassed and placed under a nitrogen atmosphere. Nag@s3 mg,
4.35mmol) was transferred to the vial via a syringe using dry toluene (9 mL) and the reaction
mixture was stirred at 100 °C with a metal heating block.fbh. The reaction was quenched with
water (10 mL) and extracted with DCM X3L0OmL). The combined organics were dried over
NaSQ, and the solvent was removed in vacuo. Purification by flash column chromatography (3%

EtOAc in pentane) yieldelb as a ydbw solid (729ng, 3.4 mmol, 78%).

IHNMR (300 MHz, CD (ppm)14.01 (s, 1H), 8.17 (s, 1H), 7658.44 (m, 2H), 7.12 (d= 8.8
Hz, 1H), 2.65 (s, 3H), 2.434¢,4.1 Hz, 6H).

BBCNMR (75 MHz, CDg)It (ppm)204.2, 162.2, 140.5, 136.4, 135.8, 127124.2, 124.0, 123.7,
117.6, 112.9, 26.9, 20.5, 20.3.

The spectroscopic data matched that reported in the literattire.

1-(1-(But-3-en-1-yloxy}6,7-dimethylnaphthaler2-yl)ethan1-one (Le)

i

Synthesized according Beneral Procedure Lsing naphtholl6 (715 mg, 3.34 mmol),.EQ
(1.15g, 8.32mmol) and 4bromo-1-butene (1.00 mL, 9.85 mmol) in DMF (6 mL).




IHNMR (300 MHz, CD§4 (ppm)7.96 (s, 1H), 7.667.55 (m, 2H), 7.48 (d= 8.6 Hz1H), 6.00
(ddt, J= 17.1, 10.2, 6.8 Hz, 1H), 538.15 (m, 2H), 4.06 (8= 6.7 Hz, 2H), 2.75 (s, 3H), 2(7363
(m, 2H), 2.46 (s, 3H), 2.42 (s, 3H).

13CNMR (75 MHz, CDgIt (ppm)200.7, 155.7, 138.5, 136.5, 135.9, 134.3, 127.7, 742A27.0,
124.7,123.1, 122.9, 117.7, 76.1, 34.8, 30.9, 20.6, 20.3.

Conditions for Column Chromatograph$:>4% EtOAc in pentane
Yield:570 mg, 2.1 mmol, 64% (yellow oil)

The spectroscopic data matched that reported in the literattire.



2.4.4.2.2 Synthesis of Indolderivatives
These substrates were made following the procedures of You‘atrdéss otherwise noted.

General Procedure for Indolederivative$

A round bottom flask equipped with a magnetic stirring bar was charged with indole (1.0 eq.) in
EtO and closed with a hber septum. Dimethyl malonate (1.1 eq.) was added via a syringe,
followed by likewise quick addition of ethyl propiolate (1.1)eGhe reaction mixture was stirred
overnight and was then quenched with water and extracted with EtOA8(3nL). The combied
organics were washed with brine, dried over,8@ and the solvent was removed in vacuo.
Purification by flash column chromatography as noted yielded the corresponding indole

intermediate.

General Procedure ®r Indolederivatived2°

A round bottom Fask equipped with a magnetic stirring bar was charged with the corresponding
indole intermediate (1.0 eq.) in THF. After the addition of NaH (60% in mineral oil, 1.2 eq.) the
reaction mixture was cooled down to 0 °C and ally bromide (1.2 eq.) was addedise.
Following complete addition, the mixture was allowed to warm up to room temperature and was
stirred overnight. It was then quenched by addition of water and was extracted with EtOAc
(3x30mL). The combined organics were washed with brine, drigst daSQ and the solvent

was removed in vacuo. Purification by flash column chromatography as noted yielded the

corresponding indole products.

General Procedure for acylation of Indolederivatives!

A Schlenk flask equipped with a magnetic stirring was charged with a solution of indole
(1.0eq.) in dry DCM (8 mL/mmol) and was placed under a nitrogen atmosphere.
Tetrabutylammonium hydrogen sulfate (10 mol%) and freshly grinded sodium hydroxide (5.0 eq.)
were added and the resulting solution was starfor 15 minutes before acetyl chloride (3.0 eq.)
was added dropwise via a syringe. The resulting mixture was vigorously stirred for 4 h and then
guenched by addition of water. The organic layer was separated, and the aqueous layer was
extracted with DCMThe combined organics were washed with brine, dried oveSNaand the
solvent was removed in vacuo. Purification by flash column chromatography as noted yielded the

corresponding acylated indole products.



N,N-dimethy}1-(2-phenyt1H-indol-3-yl)methananine (17)

Iz /§>\
Z\
I

Prepared according to a literature reported procedéfte.

A threenecked round bottom flask equipped with a magnetic stirring bar and a dropping funnel
was charged with a mixture of formaldehyde B®6 in water, 21 mL, 28 mmol) water (2 mL)

and glacial acetic acid (26 mL) in dioxane (24 mL). The reaction mixture was cooled down to 0 °C
and dimethylamine (40 wt% in water, 3.5 ml, @80l) was added quickly. Afterwards,
phenylindole (5.@, 26 mmol) in dioxane (24 lhwas added dropwise via the dropping funnel.
Not all phenylindole was dissolved in dioxane and the remaining phenylindole was added slowly
as a solid. Following complete addition, the mixture was first stirred for 2 h at 0 °C and then for
12 h at room temperature. In the next step the reaction mixture was diluted with water (32 mL),
followed by addition of Celite (1.5 g) and stirring for 10 minutes. The suspension was filtered off
over Celite and the filtrate was basified by addition of 2M N4@00 mL) resulting in precipitation

of the product. The product was filtered off, washed with water and dried in vacuo yi€ldiag

a pale white solid (5.2 g, 21 mmol, 80%).

IHNMR (300 MHz, CD{! (ppm)8.20 (br s, 1H), 7.887.71 (m, 3H), 7.56 7.45 (m, 2H), 7.42
7.29 (M, 2H), 7.24 7.07 (m, 2H), 3.64 (s, 2H), 2.30 (s, 6H).

The spectroscopic data matched that reported in the literattfre.

Dimethyl 2allylF2-((2-phenytlH-indol-3-yl)methyl)malonate 4a)

COOMe MeOOC. COOMe
N General General
N Procedure 2 COOMe Procedure 3 A
_—— _——
': Ph S—ph H—ph

N N
H H H
17 18 4a

Intermediate 18 was synthesized according ®eneral Procedure 2ising indolel7 (4.41 g,
17.6mmol), dimethyl malonate (2.20 mL, 19.3 mmol), and ethyl propiolate (2.00 mLiritBdd)

in E£O (100 mL). The compound was fied via flash column chromatography (8% EtOAC in PE)
to yield 2.3 g (39% yield) and was used immediately in the next step.



Compound4a was synthesized according @eneral Procedure 8sing intermediatel8 (1.1 g,
3.4mmol), NaH (161 mg, 4rimol) and allyl bromide (0.40 mL, 4.0 mmol) in THF.

IH NMR (300 MHz, CD$4 (ppm)8.11 (s, 1H), 7.60 7.51 (m, 3H), 7.48 7.40 (m, 2H), 7.39
7.28 (M, 2H), 7.227.04 (m, 2H), 5.34 (ddi= 16.7, 10.3, 7.2 HzH}, 5.00c 4.64 (m, 2H), 3.71 (s,
2H), 3.41 (s, 6H), 2.35 (@ 7.2 Hz, 2H).

13C NMR (75 MHz, CRX (ppm)171.7, 137.2, 135.7, 133.8, 133.0, 129.8, 129.1, 129.1, 128.2,
122.3, 119.8, 119.6, 118.3, 110.9, 106.6, 59.6, 52.2, 37.1, 27.3.

Conditions for @lumn Chromatography8% EtOAc in PE
Yield:719 mg, 1.9 mmol, 56% (white solid)

The spectroscopic data matched that reported in the literattire.

Dimethyl 2((1H-indol-3-ylYmethyl)malonate 19)

COOMe

COOMe
N

N
H

Synthesized according to a modifi€eeneral Procedure ising gramine (2.6 g, XBmol),
dimethyl malonate (1.6nL, 14 mmol), and ethyl propiolate (1.4 mL,ii&ol) in EO (5 mL). The
reaction was quenched aftert®, the phases were separated, and the ague layer was extracted
with E£O (3x 30 ml).

H NMR (300 MHz, CD{E! (ppm)8.08 (br s, 1H), 7.687.58 (m, 1H), 7.35 (dd= 7.8, 1.1 Hz,
1H), 7.24; 7.09 (m, 2H), 7.04 (9= 2.4 Hz, 1H), 3.81 (& 7.6 Hz, 1H), 3.70 (s, 6H), 3.4Q&l8.3
Hz,2H).

1BCNMR (75 MHz, CD@It (ppm)169.8, 136.2, 127.1, 122.7, 122.3, 119.6, 118.6, 112.2, 111.3,
52.8, 52.7, 24.8.

Conditions for Column Chromatograph20% EtOAc in PE
Yield:2.2 g, 8.3 mmol, 55% (yellow oil)

The spectroscopic data matched that repatin the literature??



Dimethyl 2((1-acetyt1H-indol-3-yl)methyl}2-allylmalonate 4b)

COOMe MeOOC. COOMe MeOOC. COOMe
General General
COOMe Procedure 3 A Procedure 4 N\
—_— —_—
A\ A\ A\
(¢]
19 20 4b /E

Intermediate 20 was synthesized according to a modifiégneral Procedure 8sing indolel9

(2.2 g, 8.2 mmol), NaH (0g4 9.0mmol) and allyl bromide (0.8 mL, 9.0 mmol) in THF (16 mL). After
slow addition of NaH the reaction mixture was first stirred for 30 min at room temperature, before
allyl bromide was added at once atQ. The reaction veaquenched after 5 h. The compound was
purified via flash column chromatography (17% EtOAC in PE) to yield 701 mg (28% yield) and was

used immediately in the next step.

Compounddbwas synthesized according @eneral Procedure dsing intermediate20 (620mg,
2.1mmol), tetrabutylammonium hydrogen sulfate (70 mg, 0.2 mmol), NaOH (412 mg, 10 mmol),
acetyl chloride (0.44 mL, 6.2 mmol) and dry DCM (16 mL).

IHNMR (300 MHz, CD{! (ppm)8.39 (d,J= 8.2 Hz, 1H), 7.48 (di 7.1, 1.2 Hz, 1H), 7.34 (tH,
=8.3, 7.8, 1.4 Hz, 1H), 7.807.23 (m, 2H), 5.77 (ddf= 17.6, 10.3, 7.3 Hz, 1H), 56.09 (m,
2H), 3.71¢ 3.56 (M, 6H), 3.34 (s, 2H), 2.72 (t#,7.3, 1.3 Hz, 2H), 2.61 (s, 3H).

BCNMR (75 MHz, CDg)It (ppm)171.4, 168.4, 135.5, 132.531.0, 125.4, 124.2, 123.5, 119.7,
119.0, 116.8, 116.7, 58.5, 52.6, 37.9, 28.1, 24.2.

Conditions for Column Chromatograph$:10% EtOAc in PE
Yield:610 mg, 1.8 mmol, 86% (white solid)

The spectroscopic data matched that reported in the literattire.

3-(pent-4-en-1-yl)-1H-indole 1)

C[Q\
N
H

Prepared according to a literature reported procedété’




A crimp cap vial equipped with a magnetic stirring bar was degassed and placed under a nitrogen
atmosphere before it washarged with a solution of MeMgl (3.5 ml, 10.5 mmol, 3.0M solution in
EtO) in benzene (10 ml). A solution of indole (1.2 g, 10 mmol) in benzene was added via a syringe,
followed after 10 minutes by addition of-firomopentene (0.8 ml, 6.6 mmol), likewisdtwa
syringe. The mixture was heated with a metal heating block for 27 h at 112 °C, then cooled down
to room temperature and quenched with saturated JHsolution. After separation of the organic
phase, the agueous phase was extracted with EtOAc and@¢dhwined organics were washed

with brine, dried over N&5Q and the solvent was removed in vacuo. Purification by flash column

chromatography (9% EtOAc in PE) yiel@®&@47 mg, 4.6 mmol, 46%) as a yellow oil.

IHNMR (300 MHz, CD! (ppm)7.91 (br s, H), 7.62 (dJ= 7.8 Hz, 1H), 7.36 (dt= 8.1, 0.9 Hz,
1H), 7.26c 7.06 (m, 2H), 7.02 6.95 (m, 1H), 5.88 (ddi= 16.9, 10.2, 6.6 Hz, 1H), 5£0.87 (m,
2H), 2.78 (t)= 8.0 Hz, 2H), 2.262.09 (m, 2H), 1.9 1.74 (m, 2H).

The spectroscopic dataatched that reported in the literaturé"#

1-(3-(pent-4-en-1-yl)-1H-indol-1-yethanl-one @q)

SR
N

o

Synthesized according t@eneral Procedure 4using indole 21 (631 mg, 3.4 mmol),

tetrabutylammonium hydrogen sulfate (115 mg, 0.3 mmol), NaOH (680 mg, 17 mmol), acetyl
chloride (0.7 mL, 10 mmol) and dry DCM (27 mL).

IHNMR (300 MHz, CD§! (ppm)8.43 (d,J= 8.1 Hz, 1H), 7.587.48 (m, 1H), 7.427.24 (m, 2H),
7.18 (s, 1H), 5.87 (ddi= 16.9, 10.2, 6.6 Hz, 1H), 544.98 (m, 2H), 2.7 2.65 (M, 2H), 2.61 (s,
3H), 2.24;2.13 (m, 2H), 1.82 (p, J = 7.4 Hz, 2H).

BCNMR (75 MHz, CD@It (ppm)168.5, 138.4, 136.1, 130.9, 125.3, 123.5, 123.2, 121.8, 119.1,
1168, 115.2, 33.7, 28.4, 24.5, 24.2.

Conditions for Column Chromatograph$:10% EtOAc in PE
Yield:561 mg, 2.5 mmol, 74% (pajellow oil)

The spectroscopic data matched that reported in the literattire.



Dimethyl2-(2-methylallyl}2-((2-phenyt1H-indol-3-yl)methyYmalonate 4€)

MeoOC. COOMe

Iz

Synthesized according to a modifi&kneral Procedure 8sing indolel8 (450 mg, 1.3 mmol),

NaH (64mg, 1.6mmol) and 3Brom-2-methyl1-propen (0.2 mL, 1.6:mol) in THF (5 mL).

'HNMR (300 MHz, CD! (ppm)8.17 (s, 1H), 7.65 (d= 7.7 Hz, 1H), 7.567.49 (m, 2H), 7.48
7.23 (m, 4H), 7.22 7.06 (m, 2H), 4.70 (d= 27.5 Hz, 2H), 3.88 (s, 2H), 3.32 (s, 6H), 2.44 (s, 2H),
1.47 (s, 3H).

BBCNMR (75 MHz,CDG)) + (ppm)172.0, 142.2, 136.8, 135.7, 133.8, 130.1, 129.0, 128.9, 128.0,
122.2,119.7, 119, 111.9, 110.9, 106.8, 58.4, 52.1, 40.0, 28.1, 24.5.

Conditions for Column Chromatograph8% EtOAc in PE
Yield:370mg, 0.95 mmol, 71% (white solid)

The spectroscopic data matched that reported in the literattire.

Ethyl 3((dimethylamino)methyHlH-indole-2-carboxylate 22)

Prepared according to a literature reported proced€éte.

A 250 mL Schlenk flask equipped with a magnetic stirring bar was placed under a nitrogen
atmosphere, charged with dimethylamine (12 mL, 2M solution in THF, 24 mmol) and cooled to
0°C. Acetic acid (2r9L), formaldehyde (3#t% in water, 1.8 mL, 24 mmolhd finally ethyl
indole-2-carboxylate (2.4, 13 mmol) in methanol (100 mL) were added and the resulting solution
was refluxed for 4 h using an oil bath. Afterwards, the reaction mixture was first concentrated to
20% of its volume, then diluted with waté83 mL) and last washed with CE@Ix 33 mL). The
aqueous phase was separated, cooled in an ice bath and 20% NaOH solution was added until a pH

of 12 was obtained. The mixture was extracted with DCM 83 mL), the combined organics



washed with a satwted NaHCe&solution, dried over N&Q and the solvent was removed in

vacuo yieldin@2 as white solid (2.3 g, 9.2 mmol, 73%).

IHNMR (300 MHZDMSOds) + (ppm)11.62 (s, 1H), 7.84.7.76 (m, 1H), 7.4§7.40 (m, 1H), 7.29
¢ 7.21 (m, 1H), 7.05 (dddz= 8.0, 6.9, 1.0 Hz, 1H), 4.344g,7.1 Hz, 2H), 3.89 (s, 2H), 2.16 (s, 6H),
1.36 (t,J= 7.1 Hz, 3H).

The spectroscopic data matched that reported in the literat?

Dimethyl 2allyl2-((2-(ethoxycarbonyHlH-indol-3-yl)methyl)malonate 4f)

/ COOMe MeOOC. COOMe
N General General
N Procedure 2 COOMe Procedure 3 A
—_—— —_——
V—co,Et N—co,Et N—co,Et
N N N
H H H
22 23 4f

Intermediate 23 was synthesized according @eneral Procedure 2ising indole22 (840 mag,
3.4mmol), dimethyl malonate (0.4 m8,7 mmol), and ethyl propiolate (0.4 mL, 3.7 mmol) in THF.
The compound was purified via flash column chromatography (8% EtOAC in PE) to yield 104 mg

(9% vyield) and was used immediately in the next step.

Compound4f was synthesized according @eneral Preedure 3using intermediate23 (104 mg,
0.31mmol), NaH (14 mg, 0.38mol) and allyl bromide (33 pL, 0.38 mmol) in dry THF.

IHNMR (300 MHz, CD§! (ppm)8.88 (s, 1H), 7.747.57 (m, 1H), 7.44 7.24 (m, 2H), 7.11 (ddd,
J=8.1, 6.7, 1.2 Hz, 1H), 6.§3.80 (m, 1H), 5.18 4.93 (m, 2H), 4.41 (§= 7.1 Hz, 2H), 3.90 (s,
2H), 3.60 (s, 6H), 2.63 (k 7.2 Hz, 2H), 1.43 (= 7.1 Hz, 3H).

BBCNMR (75 MHz, CD@I (ppm)171.7, 162.1, 135.7, 133.9, 128.5, 125.7, 125.3, 121.7, 120.3,
118.3,117.9, 118, 61.2, 59.5, 52.3, 38.5, 28.8, 14.5.

Conditions for Column Chromatograph8% EtOAc in PE
Yield:46 mg, 0.12 mmol, 39% (white solid)

The spectroscopic data matched that reported in the literattire.



2.4.4.2.3 Synthesis of Allengerivatives

Allenyl bromide wasynthesized according to a literature proceddfe:

socl, PBrg

OH pyridine OH LiAIH, pyridine
benzene Et,0 Et,0
HO N 2 Br- X
\ X e e R
OH 30% Cl 62% 25%
24 25 26

4-Chlorobut2-yne-1-ol (24)

A 100 mL crimped capped vial equipped with a magnetic stirring bar was charged waly et
1,4-diol (22.50 g, 261.5 mmol). The vial wasigader nitrogen and benzene (28 mL) and pyridine
(23 mL) were added via a syringe. The reaction mixture was cooled down to 0 °C and thionyl
chloride (21 mL, 287.7 mmol) was added dropwise via a syringe pump over 3 h. Following
complete addition, the ice il was removed, and the reaction mixture was allowed to warm to
room temperature. After stirring for an additional 16 h, the reaction mixture was poured onto an
ice/water mixture (75 mL) and was extracted with@&t1x 50 mL, 2 x 20 mL). The combined
organics were washed with a saturated NaHG@lution (2 x 100 mL) and brine, dried over8i@

and the solvent was removed in vacuo. Fractionated distillation (1.4 mbar, 54 °C) \2dldsd
colorless liquid (8.20 g, 78.5 mmol, 30%).

IHNMR (300 MHz, CD$4 (ppm)4.32 (t,J= 2.0 Hz, 2H), 4.254.13 (m, 2H), 2.01 (s, 1H).

The spectroscopic data matched that reported in the literattife

Buta-2,3-dien-1-ol (25)

A 250 mL thresecked round bottom flask equipped with a magnetic stirring bar and a condenser
was charged witl24 (8.20 g, 78.5 mmol) in dry &2 (150 mL) and set under nitrogen. LiAIH
(3.20g, 84.3mmol) was added in small portions under nitrogen angraéomplete addition the
suspension was stirred for an additional 30 min. The reaction mixture was then cooled to 0 °C in
an ice bath and carefully quenched by addition of water (3.1 mL), 15% NaOH (3.1 mL) and finally
an ice/water mixture (18.2 mL). Theesulting grey slurry was stirred overnight at room

temperature. The precipitate was filtered off, the organic phase was dried owSQNand the



solvent was removed in vacuo. Distillation (14 mbar, 40 °C) yi€fed colorless liquid (3.40 g,
48.5 mmol 62%).

IHNMR (300 MHz, CD§ (ppm)5.43¢ 5.27 (m, 1H), 4.984.77 (m, 2H), 4.15 (td= 5.9, 2.Hz,
2H).

The spectroscopic data matched that reported in the literattife

4-Bromobutal,2-diene @6)

A 50 mL Schlenk flask equipped witmagnetic stirring bar was charged with a solution ofsPBr
(2.90mL, 19.4 mmol) in ED (10 mL) and was set under nitrog&s. (3.40 g, 48.5 mmol) was
dissolved in pyridine (2 mL) and added dropwise via a syring®&C. The reaction mixture was
allowed to warm to room temperature and stirred for 16 h. The reaction was quenched by
addition of water (100mL) and the organic layer was extracted with pentane 80 mL). The
combined organics were washed with brine (50 mL), dried oveB@and the solventwas
removed in vacuo. Fractionated distillation (@®ar, 50 °C) yielde®6 as colorless liquid (1.60 g,
12.0 mmol, 25%).

IHNMR (300 MHz, CD{} (ppm)5.55¢ 5.28 (m, 1H), 4.94 (df= 6.5, 2.0 Hz, 2H), 3.96 (d&
8.2, 2.0 Hz, 2H).

13CNMR(75 MHz, CD@)lt (ppm)209.8, 89.4, 77.5, 30.1.

The spectroscopic data matched that reported in the literattife

Dimethyl 2((1-acetyt1H-indol-3-yl)methyl}2-(buta-2,3-dien-1-yl)malonate 6)

COOMe Meooc. COOMe MeooOC. COOMe
General General
COOMe Procedure 3 \. Procedure 4 N\
_— P E—— .
A\ A\ N\ A\ N\
N N N
H H o
19 27 6

Intermediate27 was synthesized according to a modifiégneral Procedure 8sing indolel9
(630mg, 2.4 mmol), NaH (10%g, 2.6mmol) and26 (400 mg, 3.0 mmol) in dry THF (10 mL) under
a nitrogen atmosphere. After addition of NaH, the reaction mixture was first stirred for 30 min at

0 °C, befor6 was added dropwise as a solution in pentane &€nd stirred for 10 min at 0 °C.



The reactiorwas quenched after stirring for 3 h at room temperature by addition of a saturated
NH:CI solution and water. The compound was purified via flash column chromatography (13%

EtOAC in PE) to yield 620 mg (83% yield) and was used immediately in the next step.

Compoundé was synthesized according @eneral Procedure dising intermediate27 (620 mg,
2.0mmol), tetrabutylammonium hydrogen sulfate (67 mg, 0.2 mmol), NaOH (396 mg, 10.0 mmol),
acetyl chloride (0.42 mL, 6.2 mmol) and dry DCM (16 mL).

HRMS (ESI(m/z): calculated for £H1NGsNa' [M+Na]: 378.1312, found: 378.1313
Melting Point: 84-85 °C

IHNMR (300 MHz, CD{! (ppm)8.40 (d,J= 7.9 Hz, 1H), 7.557.43 (m, 1H), 7.37 7.20 (m, 3H),
5.12¢ 4.96 (m, 1H), 4.844.69 (m, 2H), 3.65 (s, 6H), 3.3824d), 2.69 (dt)= 7.9, 2.6 Hz, 2H), 2.60
(s,3H).

BBCNMR (75 MHz, CD@IX (ppm)210.5, 171.2, 168.5, 135.6, 131.0, 125.4, 124.6, 123.5, 118.9,
116.7, 116.6, 84.7, 75.2, 58.3, 52.7, 32.3, 27.6, 24.2.

IR(neat): 2944, 2363, 1960, 1710, 1606, 144B44, 1203, 1073, 868, 760 €m
Conditions for Column Chromatograph$:10% EtOAc in PE

Yield:598 mg, 1.#/nmol, 85% (white solid)

1-(1-(buta-2,3-dien-1-yloxy)naphthaler2-yl)ethanl1-one ©a)

=
g

(0]

Synthesized according tonodified General Procedure ¥ using 2acetyt1-naphthol (279 mg,
1.5mmol), KCQ (625mg, 4.5 mmol) an@6 (0.3 mL) in DMF (10 mL). The reaction was stirred at
room temperature overnight and under a nitrogen atmosphere. The reaction mixture was diluted
with EtOAc (25 mL), washed with water (3 x 25 mL) and brine (25 mL), dried e8€) & the

solvent was removed in vacuo.

HRMS (Elm/z): calculated for gH4O, [M*]: 238.0988, found: 238.0981



'HNMR (300 MHz, CD{! (ppm)= 8.28¢ 8.18 (m, 1H), 7.8 7.82 (m, 1H), 7.72 (d= 8.6 Hz,
1H), 7.64 (dJ= 8.3 Hz, 1H), 7.627.53 (m, 2H), 5.5 5.42 (m, 1H), 4.85 (di= 6.6, 2.3 Hz, 2H),
4.60 (dt,J=7.2, 2.3 Hz, 2H), 2.77 (s, 3H).

3CNMR (75 MHz, CD@I (ppm)210.1, D0.8, 155.5, 136.9, 129.0, 128.5, 128.4, 128.2, 126.8,
125.5, 124.4, 123.6, 87.0, 76.6, 74.4, 31.1.

IR (neat): 3060, 2993, 2929, 2873, 1953, 1669, 1625, 1565, 1502, 1461, 1427, 1390, 1356, 1271,
1244, 1185, 1151, 1110, 1073, 1021, 849, 818.cm

Conditions for Column Chromatograph¥->20% EtOAc in PE

Yield:303 mg, 1.3nmol, 85% (clear oil)

Phenyl 3(buta-2,3-dien-1-yloxy}2-naphthoate(9b)

=

;

(6]
™"

Synthesized according to a modifiééneral Proceduret’ using phenyl-hydroxy-2-naphthoate
(198mg, 0.75mmol), KCQ (313mg, 2.30 mmol) an@6 (0.15 mL) in DMF (5 mL). The reaction
was stirred at room temperature overnight and under a nitrogen atmosphere. The reaction
mixture was diluted with EtOAc (25 mL), washed wititer (3 x 25 mL) and brine (25 mL), dried

over NaSQand the solvent was removed in vacuo.
HRMS (Elm/z): calculated for £HisOs [M*]: 316.1094, found: 316.1092
Melting Point: 46-47 °C

IHNMR (300 MHz, CD§! (ppm)8.39¢ 8.33 (m, 1H), 8.06 (d= 87 Hz, 1H), 7.927.86 (m, 1H),
7.70 (d,J= 8.6 Hz, 1H), 7.667.56 (m, 2H), 7.5Q 7.42 (m, 2H), 7.38 7.26 (m, 3H), 5.67 5.51
(m, 1H), 4.82 ()= 2.2 Hz, 1H), 4.79 (s, 2H), 4.7042.2 Hz, 1H).

BCNMR (75 MHz, CD@I4 (ppm)210.0, 164.7, 87.8, 151.1, 137.2, 129.7, 129.2, 128.9, 128.0,
126.9, 126.9, 126.1, 124.2, 124.1, 122.0, 119.0, 87.6, 76.4, 74.2.

IR (neat): 3060, 2944, 1956, 1725, 1625, 1490, 1453, 1330, 1274, 1230, 1200, 1129, 1069, 957,
827cml.



Conditions for Column Chromatogragh5->10% EtOAc in PE

Yield:200 mg, 0.6nmol, 84% (white solid)

2.4.4.3 Photoreactions

General Procedure for photoreactions

A crimp capped vial (5 mL for naphthols, 10 mL for indoles) equipped with a magnetic stirring bar
was charged with either the corresponding alkylated naphthol (200 pumol, 1.0 eq., 100 pumol for
allenenaphthols) or indole (50 pmol, 1€.), 2CzPN(1-4 mol%) and solvent (2.0 mL of
chloroform for naphthols and 4.0 mL of anhydrous toluene for indoles). The mixture was degassed
by three cycles of freezeump-thaw, backfilled with nitrogen and subsequently stirred under blue

f AIKG A NMNIAFEArh LEMRoYgh thesplane bottom side of the vial at room temperature

for 1442 h. For isolation, two reactions were combined and submitted to flash column
chromatography (100% DCM for removal of the catalyst, thei2@%6 EtOAc in PE or>80%
EtOAc in PE) unlestherwise noted.

2.4.4.3.1 Photocatalytic Cycloaddition of Naphtiuarivatives

J/\ & R
0
=

/A

o) 2CzPN (1-2 mol%) lo
A R &, H H +
R2- P 455 nm ;
time, r.t., N, R R
1 2 3

Scheme -1: Photocycloaddition of naphthalerivativesl. Product3is the side product of the reaction
and was isolated together with produtin the indicated cases.

1-(3,3a,4,6al etrahydre2H-biphenyleno[8b,ib]jfuran-5-yl)ethanl-one 23a)




The General Proceduré was applied using alkylated naphthibéd (48.1 mg),2CzPN1 mol%),
chloroform and irradiation with 455 nm for 14 h. Combination of two reactions and purification

with flash column chromatography yield@d as a white solid (90.3 mg, 94%).

Synthesis with recycled catalyst:

The General Proceduré was applied usg alkylated naphtholla (48.1 mg),recycled2CzPN
(2 mol%), chloroform and irradiation with 455 nm for 14 h. Purification with flash column
chromatography yielde@aas a white solid (43.3 mg, 90%) &8ahs a white solid (4.7 mg, 10%).

IHNMR (300 MHzCDG) ¢ (ppm)7.30¢ 7.13 (m, 4H), 7.1Q 7.00 (m, 1H), 4.36 4.13 (m, 3H),
2.95 (ddJ= 16.2, 3.1 Hz, 1H), 2.29 (s, 3H), 2.23L3 (m, 1H), 2.081.90 (m, 2H), 1.581.44 (m,
1H).

B3CNMR (75 MHz, CDEL (ppm)198.6, 146.4, 145.1, 141.541.2, 129.9, 128.0, 122.7, 121.5,
90.4, 68.6, 49.7, 44.0, 27.9, 25.7, 23.8.

The spectroscopic data matched that reported in the literattire

1-(2,3,3a,4TetrahydredaH-naphtho[1',2":1.,4]cyclobutall blfuran-4ayl)ethanl-one (3a)

g

(0]

IHNMR (300 MHz, CD§ (ppm)7.29¢ 7.18 (m, 3H), 7.187.04 (m, 1H), 6.52 (d= 9.7 Hz, 1H),
5.67 (d,J= 9.7 Hz, 1H), 4.39 (t= 8.4 Hz, 1H), 4.08 (dd#k 11.4, 8.7, 5.5 Hz, 1H), 348.05 (m,
1H), 2.65 (ddJ= 12.6, 7.4 Hz, 1H), 2.£2.08 (m, 1H), 2.09 (s, 3H), 102.85 (m, 1H), 1.68 (dd,
J=12.5, 5.5 Hz, 1H).

B3CNMR (75 MHz, CDk (ppm)205.7, 135.4, 131.4, 128.9, 128.7, 128.1, 12827.3 124.8,
87.9, 70.5, 57.4, 46.2, 32.9, 30.6, 27.0.

The spectroscopic data matched that reported in the literattire



Methyl 3,3a,4,6aetrahydro-2H-biphenyleno[8b, iblfuran-5-carboxylate Zb)

The General Procedure Was applied using alkylated naphthblh (51.3 mg),2CzPN1 mol%),
chloroform and irradiation with 455 nm for 14 h. Combination of two reactions and purification
with flash column chromatography yield@t as a white solid (63.5 mg, 62%ith no3b observed

with 'H NMR in the crude mixture

IHNMR (300 MHz, CD! (ppm)7.31 (dd,J= 5.4, 2.8 Hz, 1H), 7.277.19 (m, 2H), 7.18 7.13
(m, 1H), 7.0% 7.02 (m, 1H), 4.3¢4.12 (m, 3H), 3.69 (s, 3H), 2.85 (dd,16.4, 2.8 Hz, 1H), 2.26
¢ 2.15 (m, 1H), 2.121.97 (m, 2H), 1.72 1.59 (m, 1H).

BBCNMR (75 MHz, CDEL (ppm)167.7, 14.3, 145.4, 140.8, 131.6, 129.8, 127.8, 122.5, 121.6,
90.3, 68.5, 51.9, 49.5, 44.0, 27.8, 25.4.

The spectroscopic data matched that reported in the literattire

Phenyl 3,3a,4,6&etrahydro-2H-biphenyleno[®,1-b]furan-5-carboxylate 2¢c)

The General Procedurés was applied using alkylated naphthbt (63.7 mg),2CzPN1 mol%),
chloroform and irradiation with 455 nm for 14 h. Combination of two reactions and purification

with flash column chromatography yield@d as a white powder (126 mg, 99%).

IHNMR (300 MHz, CD! (ppm)7.59 (dd,J= 5.4, 2.8 Hz, 1H), 7.427.35 (m, 2H), 7.38 7.27
(m, 1H), 7.2& 7.20 (m, 3H), 7.16 7.06 (m, 3H), 4.42 4.19 (m, 3H), 3.00 (dd= 16.3, 3.0 Hz,
1H), 2.31¢ 2.21 (m, 1H), 2.181.99 (m, 2H), 1.881.72 (m, 1H).

13C NMR(75 MHz, CD@I4 (ppm)165.6, 151.0, 146.4, 145.2, 172131.2, 129.9, 129.5, 128.0,
125.6, 122.6, 121.7, 121.7, 90.3, 68.5, 49.7, 44.0, 27.8, 25.5.

The spectroscopic data matched that reported in the literattire



Cyclobutyl(3,3a,4,6&trahydro-2H-biphenyleno[®,1-b]furan-5-yl)methanone 2d)

The General Proceduré was applied using alkylated naphthbd (56.1 mg),2CzPN2 mol%),
chloroform and irradiation with 455 nm for 42 h. Combination of two reactions and purification
with flash column chromatography yikdd 2d as a yellow oil (85.6 mg, 76%) aBd as a pale
yellow powder (22.1 mg, 20 %).

IHNMR (300 MHz, CD} (ppm)7.27¢ 7.18 (m, 2H), 7.2¢ 7.09 (m, 1H), 7.06 6.97 (m, 2H),
4.32¢ 4.23 (m, 2H), 4.264.13 (m, 1H), 3.7¢3.60 (m, 1H), 2.91 (dd= 16.3, 3.2 Hz, 1H), 2.34
1.89 (m, 8H), 1.81.68 (m, 1H), 1.57 1.39 (m, 1H).

13C NMR (75 MHz, CBQI (ppm)= 201.7, 146.4, 145.2, 140.5, 138.9, 129.8, 127.9, 122.6, 121.3,
90.4, 68.5, 49.6, 44.0, 41.4, 27.9, 25.6, 25.4, 24.0, 18.2.

Thespectroscopic data matched that reported in the literatiire

Cyclobutyl(2,3,3aAetrahydro-4aH-naphtho[1',2":1 4]cyclobuta[l ;blfuran-4ayl)methanone
(3d)

IHNMR (300 MHz, CD{! (ppm)7.33¢ 7.17 (m, 3H), 7.147.01 (m, 1H), 6.50 (d= 9.7 Hz, 1H),
5.63 (d,J= 9.7 Hz, 1H), 4.464.25 (m, 1H), 4.09 (ddd= 11.4, 8.7, 5.4 Hz, 1H), 3.63.26 (m,
1H), 3.11 (dtJ= 9.2, 6.9 Hz, 1H), 2.73 (dtk 12.5, 7.4 Hz, 1H), 2.48.24 (m, 1H), 2.1¢ 1.58
(m, 8H).

13C NMR(75 MHz, CDg)It (ppm)208.3, 135.7, 131.6, 128.8, 128.3, 128.0, 127.5, 127.1, 124.7,
88.1, 70.4, 56.7, 46.5, 43.4, 32.9, 30.6, 27.2, 23.8, 18.0.

The spectroscopic data matched that reported in the literattire



1-(8,9-dimethy}3,3a,4,6atetrahydro-2H-biphenyleno[8b, IbJfuran-5-yl)ethanl-one e€)

The General Proceduré was applied using alkylated naphthbé (53.7 mg),2CzPN2 mol%),
chloroform and irradiation with 455 nm for 42 h. Combination of two reactions and purification
with flash column chromatography yield@# as a white solid (74.7 mg, 70%) &elas a white
powder (28.1 mg, 26%).

IHNMR (300 MHz, CD$! (ppm)7.19 (dd,J= 5.4, 2.7 Hz, 1H), 6.94 (s, 1H), 6.84 (s, 1H)c4.31
4.12 (m, 3H), 2.94 (dd= 16.3, 3.1 Hz, 1H), 2.28 (s, 3H), 2.22 (s, 6H) 218 (m, 1H), 2.06
1.87 (m, 2H), 1.57 1.44 (m, 1H).

13C NMR (75 MHz, CBQ (ppm)198.7, 143.9, 142.8,42.1, 140.9, 138.6, 136.6, 123.5, 122.5,
90.2, 68.4, 49.3, 43.9, 27.9, 25.7, 23.8, 20.8, 20.5.

The spectroscopic data matched that reported in the literattire

1-(8,9-dimethyl2,3,3a 4tetrahydro-4aH-naphtho[1',2":1 4]cyclobuta[l Blfuran-4a-vyl)ethan1-
one Be)

s
Qs

O

IHNMR (300 MHz, CD§! (ppm)7.03 (s, 1H), 6.87 (s, 1H), 6.47Xd 9.6 Hz, 1H), 5.59 (@ 9.7
Hz, 1H), 4.38 (t]= 8.2 Hz, 1H), 4.06 (ddik: 11.5, 8.7, 5.5 Hz, 1H), 3.07 (@ 92, 7.0 Hz, 1H),
2.63 (dd,J= 12.6, 7.4 Hz, 1H), 2.24 (s, 6H), 2.08 (s, 4H),c21084 (m, 1H), 1.67 (dd= 12.4,
5.4Hz, 1H).

The spectroscopic data matched that reported in the literattire



2.4.4.3.2 Photocatalytic Cycloaddition lsfdole-derivatives

Dimethyt4a-phenyt3a,4,4a,5tetrahydro-1H-cyclopenta[2,3]cyclobuta[1;:Blindole-2,2(3H)-

dicarboxylate %a)

MeO,C CO,Me

o

H

The General Procedurés was applied using alkylated indofa (18.9 mg),2CzPN(4 mol%),
toluene (anhydrous) and irradiation with 455 nm for 24 h. Combination of two reactions and

purification with flash column chromatography yieldedas brown solid (36.0 mg, 95%).

IHNMR (300 MHz, CD$ (ppm)7.36¢ 7.29 (m, 2H), 7.28 7.25 (m, 1H), 7.22 7.16 (m, 2H),
7.03¢ 7.11 (m, 2H), 6.76 (td= 7.4, 1.0 Hz, 1H), 6.59 (d& 7.6, 0.7 Hz, 1H), 4.21 (s, 1H), 3.74 (s,
3H), 3.36 (s, 3H), 3.@2.93 (m, 1H), 2.862.76 (m, 2H), 2.662.53 (m, 2H), 25¢ 2.35 (m, 2H).

13C NMR (75 MHz, CBQ (ppm)172.8, 172.1, 152.1, 142.3, 132.9, 128.6, 128.1, 127.6, 126.7,
122.7,118.7, 108.5, 71.4, 65.4, 63.8, 53.1, 52.7, 45.7, 40.7, 39.3, 36.8.

The spectroscopic data matched that reported in the literattire

Dimethyts-acetyt3a,4,4a 5tetrahydro-1H-cyclopental2,3]cyclobutal1-Blindole-2,2(3H)-

dicarboxylate %b)

MeO,C_CO,Me

o2

Ac

The General Procedures was applied using alkylated indoftb (17.2 mg),2CzPN(4 mol%),
toluene (anhydrous) and irradiation with 455 nm for 24 h. Combination of two reactions and

purification with flash column chromatography yieldgdas a white solid (34.1 mg, 99%).

IHNMR (300 MHz, CD§! (ppm)8.25 (d,J= 7.8 Hz, 1H), 7.267.15 (m, 2H), 7.05 (td= 7.4, 1.1
Hz, 1H), 4.43 (= 5.7 Hz, 1H), 3.85 (s, 3H), 3.79 (s, 3H),@D39 (m, 2H), 2.68 2.44 (m, 3H),
2.29¢ 2.22 (m, 2H), 2.08 (s, 3H).



13C NMR (75 MHz, CRI (ppm)172.6, 172.0, 168.5, 144.3, 134.7, 128.7, 22422.7, 117.4,
63.1, 62.4, 58.1, 53.3, 53.1, 45.6, 43.5, 40.7, 33.1, 24.0.

The spectroscopic data matched that reported in the literattire

1-(1,2,3,3a,4,4dnexahydre5H-cyclopental2,3]cyclobuta[1-Blindol-5-yl)ethanl-one 60)

©

N¢
Ac

TheGeneral Procedur&was applied using alkylated indale(11.4 mg)2CzPN4 mol%), toluene
(anhydrous) and irradiation with 455 nm for 19 h. Combination of two reactions and purification

with flash column chromatogrdyy yieldedscas a white solid (22.5 mg, 99%).

IHNMR (300 MHz, CD{! (ppm)8.27 (d,J= 8.1 Hz, 1H), 7.277.15 (m, 1H), 7.147.01 (m, 2H),
4.24 (ddJ= 6.9, 4.2 Hz, 1H), 2.8®.66 (M, 1H), 2.33 (dddz= 13.5, 9.5, 4.2 Hz, 1H), 2.12 (s, 3H),
2.10¢ 2.04 (m, 2H), 2.081.92 (m, 1H), 1.94 1.76 (m, 3H), 1.681.56 (M, 1H).

13C NMR (75 MHz, CRRI (ppm)168.8, 144.9, 136.0, 128.1, 124.0, 122.3, 117.2, 62.4, 57.3, 45.0,
36.1, 33.5, 33.0, 26.1, 24.1.

The spectroscopic data matched thaported in the literature**

tert-butyl4aphenyt3a.4,4a 5tetrahydro-1H-pyrrolo[3',4":2,3]cyclobuta[1 lindole-2(3H)

carboxylate %d)

BocN%

N Ph
H

The General Procedure 5 was applied using tert-butylallyl((2phenyt1lH-indolk
3-yl)methyl)carbamate(18.1 mg),2CzPN(4 mol%), toluene (anhydrous) and irradiation with
455nm for 24 h. Combination of three reactions and purification with flash column

chromatography yielde8d as a clear oil (41.1 mg, 76%).



Signals of majorotamer:

IHNMR (300 MHz, CD{! (ppm)7.39¢ 7.24 (m, 5H), 7.10 (td= 7.7, 1.2 Hz, 1H), 7.00 (& 6.9
Hz, 1H), 6.74 (1= 7.3 Hz, 1H), 6.67 (@ 7.8 Hz, 1H), 4.36 (s, 1H), 36821 (m, 4H), 3.01 (d,
= 6.9 Hz, 1H), 2.872.52 (m, 2H), 36 (s, 3H), 1.27 (s, 6H).

13C NMR (75 MHz, CRCI (ppm) 154.4, 152.9, 141.2, 128.7, 127.6, 126.5, 126.1, 122.8, 118.5,
108.4, 79.3, 70.9, 63.9, 51.7, 49.5, 43.8, 37.6, 28.6, 28.4.

The spectroscopic data matched that reported in the literattire

Dimethyl -3amethyF4aphenyt3a,4,4a,5tetrahydro-1H-cyclopenta[2,3]cyclobutal1-Blindole-
2,2(H)-dicarboxylate be)

MeO,C CO,Me

o

H

The General Procedurés was applied using alkylated indofe (19.6 mg),2CzPN(4 mol%),
toluene (anhydous) and irradiation with 455 nm for 24 h. Combination of two reactions and

purification with flash column chromatography yieldgdas a palevhite solid (20.0 mg, 51%).

IHNMR (300 MHz, CD} (ppm)7.35¢ 7.28 (m, 2H), 7.2§ 7.22 (m, 1H), 7.1 7.12 (m, 2H),
7.11¢ 7.03 (m, 2H), 6.78 (td= 7.6, 1.0 Hz, 1H), 6.57 (d& 7.4, 1.0 Hz, 1H), 4.13 (s, 1H), 3.70 (s,
3H), 3.21 (s, 3H), 3.09 @@ 13.0 Hz, 1H), 2.99 (@ 15.5 Hz, 1H), 2.77 (@ 13.9 Hz, 1H), 2.70
(d,J= 15.5 Hz, 1H), 2.17 (@ 13.0 Hz, 1H), 1.89 (@ 13.9 Hz, 1H), 0.99 (s, 3H).

13C NMR (75 MHz, CR! (ppm)173.0, 171.9, 153.2, 142.5, 129.9, 128.6, 128.2, 127.5, 126.7,
124.1, 118.5, 108.3, 69.5, 67.4, 61.6, 53.1, 58865, 47.9, 42.5, 39.0, 24.4.

The spectroscopic data matched that reported in the literattire



4aethyl 2,2-dimethyl3a,4dihydro-1H-cyclopenta[2,3]cyclobuta[1:Blindole-2,2,4a(3H,5H)-

tricarboxylate 6f)

MeO,C. CO,Me

©\N“' Eco2Et
H

TheGeneral Procedur&was applied using alkylated indal&(18.7 mg)2CzPN4 mol%), toluene
(anhydrous) and irradiation with 455 nm for 24 h. Combination of two reactions and purification

with flash column chromatogrdyy yieldedsf as a transparentvhite oil (28.3 mg, 76%).

IHNMR (300 MHz, CD} (ppm)7.15¢ 7.07 (m, 2H), 6.84 (td= 7.6, 1.0 Hz, 1H), 6.816.76
(m, 1H), 4.65 (s, 1H), 4.89.18 (m, 2H), 3.82 (s, 3H), 3.77 (s, 3H), 2384 (M, 2H), 2.78 2.53
(m, 4H), 2.33 (dd]= 13.1, 8.7 Hz, 1H), 1.34J& 7.1 Hz, 3H).

13C NMR (75 MHz, CR (ppm)173.0, 172.2, 171.7, 151.1, 134.4, 128.5, 123.4, 120.9, 112.2,
71.2,66.5,64.8,62.1, 53.1, 52.9, 46.5, 43.1, 41.9, 37.7, 14 4.

Thespectroscopic data matched that reported in the literatidre

2.4.4.3.3 Photocatalytic Cycloaddition of Allederivatives

Dimethyt5-acetyt4-methylene3a,4,4a,5tetrahydro-1H-cyclopenta[2,3]cyclobuta[1;Blindole-
2.2(H)-dicarboxylate T)

MeO,C_CO,Me CO,Me

CO,Me
H
s, +
-, N -
N H Ac H
Ac
7 ratio 5.3 : 1 8

TheGeneral Procedur& was applied using alkylated indd@€17.8 mg)2CzPN4 mol%), toluene
and irradiation with 455 nm for 19 h. Combination of four reactions and purification with flash

column chromatography yielded a mixtureo# 8 as a clear oil (70.5 mg, 99%).

HRMS (ESI(m/z): calculated for £H.2NGs" [M+H]: 356.1492 found: 356.1495



Only the peaks of the major produgiare given:

IHNMR (300 MHz, CD! (ppm)8.28 (d,J= 8.1 Hz, 1H), 7.257.20 (m, 1H), 7.287.12 (m, 1H),
7.12¢ 7.03 (m, 1H), 5.35.27 (m, 1H), 5.085.04 (m, 2H), 3.79 (s, 3H), 3.76 (s, 3H), 8381
(m, 1H), 3.02 (dJ= 14.3 Hz, 1H), 2.72 (dik 14.0, 8.5 Hz, 1H), 2.62.53 (m, 1H), 2.5Q 2.42
(m, 1H), 2.26 (s, 3H).

15C NMR(75 MHz, CD@It (ppm)172.1, 171.8, 169.1, 149.8, 144.4, 133.8, 128.7, 124.2, 122.4,
117.7, 113.8, 68.8, 62.9, 56.9, 56.1, 53.3, 53.1, 41.6, 39.8, 24.8.

IR(neat): 2952, 1729, 1662, 1599, 1479, 1382, 1252, 1203, 10B8, 972, 905, 805, 752 ¢m

5-methyll-methylenel,2,3,5tetrahydro-2,5-epoxynaphthol2,3icloxepine (0a)

The General Proceduré was applied using alkylated naphth@d (23.8 mg, 0.1 mmolRCzPN
(2 mol%), chloroform (anhydrous) and irradiation with 455 nm for 16 h. Purification with flash

column chromatography yieldetDaas a white solid (14.6 mg, 61%).
HRMS (Em/z): calculated for {gH4O, [M*]: 238.0988, found: 238.0985
Melting Point:116-119 °C

IHNMR (300 MHz, CD} (ppm)8.55 (dd,J= 8.0, 1.7 Hz, 1H), 7.217.70 (m, 2H), 7.57 7.42
(m, 3H), 5.94 (s, 1H), 5.57 (s, 1H), 5.14 J&5.8, 1.5 Hz, 1H), 4.19 (dts 7.3, 5.8 Hz, 1H), 3.78
(dd,J= 7.3, 1.5 Hz, 1H), 2.04 (s, 3H).

13C NVIR (75 MHz, CDgk (ppm)143.3, 136.9, 134.1, 130.8, 129.0, 128.9, 126.9, 126.5, 125.9,
125.7,121.1, 114.5, 108.81.9, 69.7, 21.3.

IR (neat): 2940, 2993, 2885, 1625, 1587, 1509, 1461, 1394, 1341, 1274, 1241, 1215, 1099, 998,
909, 820 crm.



Phenyi4,5-dihydro-2H-5,9b-ethenonaphtho[1,2b]furan-10-carboxylate 11b)

o©

TheGeneral Proceduré was applied using alkylated naphtHaib (31.6 mg, 0.1 mmolRCzPN

(2mol%), chloroform (anhydrous) and irradiation with54Bm for 16 h. Purification with flash

column chromatography yieldetilb as a white solid (25.7 mg, 81%).
HRMS (Em/z): calculated for £His0s [M*]: 316.1094, found: 316.1086
Melting Point:141-144 °C

IHNMR (300 MHz, CD§ (ppm)7.64¢ 7.58 (m, 1H), 7.48 (d= 6.4 Hz, 1H), 7.417.32 (m, 2H),
7.30¢ 7.17 (m, 4H), 7.16 7.09 (m, 2H), 5.48 (= 1.8 Hz, 1H), 5.325.22 (m, 1H), 5.18 5.08
(m, 1H), 4.3% 4.18 (m, 1H), 2.562.29 (m, 2H).

13C NMR (75 MHz, CRY (ppm) 1618, 150.8, 144.0, 143.6, 141.0, 139.1, 138.8, 129.4, 126.4,
126.2, 125.8, 123.2, 121.9, 120.0, 114.4, 94.8, 80.1, 41.5, 28.3.

IR (neat): 2922, 2855, 1722, 1591, 1487, 1457, 1334, 1282, 1256, 1218, 1189, 1088, 1054, 1002,
939, 894, 861, 797, 745 ¢m



2.4.4.4 large scale Reaction

Photochemical Set up

Gramscale synthesis was performed with a custorade Tauchschachtreaktor (University of

Regensburg workshop), using water cooling and irradiation via 24 x 455 nm LEDs from the outside.

To the glass tube equippedtiva magnetic stirring bar was adde€zPN32.2 mg, 1 mol%) and
2¢(2.22 g, 7.00 mmol). The tube was degassed and refilled with nitrogen and chloroform (70 mL),
which was degassed via three cycles of freggamp thaw in an extra Schlenk flask, was added

a syringe. The reaction mixture was irradiated for 19 h with 455 nm using the photochemical set
up inFigure 8-6. Purification with flash column chromatography yield2das a white powder

(2.04g, 92%).

6 x 3 400 nnLEDs
(Not switched on)

Figure 2-6: Photochemical setup for graiscale reaction.



2.4.5 Previous Works and Mechanisms

2.4.5.1 Dearomative Cycloaddition of Naphtiugrivatives

J/\ PC (So) ¥PC (T,) J/\
: : [2+2] O 2

O (0]

COMe EnT < f coMe ‘- rac-3a
O O

EnT hv
¥PC(Ty)
-
- D -~
ISC
COMe
rac-2a

Scheme 2-2: Mechanism for the formation d?avia3aasproposed by Glorius et 8l

2.4.5.2 Dearomative Cycloaddition of Alleaebstituted Indolederivative

The following scheme depicts the existing work of Arai and OhKfma

(o}

MeO
// e :©)LM6
[ MeO
(50 mol%) Et0,C_COLEt CO,Et
COEl CO,Et
EtO,C AcOEt

high-pressure mercury lamp
N 1h, r.t., argon N
N Ac
Ac

H Ac

1% 9%

Scheme 2-3: Photosensitized formation of methylencyclobutafesed angular tetracyclic spiroindolines
utilizing 50Y 2 27 2dimetha®@yacet@phenone and a higitessure mercury lamp.



2.4.5.3 (Dearomative) Cycloaddition of Akkesubstituted Benzenderivatives

The work of visibldight mediated and photosensitized allessebstituted naphthols was inspired
by the photochemistry of allenyl salicyclaldehyt{&&Scheme &4). We believe that the products
10 and 11 are formed via a similar mechanism, but due to the trig&tited nature of the

naphthol we assume a biradical species operating, as proposed by Glorius (S@®&me S

hv, 350 nm

o o
= X0 CH,Cl, N S
R | /\/-f\RZ R Loy - R1% "o
o~ Ar, r.t., 5-165 min ] a2
RZ
| I
/ﬁ = fo)

dearomatized
intermediate

[1 ,4]-cycloaddition Vi

Scheme 24: Photochemistry of allenyl salicyclaldehydé$ &nd the mechanism for the formation of
product| (B) and productl (C) as proposed by Bochet et'&p:18¢

2.4.6 NMRSpectra

The Supporting Information including NMRBectra can be found online at:
https:// pubs.acs.org/doi/10.1021/acs.orglett.0c01622
(https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c01622/suppl_file/ol0c01622_si_00}).pdf



2.4.7 XRay Structures and Data

2.4.7.1 1-(3,3a,4,6aretrahydre2H-biphenyleno[8b,db]furan-5-yl)etharrl-one (2a)

X-Ray data of his compound was first published by Glorius e @he corresponding CCDC numberli831751
However, due to differences in the lattice system (presumably occurring from differences in recrystallization and
temperature during data collection), it is refied here as well.

© Compound 2a
Formula CieH160o
» Deaic/ g cm? 1.319
5 nmm -1 0.680
= Formula Weight 240.29
; Colour clear colourless
g Shape prism
& Size/mn# 0.35x0.21x0.11
o TIK 123.01(10)
= Crystal System monoclinic
2 Space Group P2i/c
z alA 5.19710(10)
g b/A 10.2837(2)
X i i c/A 22.6470(4)
Z 30 sl18 P 21/¢c R 0.04 RES 0 24 X
al’ 90
Figure -7: Crystal structure of compounza Z/ 38'241(2)
(ellipsoids shown at 50% contour percent probability level \/As 1210.37(4)
z 4
Z' 1
Wavelength/A 1.54184
Experimental. Single clear colourless prisphaped crystals ofa Radiation type Cuks
were obtained by recrystallisation from EtOiadPentane. A suitable ~ Ghin/ 3.904
(o 74.144
crystal 0.35x0.21x0.1Imm? was selected and mounted on a Measured Refl. 8724

MITIGEN holder oil on an SuperNova, Single source at offset/far, At Independent Refl. 2421
diffractometer. The crystal was kept at a stea@ly= 123.01(10K  Reflections with | > 2(12254

during data collection. The structure was solved with the SReIXT Rt 0.0176
) ) o ] ~ Parameters 164

structure solution program using the Intrinsic Phasing solutiol Ragiraints 0
method and by using OleXas the graphical interface. Thmodel Largest Peak 0.280
was refined with version 2018/3 of ShetXusing Least Squares DeepestHole -0.210

S GooF 1.056
minimisation. WRe (all data) 0.0972

WR 0.0948
Crystal Data.GeHisO2, Mr = 240.29, monoclinicP2)/c (No. 14), & R, (all data) 0.0392
5.19710(10, b= 10.2837(2R, c= 22.6470(4p, b= 90.241(2) a= R 0.0367
g= 90, V= 1210.37(4)83, T = 123.01(10K, Z= 4,Z'= 1, nCul) = Creation Method
] ) _ Solution Olex2 1.2alpha

0.680, 8724 reflections measured, 2421 unig&: & 0.0176) which Refinement (compiled
were used in all calculations. The fimdk was 0.0972 (all data) aril 2018.07.26

svn.r3523 for
OlexSys, GUI

CCDC2000974 svn.r5532)

was 0.0367 (I > 2(1)).



2.4.7.2 Dimethyi5-acetyt3a,4,4a,8etrahydro-1H-cyclopental2,3]cyclobuta[1;2

blindole-2,2(3H)dicarboxylate (5b)

Prob = 50
Temp = 123

VIR

(70316)
o)
~o

PLATON-Dec 3 11:48:44 2019 -

~

=74 sl42 P12l/c1 R =0.03 RES= 0 -89 X

Figure 2-8: Crystal structure of compoungb
(ellipsoids shown at 50% contour percent probability leve

Experimental.Single clear colourless prism crystalSbfwere used
as supplied. A suitable crystal with dimensions 2016 x

0.12mm3 was selected and mounted on a MITIGEN holder oil c
SuperNova, Single source at offset/far, Atlas diffractometer. -
crystal was kept at a steady= 123.01(10K during @ta collection.
The structure was solved with the ShelX3olution program using
dual methods. The model was refined with ShelXL 20%8&ng full

matrix least squares minimisation &

Crystal DataCigH1NGs, M, = 343.37, monoclinidi2:/c (No. 14), &

8.02106(12R, b= 19.1796(2R, c= 11.27263(164, b=

102.2439(14) a= g= 90, V= 1694.75(4p3, T= 123.01(10K,Z= 4,

Z'= 1, mCu lkg) = 0806, 20072 reflections measured, 3486 uniq
(Rnt = 0.0203) which were used in all caldidas. The finalvR. was

0.0868 (all data) anB, was 0.0338 (I > 2(1)).

CCDC1998663

Compound

Formula

Dealc/ g cm®
>/mm-1
Formula Weight
Colour

Shape
Size/mn¥

TIK

Crystal System
Space Group
alA

b/A

dA

al’

be

g

VIA

Z

7
Wavelength/A
Radiation type
Q‘nin/ °

Qhnax/ °
Measured Refl's.
Ind't Refl's
Refl's with 1 > 2(1)
Rt
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR: (all data)
WR

R; (all data)
R

5b

CigHNGs
1.346

0.806

343.37

clear colourless
prism
0.20x0.16x0.12
123.01(10)
monoclinic
PQl/C
8.02106(12)
19.1796(2)
11.27263(16)
90
102.2439(14)
920
1694.75(4)

4

1

1.54184
Cuka

4.611

76.173
20072

3486

3244

0.0203

229

0

0.302

-0.179

1.037

0.0868
0.0848
0.0362
0.0338



2.4.7.3 5-methyll-methylenel,2,3,5tetrahydro-2,5-epoxynaphtho[2,X]oxepine

(10a)

10awas recrystallized from DCM In Pentane

> Prob = 50
Temp = 123

72

PLATON-Mar 2 08:41:24 2020 - (70316)

~

a0 037

Pbeca

R =0.04 RES= 0 -68 X

Figure 2-9: Crystal structure of compountiOa
(ellipsoids shown at 50% contour percent probability level

Experimental Single clear colourless irregular crystalé@dwere used
as supplied. A suitable crystal with dimensions x23.12x 0.10mm3
was selected andnounted on a MITIGEN holder oil on a GV10
TitanS2 diffractometer. The crystal was kept at a stedly
122.99(10X during data collection. The structure was solved with -
ShelXT 201822 solution program using dual methods and by usi
Olex27 as the graphical interface. The model was refined with She
2018/Fbusing full matrix least squares minimisation®n

Crystal DataGeH1402, M, = 238.27, orthorhombicPbca(No. 61), a&
15.9520(4A, b= 7.5577(2Q, c= 19.3357(5Q, a= b= g= 90, V=
2331.12(10§8, T= 122.99(10K,Z=8,Z'= 1,mCu K) = 0.512, 12150
reflections measured, 2289 uniquB{ = 0.0298) which were used i

all calculations. The finalR, was 0.0981 (all data) arld was 0.0368
(1> 2(1)).

CCDC1998654

Compound

Formula

Dearc/ g cm®
>/mm-1
Formula Weight
Colour

Shape
Size/mn¥

TIK

Crystal System
Space Group
alA

b/A

dA

al’

be

g

VIA

z

7
Wavelength/A
Radiation type
Qmin/ ¢

Cinasd
Measured Refl's.
Ind't Refl's
Refl's with | > 2(1)
I:Qnt
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR. (all data)
WR

R; (all data)
R

10a

CigH1402
1.358

0.512
238.27
clear colourless
irregular
0.24x0.12x0.10
122.99(10)
orthorhombic
Pbca
15.9520(4)
7.5577(2)
19.3357(5)
90

90

90
2331.12(10)
8

1

1.39222
CuK

5.007
59.827
12150

2289

1927
0.0298

219

0

0.293
-0.178
1.047
0.0981
0.0920
0.0462
0.0368



2.4.7.4 Pheny4,5dihydro2H-5,9b-ethenonaphtho[1,2b]furan-10-carboxylate (11b)

11bwas recrystallized from DCM In Pentane

Prob = 50
Temp = 123

-22 Y

(70316)

PLATON-Mar 17 09:29:52 2020

N

-20 t040 Pl 21/e |

R = 0.04 RES= O

Figure 2-10: Crystal structure of compountilb
(ellipsoids shown at 50% contour percent probability lev:

Experimental. Single clear colourless plate crystalsidb were

used as supplied. A suitabteystal with dimensions 0.34 0.21x

0.12mms was selected and mounted on a MITIGEN holder oil
SuperNova, Single source at offset/far, Atlas diffractometer.
crystal was kept at a steady= 123.00(10K during data collection
The structure wasadved with the ShelX¥solution program using
dual methods and by usinQlex27 as the graphical interface. Th
model was refined with ShelXL 2018i3uising full matrix least

squares minimisation oF?.

Crystal DataGiHi6Os, M = 316.34, monoclinid2:/c (No. 14), &
17.2986(3, b= 7.62192(14R, c= 11.5539(2R, 6=94.9094(18)
a= g= 90, V= 1517.78(588, T= 123.00(10K, Z= 4,Z'= 1,
nfCuka) = 0.741, 17711 reflections measured, 3011 unidee £
0.0274) which were used in all calculations. The finR was
0.1040 (all data) anB, was 0.0401 (1 > 2(1)).

CCDC1998653

Compound

Formula

Dearc/ g cm®
>/mm-1
Formula Weight
Colour

Shape
Size/mn¥

TIK

Crystal System
Space Group
alA

b/A

dA

al’

be

g

VIAS

z

7
Wavelength/A
Radiation type
Qmin/ °

Qiad *
Measured Refl's.
Ind't Refl's
Refl's with | > 2(1)
I:Qnt
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

WR. (all data)
WR.

R (all data)
R

11b

GiHieOs
1.384

0.741
316.34
clear colourless
plate
0.31x0.21x0.11
123.00(10)
monoclinic
FQl/C
17.2986(3)
7.62192(14)
11.5539(2)
90
94.9094(18)
90
1517.78(5)
4

1

1.54184
Culk

5.132
72.898
17711

3011

2741
0.0274

217

0

0.462
-0.438
1.027
0.1040
0.1010
0.0440
0.0401
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Abstract

broadly applicable method for the trifluoromethylthiolation of methylene C{sp | =

methine C(sp) b 1-&ygénC(sih b1 = | YR AFRINNYRIY R ald LINBaSy i

decatungstate anion as the sobtatalyst. By adjusting the substrate ratio and reaction
concentration, this method was applied to 40 examples in good regioselectivities, including the
derivatization of natural products. Furthermore, SiglFug analogues were synthesized by
subsequent funtionalization of the SGFproducts, highlighting the importance of this
LIK2G§20FG1Ffte@T SR /bl FdzyQlAz2ylFtATFGAZ2Y

(0] o
TBADT
®-H or H— @)—SCF3 or SCF,
385 nm LED
C(sp®)-H C(sp?)-H
® drug building block modification
e a-oxy C-H e aliphatic ® application to drug synthesis
e methine C-H ® aromatic ® natural product derivatization

e methylene C-H

40 examples, up to 99% yield
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3.1 Introduction

Sraightforward access to highlyaluable products from abundant starting materials is a highly

desirable and mutual goal for synthetic chemists across a multitude of disciplines. To this end, the
FOGAGlIGAZ2Y 2F AYySNI /bl o02yRa KFa 3IFAgieR &A3y)
past decades, as it represents a valuable tool for the functionalization of organic molecules with

the potential for high atom and even higher step economy.

In recent years, the field of photoredox chemistry has spurred a multitude of hydebgen atom

transfer (HAT) processes designed to facilitate such transformations. While significant success has
0SSy | OKASGSR: G(GKS @lad Yira2NAaide 2F SEI YL Sa
bonds adjacent to heteroatoms or arené$he séective transformation of nonactivated bonds,

on the other hand, is considerably more challenging due to the high bond dissociation energy of
FfALKFEGAO /bl o02yR& O2dzLJ SR sAGK GKS LINBasSyos
multitude of simila’ b1 o062y Ra GELIAOFffe LINBaAaSyd Ay | &adzmald

Of particular focus in this field are catalysts that can serve a dual function and combine the roles

of photocatalyst and HAT activation. In this context, the decatungstate anion (X0:/V) has

emerged as one of the most prominent examples of combined phtAd catalyst$This success

has been heavily influenced by a remarkably fast HAT fronr?Ctsp O SWhileSatiandes

have been made in the use of DT ph®iAT catalysis in the context¥ §/ /9y R 8 BobdC
F2NXFGA2YT GKS Ay 02 NLI2 NI {3 grolp & DT datklyis liadthus fardz2 NB Y
remained elusivé.Such a development is highly desirable due to the increased application of the
trifluoromethylthiol group inmedicinal chemistry¢ KA & & dzNAS Ay Ay iGSNBad NB
AAAYATFAOIYyG StSOGNRYySAFGAGAGE YR LI NIAOdz F NI €
which makes the S€group a powerful handle to both adjust pharmacokinetic propertes

optimize interactions of an active compound with its targe¥hile the recent development of

tailored reagent¥ has allowed for both polatand radicalt*transformations for the incorporation

of the SCHgroup, use of HAT in this context is oftarar interest due to its ability to selectively

promote latestage incorporation of the functionality with relatively high levels of
chemoselectivity. The power of such a strategy has been demonstrated by the Glorius group using

a dual catalytic systenepnsisting of an iridium phot@and benzoate HATatalyst for the selective
GNRTEd2NRYSGOKef GKAZ2TE I (bdndsySchenfs-1R)S KiKandZif repoytddl T 2 NI &



a creative iteration of that approach to initiate the fragmentation of methoxymetthers and
thereby achieve deoxytrifluoromethylthiolation of tertiary alcohdisThe same group then
RSGSt2LISR I LINRG202t olFl&SR 2y FNByS 2EARFGAZ2Y G2

which is interestingly enough not accessible via HAdlyss "

A) Previous photochemical trifluoromethylthiolation protocols
Glorius, 2016 - 2018 1'%

R M O Phth-SCF; [Ir], PhCO,; R SCFs 0

R'><R" or RA 7( . or

H blue LED (MeCN) R" R R SCF;

Xie and Zhu, 2018 9]

RXO\I/O\ Phth-SCF3, 4CzIPN, thiol RXSCFs
R*R" H blue LED (MeCN) R” R"
Xie and Zhu, 2019 ["7]
ATXH Phth-SCF3, 4CzIPN Ar-_ SCF;
R R blue LED (MeCN) R R

B) This work

@+ ? Phth-SCF5, TBADT
or
®MH 385 nm LED (MeCN)

C) Mechanistic working hypothesis

(R3-+ 9
385 nm [W,0O3,]** )
:;B’”\ HAT
Photocatalytic ® ®-SCF3

WioOsl*  YVE1® (H)W4005,1%

Phth-H Phth-SCF;

Scheme3-1: (A) Photochemical trifluoromethylthiolation procedures reported in literatutg). lovel DT
based trifluoromethylthiolation.@ Mechanistic rational behinthe presented work.

Given theongoing quest for novel trifluoromethylthiolation reactioksye envisioned being able

to leverage the reactivity of the decatungstate anion to functionalize strong methy@£sg0 b | <
methineC(spy b | = YRl /dAYRAE ¢ A (i (Schémk3aB). The SldvEoprieht@i &
operationally simple conditions coupled with the wslludied reactivity of the decatungstate

anion and the use of a commercially available reagent would allow for widespread
implementation of theprocedure with a high level of predability. Such a process would begin

with the photoexcitation of DT, subsequent HAT from the substrate to the excited catalyst, and
FAYLEEe GNI LAY 2F GKS NISRROth fyieldotie desidey | O £ £ A Q

trifluoromethylthiolated productwhile regenerating the catalyst and forming phthalimide as the



side product through a formal electron and proton transfer from the reducatdlyst Schemes-

10).

3.2 Resuls and dscussion

We first focused our investigations of tetrebutylammonium decatungstate (TBABCBtalyzed

trifluoromethylthiolations on the optimization of nonactivated C{&b |

02y RAZ

gK2aS K

dissociation energies create additional challenges in their functionalization. Ugingg2of

cyclohexane Xa) as a model substrate (TabR®1), 0.5 mol% TBADT, and R&8F as limiting

reagent at a 0.1 mmol scale under irradiation with 385 bED light in dry MeCN resulted in a

promising 61% crude NMR yield of the desired pro@adientry 1).

Table3-1: Optimizaton and control reactiorfs

H Phth-SCF5 (y mmol, 1.0 eq.)
O’ TBADT (x mol%)

O/SCFB

1a(zeq.) 16 h,2855°gr?NL2E(Eh)AeCN) 2a

Entry x (mol%) y (mmol) z (eq.) Gonc. (M) Yield® (%)
1 0.5 0.1 2 0.1 61
2 1.0 0.1 2 0.1 66
3 25 0.1 2 0.1 67
4 5 0.1 2 0.1 69
5 5 0.1 5 0.1 82
6 5 0.1 5 0.2 88
7 5 0.4 5 0.2 85
8 25 04 5 0.2 83
o 25 0.4 5 0.2 n.de

10°d 2.5 0.4 5 0.2 n.de
11 - 0.4 5 0.2 n.de

aReactions were run at the respective scales in anhydrous MeCN under irradiation witEB&(386m) and under a Natmosphere
for 16h at 25°C »Yield determined b§fFONHzR S b a w | y I-tfifldofofolaendsas iiténahs@ridardNo light.Run at 8C°C.

en.d. = not detected.

LYONBF&aAy3 GKS OFGlfead
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equivalents ofcyclohexane from 2 to 5 produced a significant boost in yield to 82% (entry 5).

Halving both the catalyst loading and amount of solvent in order to hold catalyst concentration

& A S heReadtiGhyaaltlhaS & c by |

O2yaidlyld RAR y2i NBRAzOS

iKS

increased to 0.4 mmol for these reactions and all further experiments. With optimized reaction



conditions (entry 8), control experiments were run, which confirmed that the reaction requires

both irradiation with light and the presencaef TBADT. Based upon these results, we ruled out

GKSNXIFE FyR y2yOridrtel SR NBIOGAZY LI ddedih @a 063

this report, a similar optimization could be carried out by adjusting only the reaction concentration

and substratereagent ratio, allowing all other reaction conditions to remain constant (see the
experimental part. Not surprisingly, C(3p b | dagtifated by an adjacent oxygen required a
smaller excess of the substrate (2.5)edn the case of aldehydes, the equivalents of substrate

could be lowered even further to 1.5 eq. While an additional solvent screen for these activated
substrates confmed acetonitrile to be ideal, acetone was also a viable alternative (see the
experimental pah @ 2 AGK GKS ARSIt NBFOGA2Y O2yRAGAZ2Y A

substrate scope was investigatethple3-2).

Table3-2: Substrate scope of the datungstatecatalyzed trifluoromethylthiolatiof

ﬁ ﬁ 4BuN
W. I
o// \Q\O// \O\o
Phth-SCF; (0.4 mmol) /O,o \‘w,;?,, Oc|>” \\V/,,O
TBADT (2.5 mol%) A ROCATE
®-H ®-SCF3 o7\,\1'07-vl\/ic‘)§ /WL’ ‘O/W—O
rt, 385 nm LED, 4\ ooo//é ‘ o
6-16 h, N, (MeCN /
1 2 ( ) 2 O-Ql/_oN\l/_o©
w W
TBADT 3 U
Methylene-C(sp®)-HP ¢
vl (sp”) o N ¢ 0o o
SCF. SCF SCF <
3 3 3 X ‘?-q' - o o
,,_m:i SCF,
o SCFy PN A 3 o o
P ) SCF,
2a, 83%° 2b, 85%° 2c, 83%° 2d: X =0, 70% 2e : . 29, 26% 2g', 28%

2e: X = NBoc, 53% (76%)°
86%
2f: X = NH, (80%)° :

Methine-C(sp®)-H®

o
i /&CFJ i O\\s//O i
o OW \O/\/\K /O% EtO
d d SCF, ©/ SCF; O/V\KSCFJ SCF,
o) Et0” Y0

2h, 58%, r.r. = 88/12 2i,60%, r.r. = 93/7 2j, 62%, r.r. = 90/10 2k, 63%, r.r. = 93/1/6 21, 46%, r.r. = 95/5

alpha oxy C(sp®)-H®

Br 0. SCF;s /©/OVS°F3 o 0._SCF; o 0._SCF;
~~ \l/v o - ~

2m, 41% (73%)° 2n, 45% (83%)° 20, 79% 2p, 83% 2q, 99%

C(sp?)-Hf
OH o
o 2v: R =4-Ph, 84%, (74%)9
2w: R =4-Cl, 69% o o o SCF,
R@)(SCH 2x: R =3,4,5-OMe, 67% o 28 82%
I . = Q|
_ 2y R =4'NHAc, 89% SCF, SCF; N i, 8%
2z: R=4-OBz, 80% Mscpa
R R o

2r R=4-H, 55% 2aa: R = 4-SFs, 53% )v\)\i

2s: R = 4-OH, 90% 2ab: R = 4-OTs, 77% S SCF
2t: R=4-Me, 67% 2ac: R = 4-CH,NHBoc, 41% 2ae:R=H, 53% 2ag: R=H, 63% 3
2u: R = 4-SMe, 42% 2ad: R = 3-NHBoc, 62% 2af: R =0Me, 53% 2ah: R = OMe, 62% 2ai, 95% 2ak, 71%

aReactions were run at a 0.4 mmol scale in anhydrous Me@M. = 0.2 Myinder irradiation with UM_EDs (385 nm) and under a N
atmosphere for 16 h at 25 °C. Isolated yssde given, if not stated otherwise. r.rregioisomeriaatio of isolated product5.0 eq of
substrate was usedDetermined by crudé’Fb a w @ A (-ffludrofolughé as internal standard2.0 eq of subgrate was used.
2.5 eq of ether substrate was use@onc. = 8t M). f1.5 eq of aldehyde was usedkradiation for 6 hg Performed at 1.2nmol scale
(seeexperimental park

VAR

Ay



[ KFftSy3aayazr aGNRy3a /bl 062YyRa Ay 30GHKbBndsFfvemY 2F 0
trifluoromethylthiolated in overall good to high yields. Selectivity in the reaction is driven both by
steric accessibility and polarity matching that favors activation of the most hydridic bond present
in the molecule. Compoundlg representsan exception to this high selectivity, where two
methylene positions possess similar steric and electronic environments. However, these two
regioisomers2g andH 3could be separated by means of column chromatography, which gives
access to two differentrifluoromethylthiolated products. Additionally, the higher reactivity of
spiro compounde required only 2.0 ecpf substrate to obtain a high yield, and a singfgstal X

ray structure confirmed the molecular structure. Although spiro imRfecan be directly
trifluoromethylthiolated in 80%°F NMR yield, purification presented a challenge due to coelution
of phthalimide. The isolation problem could be overcome by suljjgdBoeprotected imide2e

to the reaction conditions followed by a subsequent deprotection to obtain the free iRfide

bSEGZ 6S AyQSaowaBEiiSR 6 DYRDI bR dchiendexcRISrit A AK G S
yields of up to 99%. In several examp@® @nd2n), separation of the product from the starting

material via silica flash chromatography was not satisfactory, but pure material could be readily
achieved via Kugelrohr distillation wigightly diminished yields. In these cases, we provide the

product yields determined by°F NMR before isolation and the isolated yields following

distillation.

[Faldx GKS a02L)S 2F F2N¥eéeft /bl | OGA'PPWewery F2NJ
pleased to find that both aliphatic and aromatic aldehydes were functionalized in moderate to

high yields. For aromatic aldehydes, electatonating substituents on the aromatic ring increased

the yield up to 90%, while electremithdrawing groups wee tolerated giving moderate to good

yields @ Nb 1 Th&methodology can be upscaled to 1.2 mmol with only a minor decrease in yield

of 2v. Expanding the aromatic system to naphthaldehydes yielded the trifluoromethylthioester in

slightly decreased yield@ae, 2aj. Aliphatic aldehydes worked equally well under the given

reaction conditions{ I A B.H | A

To demonstrate the applicability of the method to the derivatization of natural products, several
SCEanalogues were synthesiz€Biable3-3A). The plant sesquiterpene lactone sclareolidal),?
representing the class of nonactivated Gspp | 062y RaX 61 & Fdzy OGA2yl £ AT &

(2al). The naturally occurring terpenoid ambroxid&éag), commonly used as a perfume



ingredient?? contairh |y I Odxk GBI SR 6 2 Y RY 3 deyivRtiveARand was / C
obtained in good vyield with a .d of 1:1.5. Finally, the aldehyde moiety in the 4
hydroxybenzaldehyde ester of dehydrocholic adidnj could be trifluoromethylthiolated in 45%
isolatedyield @an), presenting an application for the activationof C(sp | 02 Y Ra @

Table3-3: Naturalproductderivatization andapplications of theproducts asbuildingblocks in the

synthesis ofdrug derivatives

A) Natural product derivatization

SCF3-Sclareolide (2al) SCF3;-Ambroxide (2am)
55% 67% dehydrocholic acid ester (2an)
i.r. =92/82 d.r. = 60/40° 45%

B) Application of the products: Building blocks for drug synthesis

o o)
o
1 by
F4CS
Fcs HoN" “NH, 3 o N N0
07 OEt i

2 NaH, rt., 16 h (DMF) SCF3-Amobarbital (31)
42%, r.r. = 95/5

0]

o ?N N
B | e
HN r\/\/\Br /H\ N/)\Nﬁ ;i‘jC)-SCF3
o SCFs K co3 DMAP, SCFs NN [Nj
N

reflux, 16 h, (MeCN) . K,CO3, K, SCF3-Buspirone® (4f)
2f 3f, 92% reflux, 16 h (MeCN) N 89%

[

a.r. = isomeric ratio of isolated productd.r. = diastereomeric ratio of isolated produc¢6% ofp-chlorinated SGFbuspirone was
observed in the NMR spectrum of the final isolated product, presumably introduced by deirterated chloroform during the
measurement.

Furthermore, subsequent functionalization of the $@Foducts 2| and 2f gave access to
trifluoromethylthiol analogues of drugnolecules Table3-3B). SGFamobarbital 8l), the SCF
derivative of the GABA receptor agoniis accessible in one step from malonatén 42% yield.

We further showed that the Sg&nalogue of buspironewhich is currently used to treat anxiety
disorders- can be synthesized in two highelding steps(overall yield of 82%) fror2f. The
synthesis of SGHErug derivatives may be of interest in the context of recent investigations on the

effect of SCFgroups in medicinal chemisty®



3.3 Conclusion

In conclusion, we have shown that TBADT can be used cagalyst in the photocatalyzed

0NR Ff dz2 NP YS{Ke tbaonésh €ifmihating 2hg ne2dF for /a tdual catalytic system.
Furthermore, we demonstrated the broad applicability of the method by functionalizing methine
Cspobl T YSORRHISHWSSH EEAD | YR AFRINYENR dzldB LH & 2y f & |
ratio of substrate to reagent and concentration, while all other reaction conditions remain
unchanged. The method was applied to 40 examples and gave the products in good to excellent
yields. We believel KI & GKS YSiK2R gAft LINRBOS @l fdzrotS
applications in drug discovery by improving pharmacokinetics and target binding properties of

SCEdrugs by providing an easy and generally applicable method for their synthesis.



3.4 Experimental part

3.4.1 General information

All NMR spectra were recorded at room temperature using one of the following devices: Bruker

Avance 300 (300 MHz féd, 75 MHz fot3C, 282 MHz fot®F), Bruker Avance 400 (400 MHz for

1H, 100 MHz fot’C, 376 MHz fot°F). All chemical shifts are repoRe 2y G KS 1+ ma Ol €S Ay
million [ppm] (multiplicity, coupling constardtin Hertz [Hz] number of protons) relative to the

solvent residual peaks as the internal stand&rébbreviations used for signal multiplicity aresbr

broad, s = singlet, ddoublet, t = triplet, q = quartet, m = multiplet and combinations thereof.

High resolution mass spectra (HRMS) were obtained from the central analytic mass spectrometry
department of the institute. The spectra were recorded on one of the following deviGanigan

al!t gpX ¢KSNX¥Y2 vdzSad CAYyyAIlLYy ¢{v TtTnnnI CAYYAIDl)
For GE&-ID measurements a GC 7890 from Agilent Technologies was used, the analysis of the data

was performed with Agilent ChemStation Rev.C.01.04.

Analyical TLC was performed on silica gel coated alumina plates (MN TLC plates AEMGRAM

SIL G/UV254). Detection was done by UV light (254 or 366 nm). Infrared spectra were recorded

neat on an Agilent Cary 630-FR Spectrometer, melting points were meadiiia open capillary

tubes by a Stanford Research System OptiMelt MPA 100 and are uncorrected. Compounds were
LIdZNRA FASR o6& Fdzi2aYlI 0SSR 02t dzyy OKNRYIF (23INJ LIK& oAl
Merck) on a Biotadgelsolerd™ Spektra One device. Trifitomethylthiolation reactions were

irradiated from the bottom (distance ca. c¢tn) with 385nm LEDs pulent Americas
LSTI01G01IUV02n n = < [ oyp VY Y WdightiluxxX opn Y! I mdamp

If not otherwise stated below, all chemicals and solvents weértained from commercial sources.
Specifically, Pht#$CE was purchased from TCl Europe, dry acetonitrile was purchased from
AcrosOrganics(Acetonitril, 99.9%, Extra Dry, over Molecular Sieve, AcroSeal®). Solid aldehydes
were used as received; liquid onesre purified by distillation under reduced pressure prior use.
Starting materialsLh®®?, 1i*%*, 12° 1ak?®, 1a?’, 1arf® were synthesized according to literature
procedures. The synthesis of relevant knowe, (LI) and unknown substrate4j( 1k) are outined

below.



3.4.2 General procedure for trifluoromethylthiolation

A crimp cap vial was charged with tetnebutylammonium decatungstate (TBADT, 33.2, mg
0.01mmol, 2.5mol%), N-(trifluoromethylthio)phthalimide (PhtiSCE 98.9 mg, 0.40 mmol,

1.0eq.) solidsubstrate (2.00nmol, 50eq. for substrates with unactivated C&pb | 02yRAT
1.00mmol, 2.5eq. for substrates with activated Cfgpb | 02y R&aT ndcn YY2f I mModp
and a stirring bar. The vial was sealed, flushed with dried nitroge) K&fre dry
acetonitrile(I1mL for activated C(p b1 adz &G NJ 6§S&X H Y[ F2¥bIf RSKE
substrates) was added. At this point liquid substrates were added by syringe through the septum.

The mixture was degassed by thifeeezepump-backill-thaw-cycles and subsequently irradiated

with LEDs (385 nm) for 16 h at 25 °C for @(dpl &dzoa i N} GS& 2NJ ¢ K F2NJ
respectively. The mixture was transferred into a round bottom flask and concentrated under
reduced pressure. The resie was purified by automated column chromatography with indicated

solvent mixtures.



3.4.3 Optimization of the reaction conditions and detailed procedures

Table 8-1: Optimization for cyclohexand )

H Phth-SCF3 (1.0 equiv) SCF;
O’ TBADT (x mol%) O/

1a 16 h,aé%5°n0r?l\ll_2E(?/ieCN) 2a

Entry TBADTmol%) la(mmol) Phth-SCE(mmol) Conc.(M) Yield(%)
1 0.5 0.2 0.1 0.1 61
2 1.0 0.2 0.1 0.1 66
3 25 0.2 0.1 0.1 67
4 5 0.2 0.1 0.1 69
5 5 0.5 0.1 0.1 82
6 5 0.5 0.1 0.2 88
7 5 2.0 0.4 0.2 85
8 25 2.0 0.4 0.2 83
92 25 2.0 0.4 0.2 n.d.c

10b 25 2.0 0.4 0.2 n.d.c
11 - 2.0 0.4 0.2 n.d.c

Reactions were run at the respective scales in anhydrous MeCN under irradiation wifa${386m) and under a Natmosphere
for 16h at 25°C.The yield was determined B§~crude NMR analysis with = htrElllorotoluene as internal standardNo light."Run
at 80 °C¢n.d. = not detected.

General Procedure AA crimp cap vial was charged with tetmebutylammoniumdecatungstate
(TBADT, 33.&hg. 0.01 mmol, 2.5101%),N-(trifluoromethylthio)phthalimide (Phti5CE 98.9 mg,

0.40 mmol, 1.0 eq.) solid substrate (2.00 mmol,é&q0 and a stirring bar. The vial was sealed,
flushed with dry nitrogen (§ and charged with iy acetonitrile(2 mL, 0.2V) and liquid substrates

(2.00 mmol, 5.&q.). The mixture was degassed by thfesezepump-backfillthaw-cycles and
subsequently irradiated with LEDs (385 nm) for 16 h at 25 °C. The mixture was transferred into a
round bottom fask and concentrated under reduced pressure. The residue was purified by
automated column chromatography with indicated solvent mixtures. Products, which are more

polar than the phthalimide bproduct might require a second chromatographic purification.

Pease noteif the product was suspected to be volatile, the reaction was concentrated by passing
a gentle stream of nitrogen through the vial, the residue was absorbed on silica and purified with

pentane, diethylether or dichloromethane.



Table 8-2: Optimization for 4bromoanisole {m)

o H Phth-SCF5 (1.0 equiv) 0. SCF;
TBADT (x mol%)
Br Br

385 nm LED,
im 16 h, 25 °C, N, (MeCN) 2m

Entry TBADTmol%) 1m (mmol) Phth-SCE(mmol) Gonc. (M) Solvent Yield (%)

1 25 0.2 0.13 0.13 PhCE n.d.c
2 25 0.2 0.13 0.13 DCE traces
3 25 0.2 0.13 0.13 GsDs n.d.c
4 2.5 0.2 0.13 0.13 acetone 61
5 25 0.2 0.13 0.13 MeCN 62
6 25 0.2 0.13 0.2 MeCN 66
7 5 0.2 0.13 0.2 MeCN 66
8 25 0.6 0.4 0.4 MeCN 71
9 25 1.0 0.4 0.4 MeCN 83
10 25 2.0 0.4 0.4 MeCN 86
11ab 25 0.15 0.1 0.1 MeCN n.d.c
12 - 0.15 0.1 0.1 MeCN n.d.c

Reactions were run at the respective scales in anhydrous solvent under irradiation witBRB/A388m) and under a Natmosphere
for 16 h at 25°C.The yield was determined B§~crude NMR analysis with = htrElllorotoluene as internal standardNo light."Run
at 70 °C¢n.d. = not detected.

General Procedure BA crimp cap vial was charged with tetnebutylammonium decatungstate
(TBADT, 33.&hg. 0.01 mmol, 2.85n01%),N-(trifluoromethylthio)phthalimide (PhttSCE, 98.9 mg,

0.40 mmol, 1.0 eq.) solid substrate (1/®®ol, 2.5eq.) and a stirring bar. The vial was sealed,
flushed with dry nitrogen (8 andcharged with dry acetonitril€l mL, 0.4V) and liquid substrates

(2.00 mmol, 2.%q.). The mixture was degassed by thfemezepump-backfillthaw-cycles and
subsequently irradiated with LEDs (385 nm) for 16 h at 25 °C. The mixture was transferred into a
round bottom flask and concentrated under reduced pressure. The residue was purified by

automated column chromatography with indicated solvent mixturedistilled.



Table 8-3: Optimization for 4hydroxybenzaldehyd&s)

O [0}

Phth-SCF3 (1.0 equiv)
/©)kH TBADT (x mol%) @)’ksc&
HO 385 nm LED, HO

1s 3-6h, 25 °C, N, (MeCN) 2s

Entry  TBADTmMol%) 1s(mmol) Phth-SCEmmol) Gonc.(M)  Time(h) Yield (%)
1 1 0.15 0.1 0.1 3 83
2 25 0.15 0.1 0.1 3 82
3 5 0.15 0.1 0.1 3 83
4 25 0.4 0.6 0.1 3 54
5 2.5 0.4 0.6 0.1 6 74
5 2.5 0.4 0.6 0.1 8 77
7 2.5 0.6 0.4 0.1 3 75
8 25 0.6 0.4 0.1 6 80
9 25 0.6 0.4 0.1 8 80
10 25 0.6 0.4 0.2 6 92
11 2.5 0.6 0.4 0.4 6 92
12 2.5 0.6 0.4 0.4 6 n.d.p
13 - 0.6 0.4 0.4 6 30

Reactions were run at the respective scales in anhydrous MeCN irat#iation with UVLEDs (386m) and under a Natmosphere
for 3-6 h at 25°C.The yield was determined B§~crude NMR analysis with = htrElllorotoluene as internal standardNo light.’n.d.
= not detected.

General Procedure @\ crimp cap vial was charged with tetnebutylammonium decatungstate
(TBADT, 33.&hg. 0.01 mmol, 2.5101%),N-(trifluoromethylthio)phthalimide (Phti5CE 98.9 mg,

0.40 mmol, 1.0 eq.) solid substrate (0.60 mmol, €q9 and a stirring bar. The viahs sealed,
flushed with dry nitrogen (§ and charged with dry acetonitrii mL, 0.2M) and liquid substrates
(0.60 mmol, 1.%q.). The mixture was degassed by thfemezepump-backfillthaw-cycles and
subsequently irradiated with LEDs (385 nm) for & R5 °C. The mixture was transferred into a
round bottom flask and concentrated under reduced pressure. The residue was purified by

automated column chromatography with indicated solvent mixtures.

Please notelf the product was suspected to be volatilee reaction was concentrated by passing
a gentle stream of nitrogen through the vial, the residue was absorbed on silica and purified with

pentane, diethylether or dichloromethane.



3.4.4 Experimental Procedures

3.4.4.1 Synthesis of starting materials

tert-butyl 7,9dioxo-8-azaspiro[4.5]decan8-carboxylate 1€)

(0]
BocN
(e}

Based on a literature reported procedut®a Schlenk flask equipped with a magnetic stirring bar
was charged with diert-butyl dicarbonate (2.4 g, 0.011 mol, Xkd4.) and DMAP (6hg,
0.50mmol, 5mol%) in MeCN (10 mL) and was placed under a nitrogen atmosphere. To this
mixture, a solution of tetamethylene glutarimide (1.@, 0.01 mol, 1.@qg.) in MeCN (5 mL) was
added at room temperature. The reaction mixture was stirred overnight and was then
concentrated in vacuo. Afterwards,® (15 mL) was added, and the aqueous layer was extracted
with DCM(3x20 mL). The combined organics were washed with brine, dried ow&Q\diltered

over Celite and finally the solvent was removed in vacuo. Purification by flash column

chromatography (1210% EtOAc in PE) yieldbelas a white solid (1.4 g, Si@mol, 52%)
Melting Point:99.7-101.6°C.

IH NMR(400 MHz, CDgHI (ppm) 2.55 (s, 4H), 1.%31.66 (m, 4H), 1.54 1.51 (m, 13H).
13C NMR(101 MHz, CDgk (ppm) 169.9, 149.0, 86.2, 43.9, 40.1, 37.6, 27.5, 24.1.
HRMS (APQI calaulatedfor GaHosNoOs [M+NH:]: 285.1809found: 285.1810.

IR(neat): 2967, 2870, 1781, 1722, 1684, 1356, 1244, 1140, 1058, 842 cm

4-methylpentyl benzenesulfonatd f)

O

©/‘\s”?ow

Adapting literature procedure for the benzoylation ofmethylpentanol*®® a mixture of 4
methylpentanl-ol (1.26 mL, 10.0mmol, 1.0eq.), 4dimethylaminepyridine (244ng, 2.00 mmol,
0.2 eq.) and BN (2.09mL, 15.0mmol, 1.5eq.) in DCM (5@L) was cooled down to @ (50mL)
and treated with benzenesulfonyl chloride (1.5%, 12.0 mmol, 1.2 eq.). The reaction e
was stirred at room temperature overnight, quenched with water {30, extracted with DCM

(2x20 mL), dried over N8Q and concentrated. The crude product was purified by column



chromatography (5@SiQX t 9k 9! I ynkHun [ compoundascolo@less i T 2 NR (0 K
(1.849, 7.59mmol, 76%).

H NMR(400 MHz, CDgIt (ppm) 7.95¢ 7.88 (m, 2H), 7.7 7.60 (m, 1H), 7.6Q 7.51 (m, 2H),
4.04 (t,J= 6.6 Hz, 2H), 1.%01.58 (m, 2H), 1.581.42 (m, 1H), 1.22 1.12 (m, 2H), 0.83 (d= 6.6
Hz, 6H).

13 NMR(101 MHz, CD@k (ppm) 136.5, 133.8, 129.4, 128.0, 71.4, 34.5, 27.6, 26.9, 22.5.
HRMS (ESl#alaulated for GaHoOsS [M+H: 243.1049found: 243.1051.

IR(neat): 2955, 2870, 1468, 1448, 1356, 1185, 1095, 954, 913, 752 cm

methyl (4methylpentyl) oxalatel(k)

/Oﬁow

Adapting literature procedure for the benzoylation ofmkthylpentanol!®® a mixture of

4-methylpentarrl-ol (1.26mL, 10.0mmol, 1.0eq.), 4dimethylaminepyridine (244ng,
2.00mmol, 0.2 eq.) and BN (2.09mL, 15.0mmol, 1.5eq.) and treated with methyl Zhloro-2-
oxoacetate (1.10nL, 12.0 mmol, 1.2q.). The reaction mixture as stirred at room temperature
overnight, quenched with water (50L), extracted with DCM §220.0 mL), dried over N&Q and
concentrated. The crude product was purified by column chromatography &@, PE/EA =
YyAKHAN T nnankecno G2 FFF2NR (KS, 50mimblH0%).2 Y L2 dzy R |

QX
—\

IH NMR(400 MHz, CDgH (ppm) 4.27 (tJ= 6.9 Hz, 2H), 3.90 (s, 3HY4¢ 1.67 (m, 2H), 1.6
1.49 (m, 1H), 1.391.20 (m, 2H), 0.89 (d= 6.6 Hz, 6H).

13C NMR(101 MHz, CDgH (ppm) 158.4, 157.8, 67.7, 53.7, 34.8, 27.8, 26.3, 22.5.
HRMS (ESI#+galaulatedfor GHoNOy" [M+NH,*]: 206.1387found: 206.1384.

IR(neat): 2959, 2873, 1770, 1744, 1468, 1319, 1200, 1155, 957, 7%5 cm



diethyl 2ethyl-2-isopentylmalonate 1)

o
Eto%/
Et0” S0

Adapting literature procedure for the alkylation ofezhylmalonates® diethyl 2-ethylmalonate

(10.0 mmol, 1.88, 1.87 ml, 1.0 eq.) was dissolved in dry DMA{IL}) cooled to OC, treated with

sodium hydride (60% dispersion in mineral oil, 479 mg, 12.0 mmol, 1.2 eq.) and stirredHor 1.5
Then Xbromo-3-methylbutane (12.0nmol, 1.2 mL, 1.2 eq.) was added and the reaction was
stirred overnight. The reaction was quenched by the additicsatfirated aqueous Ni&I solution
(50mL) and the product was extracted with ether 25 mL). The combined organic phase was
dried over NaSQ and concentrated. The crude product was purified by column chromatography
(50gSIQE t 9k 9! Iy fokaffond tHeytitlp moknpoanal as colourless oil (1§1
7.39mmol, 74%).

IH NMR(300 MHz, CD@h (ppm) 4.17 ()= 7.2 Hz, 4H), 1.971.80 (m, 4H), 1.561.44 (m, 1H),
1.23 (t,J=7.1 Hz, 6H), 1.060.95 (m, 2H), 0.88 (d= 6.5 Hz, 6H), 0.80 (= 7.5 Hz, 3H).

13C NMR(75 MHz, CDglt (ppm) 172.1, 61.1, 58.0, 32.9, 29.4, 28.4, 25.0, 22.6, 14.3, 8.5.
HRMSESI+)calaulatedfor G4H70s" [M+H']: 259.1904 found: 259.1904.

IR (neat): 2959, 2873, 1729, 1464, 1386, 1304, 1252, 1218, 1133, 1028 cm



3.4.4.2 Characterization and Synthesis of S@Bducts

cyclohexyl(trifluoromethylsulfane6)

O/SCF;;

FollowingProcedure A 2awas obtained from cyclohexane (216 pL, 20@@ol, 5.0 eq.) and Phth
SCFE(98.9 mg, 0.40 mmol, 1.0 eq.) in 83% NWiRId withtrifluorotoluene as internal standard.

19 NMR(377 MHz, CECN) (ppm)-38.5.

MS (EI, 70 eV)m/z (%) = 184 (19.8), 115 (11.7), 83 (100), 82 (21.8), 81 (8.9), 69 (17.4), 67 (24.2),
55 (81.7), 54 (12.1), 15 (9.1).

The data matches the one reported in fiagure 15°

cycloheptyl(trifluoromethyl)sulfane2f)

Q,SCF3

FollowingProcedure A 2bwas obtained from cyclohexane (262 pL, 2n@@ol, 5.0eq.) and Phth
SCE(98.9 mg, 0.40 mmol, 1.0 eq.) in 85% NWMiBId withtrifluorotoluene as internal standard.

19 NMR(377 MHz, CEEN)Y (ppm)-39.1.

MS (EI, 70 eV)m/z (%) = 198 (1.7), 129 (42.7), 97 (81.9), 96 (11.7), 81 (22.9), 69 (23.9), 68 (11.7),
67 (24.8), 5%100), 54 (13.5).

The data matches the one reported ireliature 1

cyclooctyl(trifluoromethyl)sulfane2)

OSCF3

FollowingProcedure A 2cwas obtained from cyclohexane (269 uL, 21aol, 5.0eq.) and Phth
SCE(98.9 mg, 0.40 mmol, 1.0 eq.) in 83% NMIBId withtrifluorotoluene as internal standard.

19F NMR(377 MHz, CEEN) (ppm)-39.0



MS(EI, 70 eV)n/z (%) = 212.1 (0.1), 143.1 (51.8), 128.0 (5.7), 111.1 (26.5), 82.1 (12.8), 81.1 (9.9),
69.1 (100), 67.1 (20.9), 55.1 (30.9), 41.1 (20.3), 39.0 (6.4).

The data matches the one reportedliterature 1818

2-((trifluoromethyNthio)8-oxaspiro[4.5]decan&,9-dione @d)

O

0
o SCF;

Following Procedure A 2d was obtained from 8-oxaspiro[4.5]decan&,9-dione (336mg,
2.00mmol, 5.0 eq.) and PhtBCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless amorphous solid
(75.3 mg, 0.28 mmol, 70%). The product was purified by automated column chromatography

(Biotage® SNAP Ultesgcolumn,pentane/Eth ' y nkHA ThH HAKYy N0 ®

IH NMR(400 MHz, CDgk (ppm) 3.70 (pJ= 7.6 Hz, 1H), 2.822.75 (m, 2H), 2.71 (s, 2H), 243
2.27 (m, 1H), 2.18 (dd= 14.0, 7.9 Hz, 1H), 1.84..78 (m, 2H), 1.76§1.63 (m, 2H).

13 NMR(101 MHz, CDgH (ppm) 1654, 165.4, 130.5 (gl= 306.8 Hz), 45.3, 42.6, 42.2, 41.1 (q,
J=1.8 Hz), 39.5, 36.6, 32.8.

19 NMR(377 MHz, CDgk (ppm)-40.0.
HRMS (El+}alaulatedfor GoHhiR0:S* MY 268.0376 found: 268.0376.

IR(neat): 2929, 2855, 1714, 1453, 1416, 1151, 1118.cm

tert-butyl 7,9dioxo-2-((trifluoromethyl)thio}8-azaspiro[4.5]decan8-carboxylate 2€)

0
BocN
o SCF3

Following Procedure A 2e was obtained fromtert-butyl 7,9-dioxo-8-azaspiro[4.5]decan&-

carboxylate (294mg, 0.80mmol, 2.0 eq.) and PhtBCE(98.9 mg, 0.40 mmol, 1.0 eq.) as

colourless solid (78.0 mg, 0.2imol, 53%)The product was purified twice by automated column
chromatography Biotage® SNAP UltesgO2 f dzYy > t 9k 9! I' Biptage@ Sfar My y 51K
Silica HC 0g column, P/ED = 65/35). Tough separation of the product from phthalimide



caused the isolated yield to be significant lower compared td‘tReNMR yield (76%) of the crude

reaction withPhCFEas internal standard.
Melting Point: 122.4125.1°C.

IH NMR(400 MHz, CD@H (ppm) 3.68 (pJ= 7.8 Hz, 1H), 2.67 (s, 2H), 2.60 (s, 2H)@23Z6 (m,
1H), 2.18 (ddj= 13.9, 7.9 Hz, 1H), 1.84..78 (m, 2H), 1.67 (dd= 13.5, 7.9 Hz, 2H), 1.5 9H).

15C NMR(101 MHz, CD@It (ppm) 168.9, 148.6, 130.6 (4= 306.5 Hz), 86.7, 45.3, 44.5, 44.0,
41.1, 40.0, 36.6, 32.8, 27.6.

F NMR(376 MHz, CD&@l ¢+ é10.JY 0
HRMS (ESI#+galaulatedfor GsHzaRN0sS [M+NH;"]: 385.1403found: 385.1409.
X-Ray StructurecCCDC2046602.

IR(neat): 2959, 2926, 2855, 1766, 1729, 1692, 1461, 1244, 1107, 842 cm

2-((trifluoromethythio)8-azaspiro[4.5]decan&,9-dione @f)

o
HN
o SCF,

tert-butyl 7,9-dioxo-2-((trifluoromethyl)thio)8-azaspiro[4.5]decan8-carboxylate Ze, 78.0 mg,

0.21 mmol) was dissolved in DCM (1 mL) and TFA (0.2 mL) was added. The solution was stirred for
2 h at room temperature until complete conversion as monitored by TLC.sdlent was
evaporated, and the crude mixture was again redissolved in DCM and was washed with sat.
NaHC@®solution (3x). Evaporation of the solvent yield&fths a white solid (47.6 mg, 0.18 mmol,

86%)

Melting Point: 129.7130.3°C.

IH NMR(400MHz, CDG) (ppm) 8.44 (s, 1H), 3.68 (p= 7.7 Hz, 1H), 2.63 @H), 2.56 (s2H),
2.37¢2.26 (m, 1H), 2.17 (dd= 13.9, 7.9 Hz, 1H), 1.911.76 (m2H), 1.7 1.60 (m2H).

15C NMR(101 MHz, CD@Ht (ppm) 171.5, 130.6 (G1= 306.7 Hz), 45.514.4, 43.9, 41.1 (q]=
1.8Hz), 40.7, 36.8, 32.8.

F NMR(376 MHz, CD@i {+ é&10JY 0



HRMS (ESI:jalaulatedfor GoHieRN2O.S [M+NH,]: 285.0879found: 285.0878.

IR(neat): 3190, 3090, 2952, 2866, 1729, 1673, 1379, 1267, 1095, 849 cm

8-((trifluoromethyNthio}3-oxaspiro[5.5]Jundecang 4-dione @g) and
9-((trifluoromethyNthio)3-oxaspiro[5.5]Jundecan 4-dione ¢ J Q

Following Procedure A 2g and H JwWkre obtainal from 3-oxaspiro[5.5]undecan,4-dione

(364mg, 2.00mmol, 5.0 eq.) and Pht8CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless2) (

28.9mg, 0.10mmol, 26%) and colourless solid # 31.5 mg, 0.11 mmol, 28 %), respectivélye

products were purifiecdby automated column chromatography twicBi¢tage® SNAP Ulteb g

column,P/Esh T ynkHn Bbtage® SfrSilickOyddlumn,P/Eh I ynkun T onk

[0}

? SCF,
o

2g

IH NMR(400 MHz, CDgk (ppm) 3.26 (ttJ= 12.3, 3.9 Hz, 1H), 2.87 (de&; 17.3, 1.3 Hz, 1H), 2.68
(d, 1H), 2.62 (s, 2H), 2.22.15 (m, 1H), 2.0¢ 1.93 (m, 1H), 1.86 1.79 (m, 1H), 1.66 1.50 (m,
3H), 1.41 1.30 (m, 2H).

13C NMR(101 MHz, CD@K (ppm) 165.2, 165.2, 130.7 (3= 306.9Hz), 44.6, 43.5, 39.0, 38.3,
34.3, 33.8, 32.8, 21.4.

1%F NMR(376 MHz, CDgl 0 LBIIS.0
HRMS (El+}alaulatedfor GiHisR0:S M@} 282.0532found: 282.05235.

IR(neat): 2937, 2870, 1703, 1446, 1408, 1293, 1215, 1110, 928 cm
o
(0]
o)
SCF3
2g'

IH NMR(400 MHz, CD@H (ppm) 3.28 (ddt)= 13.0, 8.6, 3.4 Hz, 1H), 2.73Jd,1.2 Hz, 2H), 2.62
(d,J= 1.2 Hz, 2H), 2.122.03 (m, 2H), 1.7§ 1.61 (m, 4H), 1.5 1.46 (m, 2H).

13C NMR(101 MHz, CD@It (ppm) 165.6, 165.5, 130.9 (4= 306.5 Hz), 42.9, 42.0, 39.4, 34.6,
31.6, 28.4.



19 NMR(376 MHz, CDgH 6 LBI8.0
HRMS (El+¥alaulatedfor GiHisRO:*{M*}: 282.0532found: 282.0526.

IR(neat): 2929, 2862, 1811, 1759, 1707, 1453, 1237, 1103, 1058, 946 cm

3-methyk3-((trifluoromethyl)thio)butyl benzoate2h)

o

FollowingProcedure A 2h was obtained from isopentyl benzoate (38fg, 2.00mmol, 5.0 eq.)
and PhthSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (6W340.23 mmol, 58%,rr =
88/12). The product was purified by chromatograpBjofage® SNAP Ult25 g column, P/ELO =
97/3).

IH NMR(400 MHz, CD@H (ppm) 8.06¢ 8.00 (m, 2H), 7.6¢ 7.53 (m, 1H), 7.45 (8= 7.7 Hz, 2H),
4.52 (t,J= 6.7 Hz, 2H), 2.21 (= 6.7 Hz, 2H), 1.56 (s, 6H).

13C NMR(101 MHz, CD@Hk (ppm) 166.6, 133.2, 130.9 (@ 307.8 Hz), 130.2, 129.7, 128.6, 61.8,
50.5, 41.5, 29.9 (G}= 1.7 H2).

9ENMR (376 MHz, CD! 0 LBEIZ.0
HRMS (El+}alaulated for GaHisRNO:S [MP}: 292.0739found: 292.0743.

The data matches the orreported in literature!s”

4-methykH4-((trifluoromethylthio)pentyl benzoate2()

0
dOWCFS

Following Procedure A 2i was obtained from 4methylpentyl benzoate (416g, 2.00mmol,
5.0eq.) and PhtH5CE(98.9 mg, 0.40 mmol,.0eq.) as colourless oil (73.3 mg, 0.24 mmol, 60%,
r.r. = 93/7). The product was purified by column chromatograpBiptage® SNAP Ulti2zbg
column, P/ELO = 95/5).



IH NMR(400 MHz, CDglt (ppm) 8.1 7.85 (m, 1H), 7.66 7.48 (m, 1H), 7.45 (dd= 84, 7.1
Hz, 1H), 4.34 (1= 6.2 Hz, 1H), 2.011.88 (m, 1H), 1.87 1.78 (m, 1H).

13C NMR(101 MHz, CD@H (ppm) 166.7, 133.1, 131.1 (q, J = 307.6 H%).4, 129.7, 128.5, 64.8,
51.8, 39.6, 29.6 (G}= 1.9 Hz), 24.5.

19F NMR(376 MHz, CD@H (ppm)-36.3.
HRMS (APCl:jalaulatedfor GaHxRNG:S [M+NHT: 324.1245 found: 324.1242.

The data matches the one reported in literatufé.

4-methyH4-((trifluoromethyl)thio)pentyl benzenesulfonat@jj

%P
©/ O/\/\KSCFS

Following Procedure A, 2j was obtained from 4methylpentyl benzenesulfonate (484g,
2.00mmol, 5.0 eq.) and Pht{BCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (85.5 mg,
0.25mmol, 62%, r.=90/10). The product wapurified by automated column chromatography
(Biotage® SNAP Ultesgcolumn,P/Eth I dhpkp M YyAKHAO D

IH NMR(300 MHz, CDgH (ppm) 7.95¢ 7.87 (m, 2H), 7.74 7.61 (m, 1H), 7.62 7.51 (m, 2H),
4.06 (q,J=6.2Hz, 2H), 1.79 (tddl= 9.8, 4.8, 1.6 Hz, 2H), 1.g2.59 (m, 2H), 1.40 (d= 1.0 Hz,
5H).

13C NMR(75 MHz, CD@)t (ppm) 136.2, 134.0, 130.9 (d= 307.7 Hz), 128, 128.0, 70.7, 51.4,
39.0, 29.5 (dJ= 1.7 Hz), 24.7.

19F NMR(282 MHz, CD@H -36.32.
HRMS (El+kalaulated for GaHi/RNaQS* [M+Na]: 365.0463 found: 365.0466.

IR(neat): 2970, 2933, 1475, 1449, 1360, 1185, 1095, 969, 916, 752 cm

methyl (4methyF4-((trifluoromethyl)thio)pentyl) oxalate2k)

o
o%
-
O/\/\KSCF3
(0]



Following Procedure A 2k was obtained from methyl @nethylpentyl) oxalate (376ng,
2.00mmol, 5.0 eqg.) and PhtBCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (73.0 mg,
0.25mmol, 63%, r. = 93/1/6). The product was purified by chromatography §25iQ, P/EtO =

(hp k pO/ZAY. y

IH NMR(300 MHz, CDgH (ppm) 4.30 (tJ= 6.4 Hz, 2H), 3.90 (s, 3H), 1c9B.85 (m, 2H), 1.78
1.70 (m, 2H), 1.45 (d= 0.8 Hz, 6H).

13C NMR(75 MHz, CD@It (ppm) 158.2, 157.7, 131.0 (@ 307.5 Hz), 66.9, 53.7, 51.5, 39.1 (d,
J=1.8Hz), 29.5 (dj= 1.7 Hz), 24.0.

1F NMR(282 MHz, CDgH (ppm)+ -36.34.
HRMS (El+}ralaulatedfor GoHisisNaQS [M+N&]: 311.0535 found: 311.0538.

IR(neat): 2970, 1770, 1744, 1468, 1319, 1095, 965, 728 cm

diethyl 2ethyl-2-(3-methyl3-((trifluoromethythio)butyl)malonate Z1)

o
EtO
SCF,
Et0” S0

Following Procedure A 2| was obtained from diethyl -2thyl-2-isopentylmalonate (51¥hg,
2.00mmol, 5.0 eq.) and PhtBCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (65.7 mg,

0.18mmol, 46%, r. = 95/5). The product was purified by automated column chromatography

(Biotage@SNAP Ultr@5gcolumn, P/Eth I y A K H N M ynKHNUL D

IH NMR(400 MHz, CD@HK (ppm) 4.18 (qJ= 7.1 Hz, 4H), 2.061.97 (m, 2H), 1.92 (d= 7.6 Hz,
2H), 1.57 1.48 (m, 2H), 1.45 (d= 0.9 Hz, 6H), 1.24 (= 7.1 Hz, 6H), 0.82 (t= 7.6 Hz, 3H).

13C NMR(101 MHz, CDgl+ (ppm) 171.6, 131.1 (d) = 307.6 Hz), 61.3, 57.6, 51.6, 37.4,
29.4(q,J=1.3Hz), 26.8, 25.3, 14.2, 8.4.

19 NMR(377 MHz, CDgH (ppm)-36.18.
HRMS (ESI:jalaulated for GaHbiFsNO:S [M+NH]: 324.1245 found: 324.1242.

IR(neat): 2948, 2873, 1811, 1759, 1449, 1237, 1103, 1058, 946, 756 cm



((3-bromophenoxy)methyl)(trifluoromethyl)sulfan@i)

Br\©/OvSCF3

FollowingProcedure B 2m was obtained from dbromo-3-methoxybenzene (12jdL, 187mg,
1.00mmol, 2.5eq.) and PhtFSCE(98.9 mg, 0.40 mmol, 1€xy.) as colourless oil (47.1 mg, 0.16
mmol, 41%). The product was purified by automated column chromatograpioyage® SNAP

Ultra 10g column, pentane) to obtain a mixture of product and starting material, which was

subsequently separated by Kugelrohr distillation (7 mbar,@®pb

IH NMR(400 MHz, CD@HK (ppm) 7.24¢ 7.17 (m, 2H), 7.12 7.09 (m, 1H), 6.87 (df= 6.6, 2.4
Hz, 1H), 59(s, 2H).

13 NMR101 MHz, CD@k (ppm) 156.8, 131.0, 130.1 (@ 308.2 Hz), 126.3, 123.1, 120.0, 115.2,
68.3 (q.J= 2.7 Hz).

19F NMR(376 MHz, CD@H (ppm)-40.8.
HRMS (El+}alaulatedfor GHs"°BreOS M} 285.9269 found: 285.9261..

IR (neat): 2970, 2926, 2855, 1461, 1379, 1162, 1080, 1021 cm

((4-bromophenoxy)methyl)(trifluoromethyl)sulfan@if)

/©/OVSCF3
Br

Following Procedure B 2n was obtained from dbromo-4-methoxybenzene (12fL, 187mg,
1.00mmol, 2.5eq.) and Phti5CE(98.9 mg, 0.40 mmol, 14q.) as colourless oil (51.4 mg,

0.18mmol, 45%). The product was purified by automated column chromatograpiogage®
SNAP Ultrd 0 gcolumn, pentane) to obtain a mixture of product and starting material, which was

subsequently separated by Kugelrohr distillation (7 mbar,G)0
IH NMR(400 MHz, CDgI (ppm) 7.50¢ 7.41 (m, 2H), 6.886.76 (m, 2H), 5.48 (s, 2H).

13C NMR(101MHz, CDGJ+ (ppm) 155.1, 132.8 , 130.1 (@ 308.2 Hz), 118.4 , 115.7 , 68.5Xq,
= 2.8 Hz).

19F NMR(376 MHz, CDgl (ppm)-40.7.



HRMS (El+alaulatedfor GHs*BrrOS {M«}: 285.9269 found: 285.9270.

IR(neat): 1584, 1483, 1442, 1326, 1207, 1103, 1025, 820, 756, 678 cm

(1-phenoxybutyl(trifluoromethyl)sulfane26)

O

Following Procedure B 20 was obtained from butoxybenzene (162 pL, 1&g, 1.00mmol,
2.5eq.) and Phti5CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (78.8 mg, 0.31 mmol, 79%).

The product was purified by automated column chromatograpBiptage® SNAP UltrE0g

column, pentane)

IH NMR(400 MHz, CD@H (ppm) 7.37¢ 7.30 (m, 2H), 7.08 (8= 7.4 Hz, 1H), 7.056.93 (m, 2H),
5.66 (dd,J= 7.3, 5.4 Hz, 1H), 2.21 (dts 14.4, 7.0 Hz, 1H), 2.£2.02 (m, 1H), 1.68 1.54 (m,
2H), 1.01 (t)= 7.4 Hz, 3H).

13C NMR(101 MHz, CDgk (ppm) 156.5, 130.50( J= 307.6 Hz), 129.8, 123.3, 117.6, 84.4)¢,
1.8 Hz), 39.4, 19.3, 13.6.

19 NMR(376 MHz, CD@HK (ppm)-38.0.
HRMS (El+}alaulated for GiHiaR0S {Me ¥ 250.0634 found: 250.0627.

IR(neat): 2955, 2922, 2855, 1722, 1461, 1379, 1274, 1080, 969 cm

1-(3-(((trifluoromethylthio)methoxy)phenyl)propa-one p)

0._.SCF;
T

Following Procedure B 2p was obtained from 43-methoxyphenyl)propas2-one (153 L,
164mg, 2.00mmol, 2.5 eq.) and Pht{BCE(98.9 mg, 0.40nmol, 1.0 eq.) as colourless oll

(87.3mg, 0.33mmol, 83%). The product was purified by automated column chromatography
(Biotage® SNAP Witt0 gO2 f dzYy X t 9k 9! I dhnkmn h yakHAO D

IH NMR(400 MHz, CD@HK (ppm) 7.30 (tJ= 7.9 Hz, 1H), 6.92 (@ 7.9 Hz, 1H), 6.84 (dik 8.2,
2.4 Hz, 1H), 6.806.77 (m, 1H), 5.51 (s, 2H), 3.69 (s, 2H), 2.17 (s, 3H).



13 NMR(101 MHz, CD@H (ppm) 2059, 156.3, 136.2, 130.2 (& 308.1 Hz), 130.1, 124.2, 117.7,
114.9, 68.3 (g)= 2.8 Hz), 50.9, 29.5.

19 NMR(376 MHz, CDgh 6 LJQI8.0
HRMS (El+}alaulated for GiHiRO, S M©}: 264.0426 found: 264.0418.

IR (neat): 2929, 2855, 1699, 1587, 1490, 1453, 1114, 1036, 756, 678 cm

methyl 2(3-(((trifluoromethyl)thioymethoxy)phenyl)acetat®d)

_O 0._SCF;
o

Following Procedure B 2g was obtained from methyl -£3-methoxyphenyl)acetate (161 pL,
180mg, 1.00mmol, 2.5 eq.) and Pht8CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (111 mg,

0.40mmol, 99%,). The product was purified by automated column chromatograpioyage®
SNAP WHa 25 g column, P/DCM = 50/50).

IH NMR(400 MHz, CD@HK (ppm) 7.29 (tJ= 7.9 Hz, 1H), 7.036.96 (m, 1H), 6.886.87 (m, 1H),
6.85 (dd,J= 8.2, 2.3 Hz, 1H), 5.§%5.48 (m, 2H), 3.70 (s, 3H), 3.62 (s, 2H).

13 NMR101 MHz, CD@k (ppm) 171.7, 156.2, 136.0, 130.3 J¢,308.0 Hz), 129.9, 124.0, 117.5,
115.0, 68.2 (¢)= 2.8 Hz), 52.2, 41.2.

1 NMR(376 MHz, CDéell 1 QA IY 0
HRMS (El+}alaulatedfor GiHiR0:S*{M @Y. 280.0375 found: 280.0374.

IR (neat): 2955, 1736, 1587, 1490, 1438, 1259, 1103, 1036, 756, 678 cm

S(trifluoromethyl) benzothioater)

o
©A80F3

FollowingProcedure C2r was obtained from benzaldehyde (61.2mb, 0.60mmol, 1.5eq.) and
PhthtSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (75.3 mg,nn28, 55%, NMField:
76%). The product was purified by automated column chromatograpioyage® SNAP Ul#a g



column, pentane). The compound is volatile, evaporation of the solvent at room temperature is

recommended.
'H NMR(400 MHz, CDgHl (ppm) 7.89%¢ 7.83 (m, 2H), 7.787.63 (m, 1H), 7.5 7.46 (m, 2H).

13C NMR(101 MHz, CD@It (ppm)+ 183.4, 135.3 (gJ = 2.9 Hz), 135.2, 129.4, 128.2 &
309.6Hz), 127.8.

19 NMR(377 MHz, CDgk (ppm)-40.2.
HRMS (APClalaulated for GHRNOS [M+NH;*]: 224.0351 found: 224.0353

The data matches the one reported in literatufé.

S(trifluoromethyl) 4hydroxybenzothioate4s)

O
o
HO

Following Procedure C 2s was obtained from <4ydroxybenzaldehyde (73r8g, 0.6mmol,
1.5eq.) and Phtks5CE(98.9 mg, 0.40 mmol, 1.0 eq.) as slightly yellow solid (80.@r8§0mmol,
90%) after purification by automated column chromatographyd®@> t 9k 9! I dnkmn [h y

Melting Point:82.9-84.0°C.
'H NMR(300 MHz, CDgl (ppm) 7.79 (dJ= 8.8 Hz, 2H), 6.94 (& 8.9 Hz, 2H), 6.47 (br, 1H).

13 NMR75 MHz, CD@HK (ppm)t 182.9, 162.1, 130.6, 128.2 (5 309.4 Hz), 127.9 (3 2.8Hz),
116.2.

192 NMR(282 MHz, CDgH (ppm)-39.9.
HRMS (El+}alaulated for GHsR0,S*{M@}: 221.9957 found: 221.9957.

IR(neat): 3444, 2926, 2855, 1677, 1610, 1580, 1510, 1442, 1297, 1211, 1140, 1095, 887%.846 cm



S(trifluoromethyl) 4methylbenzothioate Zt)

(0]

FollowingProcedure C2t was obtained from 4nethylbenzaldehyde (70.7 pL, Grénol, 1.5 eq.)
and PhthSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (59.2 mg, 0.27 mmol, 67%) after
purification by automated column chromatography (@&iQ, pentane). As the product is quite

volatile, evaporation of the solvent at room temperature is recommended.
H NMR(400 MHz, CDgH (ppm) 7.75 (dJ= 8.3 Hz, 1H), 7.30 (& 8.1 Hz, 1H), 2.44 (s, 2H).

13C NMR(101 MHz, CDglt (ppm) 182.9, 146.6, 132.7 (§= 2.7 Hz), 130.0, 128.3 (@ 309.3
Hz), 127.921.9.

19 NMR(377 MHz, CD@H (ppm)-40.1.
HRMS (APCRalaulated for GHiRNOS [M+NH:]: 238.0508 found: 238.0511.

The data matches the one reportedliterature.r>2

S(trifluoromethyl) 4(methylthio)benzothioate Zu)

o
s

FollowingProcedure C2u was obtained from 4methylthio)benzaldehyde (9118g, 0.6mmol,
1.5 eq.) and Ph#$CE(98.9 mg, 0.40 mmol, 1.0 eq.) aslourless amorphous solid (43.0 mg,
0.17mmol, 42%) after purification by automated column chromatograpb@g SiQ, PE/EA =
100/0 M95/05).

IH NMR(400 MHz, CDgH (ppm) 7.71 (dJ= 8.6 Hz, 2H), 7.427.06 (m, 2H), 2.50 (s, 3H).

13 NMR(101 MHz, CDE)+ (ppm) 182.2, 149.3, 131.2 (@ 2.8 Hz), 128.2 (4= 309.3 Hz), 128.1,
125.3,14.7.

19 NMR(377 MHz, CDg@H (ppm)-39.9.
HRMS (APCRalaulated for GHiRNOS [M+NH,]: 270.0229 found: 270.0232.

IR(neat): 3373, 2929, 1692, 1580, 1487, 1438, 1401, 1222, 1118, 1088, 820,719 cm



S(trifluoromethyl) [1,1-biphenyl}4-carbothioate Pv)

0]
o
Ph

FollowingProcedure C2vwas obtained from $ghenylbenzaldehydé109mg, 0.6mmol, 1.5 eq.)

and PhthSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless solid (95.0 mg, 0.34 mmol, 84%) after
purification by automated column chromatograptgigtage® SNAP Ultd® g column, PE/EA =
100/0 MH98/02). Alternatively2v wasobtained from 4phenylbenzaldehyd€327mg, 1.8mmol,

1.5 eq.) and Ph#sCE(297mg, 1.2 mmol, 1.0 eq.) with TBADT (99, 0.03mmol, 2.5mol%)

after irradiation overnight in MeCN (8L, 0.4M) in 74% yield (256g, 088 mmol).

Melting Point:61.1-65.8°C.

IH NMR(400 MHz, CD@H (ppm) 7.96¢ 7.90 (m, 2H), 7.73 (d= 8.3 Hz, 2H), 7.667.60 (m, 2H),
7.54¢ 7.41(m, 3H).

13C NMR(101 MHz, CDgl 182.8, 148.0, 139.2, 133.8 (@ 2.6 Hz), 129.2, 128.9, 128.4, 128.2
(q,J=309.7Hz), 127.9, 127.4.

192 NMR(377 MHz, CDgHk (ppm)-40.0.
HRMS (El+}alaulated for GH OS{M®}: 282.0321 found: 282.0318.

The data matches the one reported in literatufé.

S(trifluoromethyl) 4chlorobenzothioate 2w)

0]
Cl

FollowingProcedure C2w was obtained from £hlorobenzaldehyd€118mg, 0.6mmol, 1.5 eq.)
and PhthSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless amorphous solidrt@§.0.27 mmol,
69%) after purification by automated column chromatography (10g, 3iM% pentane). Albeit
solid at room temperature, the product was found to be volatile at’@Ounder the reduced

pressure. Evaporation the solvent at room temperatureeiommended.

IH NMR(400 MHz, CD@H (ppm) 7.84c 7.77 (m, 2H), 7.58 7.46 (m, 2H).



13C NMR(101 MHz, CDgH (ppm) 182.3, 141.9, 133.6 (@ 2.8 Hz), 129.7, 129.1, 127.95Jg,
309.9Hz).

1 NMR(377 MHz, CDgHl (ppm)-40.1.
HRMS (El+Falaulated for GH,CIROS {M©}: 239.9618 found: 239.9624.

The data matches the one reported in literaturé.

S(trifluoromethyl) 3,4,5trimethoxybenzothioate Zx)

FollowingProcedure C2xwas obtained from 3,4 fimethoxybenzaldehyd€118mg, 0.6mmol,
1.5 eq.) and Ph#$CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless solid (79.6 mg, 0.27 mmol, 67%)
after purification by automated column chromatography @5iG< t 9k 9! ' dhpknp TIbH ¢

Melting Point:53.856.8°C.
'H NMR(400 MHz, CDglt (ppm) 7.26 (s, 2H), 4.11 (s, 3H), 4.08 (s, 6H).

15C NMR(101 MHz, CDgH (ppm) 182.3, 153.6, 144.3, 130.1 {g; 2.8 Hz), 128.1 (d= 309.5
Hz), 105.261.2.

19F NMR(377 MHz, CDgH (ppm)-40.2.
HRMS (El+}alaulated for GiH11R0sS* M@} 296.0325 found: 296.0316.

IR(neat): 2944, 2840, 1699, 1580, 1498, 1464, 1416, 1319, 1248, 1125, 1088, 991,760 cm

S(trifluoromethyl) 4acetamidobenzothioateZy)

(0]

AcHN

FollowingProcedure C2y was obtained fronN-(4-formylphenyl)acetamide (97 /g, 0.6mmol,
1.5 eq.) and Pht$CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless solid (94.2 mg, 0.357 mmol,
89%) after purification bgutomated column chromatography (25SiGZ t 9k 9! ' dnkmn Ih



Melting Point: 162.5165.1°C.

IH NMR(400 MHz, CD@HK (ppm) 7.83 (dJ= 8.8 Hz, 2H), 7.67 (dz 8.8 Hz, 2H), 7.52 (br, 1H),
2.23 (s, 3H).

13C NMR(101 MHz, CD@It (ppm)+ 182.0, 58.7, 144.1, 130.6, 129.4, 128.2 §d 309.3 Hz),
119.3, 24.5.

197 NMR(377 MHz, CD@HK (ppm)-40.0.
HRMS (El+}alaulatedfor GoHsRNOS*HM“}: 263.0222 found: 263.0229.

IR(neat): 3246, 3179, 3108, 3049, 2363, 1699, 1587, 1539, 1408, 1323, 1155, 1099, 879.682 cm

4-(((trifluoromethylthio)carbonyl)phenyl benzoat23)

(0]

BzO

Following Procedure C 2z was obtained from4-formylphenyl benzoate (136 mg, nmol,
1.5eq.) and Pht5CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless solid (105 mg, 0.32 mmol, 80%)
after purification by automated column chromatographBidtage® SNAP UltrE0g column,
PE/DCM = 95/5)

Melting Point: 95.697.3°C.

IH NMR(400 MHz, CDgH (ppm) 8.20 (ddJ= 8.4, 1.4 Hz, 2H), 7.96 (& 8.8 Hz, 2H), 7.68 (ddt,
J=8.7,7.0, 1.2 Hz, 1H), 7.68.51 (m, 2H), 7.4¢.7.38 (m, 2H).

15C NMR(101 MHz, CD@HK (ppm) 182.2, 164.4, 156.3, 134.3, 132.7)g,2.8 Hz), 130.4, 129.5,
128.9, 128.8, 128.1 (4= 309.7 Hz), 122.8.

19 NMR(377 MHz, CDgH (ppm)-40.1.
HRMS (APClgalaulatedfor GsHisRsNG:S [M+NH:*]: 344.0563 found: 344.0566.

IR(neat): 1736, 1695, 1595, 1502, 1267, 1218, 1162, 1125, 1058, 872 cm



S{(trifluoromethyl) 4(pentafluoro<¢-sulfaneyl)benzothioate2@a)

o]

FsS

5

FollowingProcedure C 2aawas obtained from 4pentafluorosulfanyl)benzaldehyde (99.5 pL,
139mg, 0.6mmol, 1.5 eq.) and PhtBCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless amorphous
solid (69.8 mg, 0.13 mmol, 53%) after purification by automated column chromatography (10g
SiQ, pentane).

1H NMR(400 MHz, CD@)It (ppm) 7.99c 7.89 (m, 4H).

13 NMR101 MHz, CD@k (ppm) 182.3, 158.3 (= 18.7 Hz), 137.4, 128.2, 127.7Jg310.4Hz),
127.3(p, J=4.8 Hz).

19F NMR(377 MHz, CDgk (ppm) 81.0 (g)= 150.5 Hz), 61.7 (d= 150.5 Hz)}40.1.

HRMS (El+alaulated for GHsFOS® M BPY: 312.9586 found: 312.9581.

S(trifluoromethyl) 4(tosyloxy)benzothioate2@ah)

0]

TsO

Following Procedure C 2ab was obtained from <4ormylphenyl 4methylbenzenesulfonate
(166mg, 0.6mmol, 1.5 eq.) and PhtBCE(98.9 mg, 0.40 mmol, 1.0 eq.) as yellowish amorphous
solid (116 mg, 0.31 mmol, 77%) after purification by column chromatogreiioyage® SNAP
Ultra10g @lumn, PE/DCM = 95/5).

IH NMR(400 MHz, CDgH (ppm) 7.85¢ 7.77 (m, 2H), 7.75 7.68 (m, 2H), 7.3 7.31 (m, 2H),
7.18¢ 7.13 (m, 2H).

13 NMR(101 MHz, CD@H (ppm) 182.1, 154.5, 146.2, 133.6 {a; 2.6 Hz), 132.0, 130.2, 129.6,
128.6, 127.9 (dJ= 310.0 Hz), 123.3, 21.9.

19 NMR(377 MHz, CD@H (ppm)-40.1.

HRMS (ESl#galaulatedfor GsHiiRsNaQS* [M+Na]: 398.9943 found: 398.9943



The data matches the one reportedliterature 22

S(trifluoromethyl) 4(((tert-butoxycarbonyl)amino)methyl)benzothioat2dcd

o
SCF;
BocHN

FollowingProcedure C 2ac was obtained fromtert-butyl (4-formylbenzyl)carbamate (14hg,
0.6mmol, 1.5 eq.) and PhtBCE(98.9mg, 0.40 mmol, 1.0 eq.) as colourless solid (55.6 mg,
0.17mmol, 41%) after purification by automated column chromatograpBiotage® SNAP Ultra
10g column, PE/EA = 95/0%)75/25).

Melting Point:129.0131.1°C.

IH NMR(400 MHz, CD@h (ppm) 781 (d,J= 8.3 Hz, 2H), 7.41 (@ 8.1 Hz, 2H), 5.04 (s, 1H), 4.38
(d,J=5.3Hz, 2H), 1.45 (s, 9H).

15C NMR(101 MHz, CD@H (ppm) 182.9, 156.0, 147.2, 134.2g,2.4 Hz), 128.1 (dz= 309.6Hz),
128.1, 127.9, 80.2, 44.3, 28.5.

19F NMR(377MHz, CDGJ+ (ppm)-40.1.
HRMS (ESl+alaulatedfor GatieRNNaQS [M+Na]: 358.0695 found: 358.0696.

IR(neat): 3358, 1684, 1513, 1077, 790tm

S(trifluoromethyl) 3((tert-butoxycarbonyl)amino)benzothioat@#d)

o

BocHN
oc \©)kSCF3

FollowingProcedure C 2ad was obtained fromtert-butyl (3-formylphenyl)carbamatg133mg,
0.6mmol, 1.5 eq.) and PhBCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless solid (80.3 mg,
0.25mmol, 62%) aftepurification by automated column chromatograptBigtage® SNAP Ultra
10g column, PE/EA = 95/0%590/10).

Melting Point:111.7114.1°C.



IH NMR(400 MHz, CD@HK (ppm) 7.91 (tJ= 2.0 Hz, 1H), 7.67 (@= 8.1 Hz, 1H), 7.50 (ddd=
7.8, 1.8, 1.Hz, 18, 7.41 (tJ= 7.9 Hz, 1H), 6.76 (s, 1H), 1.53 (s, 9H).

13 NMR(101 MHz, CDglt (ppm) 183.3, 152.6, 139.7, 135.9 {g; 2.7 Hz), 130.0, 128.1 @k
309.7 Hz), 124.7, 122.0, 117.1, 81.6, 28.4.

19 NMR(377 MHz, CDgk (ppm)-40.3.
HRMS(EI+) calaulated for GaHiRNNaQS [M+Na]: 344.0539 found: 344.0543.

IR (neat): 3339, 2974, 1699, 1587, 1543, 1431, 1244, 1155, 1099, 887, 693 cm

S(trifluoromethyl) naphthalene?-carbothioate Rae)

o

SCF3

FollowingProcedure C2aewas obtained from zhaphthaldehyde (93.7 mg, Or6mol, 1.5 eq.)
and PhthSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as yellow amorphous solid (54.5 mg, 0.21 mmol, 53%)
after purification by automated cotan chromatography25g SiQ, PE/EA = 100/0H98/02).

IH NMR(400 MHz, CDgH (ppm) 8.38 (dJ= 1.8 Hz, 1H), 7.96 (@ 8.1 Hz, 1H), 7.90 (= 8.8
Hz, 2H), 7.84 (ddi= 8.7, 1.9 Hz, 1H), 7.67 (ddik 8.2, 6.8, 1.4 Hz, 1H), 7.60 (ddd; 8.2, 6.9,
1.4Hz, 1H).

15 NMR(101 MHz, CDgH (ppm) 183.3, 132.5 (g= 2.7 Hz), 130.0, 129.8, 128.3 Jg, 309.6
Hz), 129.7, 129.4, 128.1, 127.7, 122.6.

19 NMR(377 MHz, CD@H (ppm)-40.0.
HRMS (El+}alaulatedfor GoH/ROS {M Y 256.0164 found: 256.0161.

The data matches the one reported in literatiffe.

S(trifluoromethyl) 6methoxynaphthalene€?-carbothioate paf)

(0}

o



FollowingProcedure C2afwas obtained from énethoxy2-naphthaldehyde (109 mg, Or6mol,
1.5 eq.) and Ph#$CE(98.9 mg, 0.40 mmol, 1€q.) as yellow solid (60.7 mg, 0.21 mmol, 53%)
after purification by chromatograph{25g SiQ, PE/EA = 100/0h97/03).

Melting Point: 78.4804 °C.

IH NMR(400 MHz, CD@lt (ppm) 8.31 (dJ= 1.7 Hz, 1H), 7.997.69 (m, 3H), 7.25 (dd= 8.9,
2.4 Hz, 1H), 7.16 (d= 2.5 Hz, 1H), 3.96 (s, 3H).

13 NMR(101 MHz, CD@H (ppm) 182.8, 160.8, 138.5, 131.5, 130.44)q 2.7 Hz), 129.9, 128.4
(q,J=309.1 Hz), 127.9, 127.7, 123.5, 120.7, 106.0, 55.7.

19 NMR(377 MHz, CD@HK (ppm)-39.9.
HRMS (El+¥alaulatedfor GsHeR0.S*{M @} 286.0270 found: 286.0277.

IR(neat): 2940, 2847, 1703, 1621, 1479, 1390, 1271, 1151, 1099, 1025, 689 cm

S(trifluoromethyl) 3phenylpropanethioateZaqg

0]

FollowingProcedure G 2agwas obtained from $henylpropanal (79.7 ul80.5mg, 0.6mmol,
1.5eq.) and Phti5CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (59.4 mg, 0.25 mmol, 63%)
after purification by automated column chromatographBidtage® SNAP UltrEDg column,
pentane). As the product is quite volatileyaporation of the solvent at room temperature is

recommended.

IH NMR(300 MHz, CD@HI (ppm) 7.37¢ 7.29 (m, 2H), 7.28 7.24 (m, 1H), 7.20 (m, 2H), 3.09
2.99 (M2H), 2.98; 2.90 (m, 2H).

13C NMR(75 MHz, CD@H (ppm) 189.7, 138.9, 128.9, 128.2717 (q,J= 310.2 Hz), 126.9, 46.2
(g, J= 2.7Hz), 30.6.

197 NMR(282 MHz, CDgH (ppm)-40.9.
HRMS (El+}alaulated for GoHeROS {M@}: 234.0327 found: 234.0315.

IR(neat): 3063, 3030, 2926, 2855, 1710, 1453, 1155, 1110, 1028, 700 cm



S(trifluoromethyl) 3(4-methoxyphenyl)propanethioate2éh)

(0]
o

FollowingProcedure C2ahwas obtained from 4-methoxyphenyl)propanal (95.0 L, 98.5 mg,
0.6mmol, 1.5eq.) and PhtiSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (65.0 mg,
0.25mmol, 62%) after purification by automated column chromatograpBjotage® SNAP Ultra
10g cdumn, pentane). As the product might quite volatile, evaporation of the solvent at room

temperature is recommended.

IH NMR(400 MHz, CDgH (ppm) 7.10 (dJ= 8.6 Hz, 2H), 6.85 (d= 8.6 Hz, 2H), 3.79 (s, 3H),
2.99¢ 2.87(m, 4H).

13C NMR(101 MHz, CDE){ (ppm) 189.7, 158.6, 130.9, 129.4, 127.7)¢310.0 Hz), 114.3, 55.4,
46.5 (q,J=2.7 Hz), 29.8.

19 NMR(376 MHz, CDgh (ppm)-40.7.
HRMS (El+}alaulated for GiHiRO, S {M©}: 264.0426 found: 264.0423.

IR (neat): 3004, 2937, 2840, 1736, 1613, 1513, 1464, 1244, 1148, 1103, 1028,954 cm

S(trifluoromethyl) 4(1,3-dioxoisoindolir2-yl)butanethioate Rai)

Following Procedure C 2ai was obtained from 41,3-dioxoisoindolin2-yl)butanal (130 mg,
0.6mmol, 1.5eq.) and Phti5CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless solid (121 mg,
0.378mmol, 95%) after purification by chromatography ¢18iQ, PE/DCM = 80/20H0/100).

Melting Point: 64.366.7°C.

IH NMR(300 MHz, CD@H (ppm) 7.87¢ 7.79 (m, 2H), 7.7§7.68 (m, 2H), 3.74 (8= 6.6 Hz, 2H),
2.71 (t,J=7.3 Hz, 2H), 2.142.00 (m, 2H).

15C NMR(75 MHz, CD@)l (ppm) 189.5, 168.4, 134.3, 132.0, 127.6)9,310.1 Hz), 123.5, 42.0
(q,J= 2.8Hz), 36.7, 23.6.



19F NMR(282 MHz, CDgHI (ppm)-40.66.
HRMS (APClgalaulatedfor GsHiiRNGS' [M+HT: 318.0406 found: 318.0410.

IR(neat): 2940, 2911, 1781, 1699, 1442, 1397, 1341, 1110, 1058, 950, 883,715 cm

S(trifluoromethyl) #hydroxy3,7-dimethyloctanethioate Zaj)

OH (e}
WSCF:,

FollowingProcedure C2ajwas obtained from hydroxy3,7-dimethyloctanal103 mg, 0.6nmol,
1.5eq.) and Phti5CE(98.9 mg, 0.40 mmol, 1€q.) as colourless oil (88.8 mg, 0.33 mmol, 82%)
after column chromatographyBjotage® SNAP Ultt®g, PE/DCM = 80/210/100).

IH NMR(400MHz, CDG) 4 (ppm) 2.61 (ddJ= 15.2, 6.0 Hz, 1H), 2.43 (dd 15.2, 7.9 Hz, 1H),
2.15¢ 1.94 (m, 2H), 1.5¢ 1.23 (m, 4H), 1.21 (s, 6H), 1.00Jd,6.7 Hz, 3H).

13C NMR(75 MHz, CDgt (ppm) 190.0, 127.8 (gi= 309.9 Hz), 71.0, 51.8 (@ 2.6Hz), 43.8,
36.9, 30.9, 29.4 (di= 6.9 Hz), 21.6, 19.5.

19F NMR(376 MHz, CD§k (ppm)+ -40.8.
HRMS (El+}alaulated for GuHsRNO:S [M+NH]: 290.1396 found: 290.1398.

IR(neat): 3377, 2937, 2967, 1744, 1710, 1461, 1379, 1151, 1110, 987, 931,760 cm

S(trifluoromethyl) 3,#/dimethyloct6-enethioate Pak)

M
N SCF,

Following Procedure C 2ak was obtained from 37dimethyloct6-enal (92.5mg, 0.6mmol,
1.5eq.) and Phti5CE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless oil (72.1 mg, 0.28 mmol, 71%)

after purification by automated column chromatographBidtage® SNAP UltrE0g column,
pentane).As the product is quite volatile, evaporation of the solvent at room temperature is

recommended.



IH NMR(400 MHz, CD@HK (ppm) 5.07 (ttJ= 7.1, 1.4 Hz, 1H), 2.62 (d&; 15.2, 5.8 Hz, 1H), 2.41
(dd,J= 15.2, 8.1 Hz, 1H), 2.64.94 (m, 3H), 1.69 (4= 1.3 Hz, 3H), 1.60 (s, 3H), 1c4B33 (m,
1H), 1.31¢ 1.21 (m, 1H), 0.99 (d= 6.7 Hz, 3H).

13C NMR101 MHz, CDgk (ppm) 190.0, 132.3, 127.9 (& 309.8 Hz), 123.8, 51.8 (tf; 2.7 Hz),
36.5, 30.5, 25.8, 25.4, 19.5, 17.8.

1F NMR(376 MHz, CDgHI (ppm)-40.8.
HRMS (El+¥alaulatedfor GoHi7O [M-SCF] 153.1274 found: 153.1272.

IR (neat): 2926, 2855, 1710, 1461, 1379, 1159, 1114, 984 cm

SCESclareoideZal)

Following Procedure A 2al was obtained fromSclareoide(501 mg, 2.0nmol, 50eq.) and
PhthrSCE(98.9 mg, 0.40 mmol, 1.0 eq.) edourless amorphous solid (7618, 0.22mmol, 55%)
after purification by automated column chromatographBigtage® SNAP Ulti2b g column,
PE/EtOAc = 95/6080/20).

IH NMR(400 MHz, CDgH (ppm) 3.52 (ttJ= 12.8, 3.8 Hz, 1H), 2.§®.37 (m, 1H), 26 (dd,J=

16.2, 6.5 Hz, 1H), 2.10 (d& 12.0, 3.3 Hz, 1H), 1.99 (d&; 14.7, 6.5 Hz, 1H), 1.84..83 (m, 3H),
1.70 (td,J= 12.5, 4.1 Hz, 1H), 1.41.30 (m, 5H), 1.23 (d= 13.0 Hz, 1H), 1.10 (dik 12.6, 2.4z,

1H), 0.97 (dJ= 10.4 Hz, 6H0.92 (s, 3H).

13 NMR101 MHz, CDgH (ppm) 176.1, 131.1 (g= 306.6 Hz), 85.9, 58.7, 55.9, 49.2, 46.8, 38.6,
37.6,37.2, 35.1, 33.0, 28.7, 21.8, 21.3, 20.4, 15.7.

F NMR(377 MHz, CDgk 6 LBS.0
HRMS (APQLI calculatedor G7HRNOS [M+NH:]: 368.1866 found: 368.18609.

The data matches the one reported in literatufé.



SCEAmbroxide Pam)

SCF,

FollowingProcedure B 2am was obtained from-j-Ambroxide (236 mg, 1/mol, 2.5eq.) and
Phth-SCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless amorphous solidrif@§).8.27mmol, 67%,
d.r.: 60/40) after purification by automated column chromatograpBjofage® SNAP UItE5 g
caumn, P/E$O = 98/2IH97/3).

Mixture diastereomers:

IH NMR(400 MHz, CD@HK (ppm) 5.73 5.66 (m, 1H), 2.44.2.25 (m, 1H), 2.00 (ddi= 11.3, 7.8,
3.1 Hz, 1H), 1.991.74 (m, 2H), 1.7 1.60 (m, 1H), 1.58 1.28 (m, 6H), 1.2§1.12 (m, 4H), 1.10
¢ 1.02 (m, 1H), 1.04.0.93 (m, 1H), 0.880.81 (m, 9H).

13C NMR(101 MHz, CDgH (ppm) 1306 (g, J=307.1 Hz), 130.5 (4= 307.1 H), 85.1, 84.1, 81.5
(g, J=2.1Hz), 80.9 (gJ= 2.0 Hz), 60.3, 58.5, 57.2, 57.1, 42.4, 40.1, 40.0, 40.0, 39.9, 36.4, 36.3,
33.6,33.2,31.7, 31.1, 22.7, 22.4,2212, 20.9, 20.5, 18.4, 15.5, 15.3.

19 NMR(376 MHz, CDgl 6 LBQI% (ninor diasereomel), -40.4 (major diastereomerx.
HRMS (APQI calculatedor G7H;1RNOS [M+NH:*]: 354.2073 found: 354.2075.

The data matches the literature reported daf4.

4-(((trifluoromethythio)carbonyl)phenyR)-4-((558R9S10S13R 14S17R)-10,13dimethyt

3,7,12trioxohexadecahydrd H-cyclopentala]phenanthrerl 7-yl)pentanoate 2an)

FollowingProcedure C2anwas obtained fromg-formylphenyl R-4-(5S8R9S10S13R 14S17R)-
10,13dimethy}3,7,12trioxohexadecahydrd H-cyclopenta[a]phenanthreii7-yl)pentanoate
(1an, 304 mg, 0.6nmol, 1.5eq.) and PhtiSCE(98.9 mg, 0.40 mmol, 1.0 eq.) as colourless solid



(109mg, 0.18mmol, 45%) after purification by automated column chatography Biotage®
SNAP Ultr&5 gcolumn, PE/EtOAc = 80/Z1)0/100).

Melting Point: 207.2212.3°C.

IH NMR(400 MHz, CD@H (ppm) 7.89 (dJ= 8.7 Hz, 2H), 7.25 (@ 8.8 Hz, 2H), 2.952.81 (m,
3H), 2.68 (ddd)= 16.2, 9.3, 5.3 Hz, 1H), 2.55 (ddd,16.1, 9.0, 7.1 Hz, 1H), 24Q.79 (m, 15H),
1.69¢ 1.47 (m, 3H), 1.40 (s, 3H), 180.24 (m, 1H), 1.09 (s, 3H), 0.92Jd,6.7 Hz, 3H).

13 NMR(101 MHz, CD@H (ppm) 212.0, 209.1, 208.8, 182.2, 171.8, .086132.5 (g)= 3.1 Hz),
129.4, 128.0 (q)= 309.6 Hz), 122.6, 57.0, 51.9, 49.1, 46.9, 45.7, 45.1, 42.9, 38.8, 36.6, 36.1, 35.6,
35.4, 31.6, 30.3, 27.8, 25.2, 22.0, 18.8, 12.0.

F NMR(376 MHz, CDgk 6 L3Q19.0
HRMS (ESl:+galculatedor GaHs7RNaQS [M+Na']: 629.2155 found: 629.2153.

IR (neat): 2959, 1770, 1699, 1599, 1502, 1427, 1215, 1159, 1099, 887 cm

SCEAmobarbital 81)

(0]
X\}NH
F;CS
3 o N’go

H

Adapting literature procedure for the synthesis of barbituratéa, suspension of urea (60mg,
1.00mmol, 10.0 eq.) in dry DMF (2L) was treated with sodium hydride (60% dispersion in
mineral oil, 24.0ng, 0.60mmol, 6.0eq.) at 0°C and stirred for 1 hour. A solution2if(0.1 mmol)

in dry DMF (InL) was added, thmixture was stirred overnight and the reaction was quenched
by the addition of saturated aqueous ammonium chloride solutiom(f. The product was
extracted into ether (%k10mL), which was dried over anhydrous 8@ and subsequently
evaporated under reduced pressure. The title compound was purified by automated column
chromatography(Biotage® SNAP Ultre0 g column, PE/EtOAc = 60/4®0/100) to yield a
colourless solid (13.&g, 41.7umol, 42%)

Melting Point:132.6138.7°C.

IH NMR(400 MHz, CDgH (ppm) 8.52 (s, 2H), 2.202.11 (m, 2H), 2.07 (d= 7.5 Hz, 2H), 1.60
1.52 (m, 2H), 1.42 (d= 1.0 Hz, 6H), 0.92 (= 7.5 Hz, 3H).



15C NMR(101 MHz, CD@K (ppm) 171.8, 148.4, 130.7 (d= 308.1 Hz), 56.7, 50.8, 37.9, 33.1,
32.8,29.1, 9.3.

19 NMR(376 MHz, CD@i 6 LB6IZ.0
HRMS (ESl+3alculatedor GoHiRN:NaQS [M+Na]: 349.0810 found: 349.0804.

IR(neat): 3220, 3108, 2926, 2855, 1699, 1423, 1353, 1304, 1095, 756 cm

8-(4-bromobutyl}-2-((trifluoromethyl)thio)8-azaspiro[4.5]decan&,9-dione @f)

o)
Br/HIN
o SCF,

Adapting literature proceduré: a crimp capped vial (20 mL) equipped widf (20 mg,
0.075mmol, 1.0 eq.), DMAP (2 mol% 0®), and KCQ (31.1mg, 0.23mmol, 3.0 eq.) was set
under a nitrogen atmosphere. kdibromobutane (11.2 uL, 0.094 mmol, 1.25 eq.) was added via
a syringe, followed by MeCN (€15mL, anhydrous) and the reaction mixture was heated overnight
at 95 °C. The next day, the aaion was filtered, concentrated and purified by column
chromatography (Bk 9 i h! O TI' T p k H p3fapcleanod (27180mg,[D D69 enind@, DI).

IH NMR(400 MHz, CDgH (ppm) 3.78 (tJ= 7.2 Hz, 2H), 3.66 (p= 7.8 Hz, 1H), 3.40 (= 6.7
Hz, 2H), 2.68 (s, 2H), 2.62 (s, 2H), 2.3@4 (m, 1H), 2.11 (dd= 13.8, 7.8 Hz, 1H), 1.89.72
(m, 4H), 1.7% 1.57 (m, 4H).

15C NMR(101 MHz, CD@It (ppm) 171.2, 130.6 (q}= 306.7 Hz). 45.5, 45.4, 44.9, 41.20g
1.8Hz) 39.5, 38.8, 36.6, 33.1, 32.9, 30.2, 26.8.

1%F NMR(377 MHz, CDg}k ¢ LaL1g.0
HRMS (ESlxalculatedor GatbeBrENG:S [M*H']: 402.0345 found: 402.0347.

IR(neat): 2955, 2866, 1729, 1669, 1435, 1390, 1353, 1267, 1233, 1110, 756 cm



SCEBuspirone 4f)

(0]

N
NKN
A

P4

Adapting literature proceduré' a crimp capped vial (20 mL) equipped wih (27.6 mg,
68.6umol), Kl (0.6ng, 5mol%), X(2-pyrimidyl)piperazine (11.3 mg, 9.8 uL, 0.069 mmol, 1.0 eq.)
and kCQ(28.6 mg, 0.2Inmol, 3.0 eq.) was set under a nitrogen atmosphere and MeCN (1 mL,
anhydrous) was added via a syringe. The reaction mixture was heated overnight at 95rf€xtThe
day, the reaction was filtered while hot, concentrated and purified by column chromatography
(5% MeOH in DCM) to yield Buspireé®€Ekas white amorphous solid (29.4 mg, 61 umol, 89%).
The'H NMR spectrum shows an impurity (at 8@#m, 6%), which \as identified by HRMS as

the p-chloro derivative, probably originating in the use of chlorinated solvents.

IH NMR(400 MHz, CD@HK (ppm) 8.29 (dJ= 4.7 Hz, 2H), 6.49 (= 4.7 Hz, 1H), 3.92 (s, 4H), 3.78
(t, J=7.0Hz, 2H), 3.65 (F= 7.8 Hz, 1H), 2.69 (s, 3H), 2.62 (s, 5H), 2.51 (s, 2H),22(m, 1H),
2.10 (ddJ=13.8, 7.8 Hz, 1H), 1.871.71 (m, 2H), 1.66 1.49 (m, 6H).

13 NMR(101 MHz, CD@HK (ppm) 171.3, 161.6, 157.9, 130.6 {Jg; 306.8 H), 110.3, 58.1, 52.9,
45.4,45.4,44.9, 43.0, 41.2 (& 1.7 Hz), 39.5, 39.3, 36.6, 32.9, 25.9, 23.5.

1 NMR(376 MHz, CD@I 1 ALAIY 0
HRMS (ESI#alaulatedfor GoHsiRsNsO,S [M+H]: 486.2145 found: 486.2146.
HRMS (ESI+galaulated for GaHsoCIEBNsO.S [Mcr-H]: 520.17555 found: 520.1756.

IR (neat): 2922, 2851, 2363, 1722, 1669, 1625, 1587, 1554, 1438, 1349, 1267, 1207, 1103, 969,
793, 760 cri.

3.4.5 NMRSpectra

The Supporting Information including NMRectra can be foundnline at:
https://pubs.acs.org/doi/10.1021/acs.orglett.1c01870
(https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.1c01870/suppl_file/ol1c01870_si_00}.pdf



3.4.6 X-Ray Structures and Data

Prob = 50

Temp = 100

19y

™ PLATON-Nov 19 09:14:49 2820 - (180920)

S £128 twlnl hklf4 P 1 21/c |1 R = 0.07 RES= 0 -12 X

Figure 8-1: Crystal structure oe. (ellipsoids shown at
50%contour percent probability level).

Experimental.Single colourless plate crystals 2# (recrystallized
from EtOAc in pentane) were used. A suitable crystal v
dimensions 0.3& 0.24x 0.12mm?3was selected and mounted o
a MITIGEN holder oil on a XtaLAB Synergy R, DW systemAkty|
150 diffractometer. The crystal was kept at a steady

100.00(10K during data collection. The structure was solved w
the ShelX# solution program using dual methods and by usi
Olex2 1.2alpha3 as the graphical interface. The model was refin
with ShelXL 20183 using full matrix least squares nmmisation on
P. 2e was refined as a-2omponent twin. Twin ratio 0.605(2)
0.395(2).

Crystal DataCisHoRsNQiS,M, = 367.38, monoclinid2:/c (No. 14),
a= 13.9942(67, b= 10.5800(3R, c= 12.1529(5Q, b=

102.212(4) a = g= 90", V=1758.63(12)A3, T= 100.00(10K,Z= 4,

Z'= 1, mCu k) = 2.096, 5498 reflections measured, 5498 uniq
(Rnt = .) which were used in all calculations. The fiw& was

0.2140 (all data) anBy was 0.0723 | &D).

CCDC2046602

Compound 2e
Formula CisH0RRNO'S
Deaic/ g cm?® 1.388
>/mm-1 2.096
Formula Weight 367.38
Colour colourless
Shape plate
Size/mn¥ 0.38x0.24x0.12
TIK 100.00(10)
Crystal System monoclinic
Space Group P2:/c

alA 13.9942(6)
b/A 10.5800(3)
dA 12.1529(5)
al’ 90

b’ 102.212(4)
g 90

VIAS 1758.63(12)
z 4

z 1
Wavelength/A 1.54184
Radiation type Culg
Ghinl” 3.231
Omal” 74.876
Measured Refl's. 5498
Indep't Refl's 5498

wS Tt H@ L xH5083

Rt .
Parameters 285
Restraints 0

Largest Peak 0.505
Deepest Hole -0.313
GooF 1.094

WR. (all data) 0.2140
wR 0.2063

R; (all data) 0.0765

R 0.0723
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Abstract

he syntheses of two novel, organic and chiral photocatalysts are presentednitjning
donor-acceptor cyanoarenbased photocatalysts with a chiral phosphoric acid,
bifunctional catalysts have been designed. In preliminary pafafoncept reactions, their

use in both enantioselective energransfer and photoredox catalysis wasndenstrated.

Chiral Phosphoric
Acid Catalyst

Hybrid Catalysts
for Enantioselectiv
Energy-Transfer

Organic Carbazole
Photocatalysts




4.1 Introduction

Within the rapidly expanding field of photocatalysis, the developmentenéntioselective
transformations remains challenging due to the high reactivity and transient nature of photo
excited intermediates. A particular challenge in this area is the suppression of uncatalyzed
background processes that give rise to undesiredmaceroduct. To tackle this problem, creative
strategies have been developetsuch as utilizing chiral Lewis acid catalysis in conjuncture with a
separate photocatalyst or via direct excitation of the substrate. Within these strategies, the role
of the chiral Lewis acid for the enantioselectivity of the photocatalyzed reaction can be manifold

as has been elegantly shown by pioneering work of the groups of Béobii and Meggers.

One such mode of enantioinduction via a chiral Lewis acid was showretBach group in the

[2+2] photocycloaddition of enones (Schem&A) e In this example, coordination of chiral Lewis
acidLA1Gl 2 GKS &dzoadNIGS NBadzZ Ga Ay | OKIFy3aS Ay (K
a red shift by lowering the energy thfe LUMO, rendering an uncoordinated racemic background

reaction less feasible as compared to excitation of the chiral Lewis acid substrate complex. While

this strategy relies on direct excitation of the substrate, the work of Yoon introduced the ase of

chiral Lewis acid for enantioselective triplet enetggnsfer catalysis that proceeds with a discrete
photocatalyst separate from the Lewis acid (Scheiid8)>° In this case, the coordination of the

OKANI f [ S6 A a -hyddsyéhalcdrey daiis & significant lewering of the triplet energy

of the substrate, allowing for selective excitation and subsequent enantioselective control.

@ Bach:*® Chiral Lewis acid catalyzed direct excitation
_LA1
o

| 366 nm
‘ 50 mol% chiral LA1 88% ee
84% yield
N DCM “H °Y
W -70°c
O
Yoon:5¢ Chiral Lewis acid catalyzed triplet energy-transfer
H. ,J-A\ Ru(bpy)s(PFe)2 (2.5 mol%) OH O
(o] (o] (S,S)-t-Bu-PyBox (15 mol%) |
‘ Z Ph + I Se(OTf)s (10 mol%) g2 93% ee, 3:1d.r.
84% yield
-PrOAc: MeCN 3:1 (0.03 M) ):k‘( °yie
23 W CFL, 20 h Ph

Schemed-1: Chiral Lewis acid catalysis for enantioselectikietocatalysis.



In addition to utilizing Lewis acids to enable enantioselective photocatalytic proctisseseof
another secondary mode afatalysis iof particular importance in this fieichydrogen bonthg
catalysist®® This norcovalent interactio has been established as a powerful method to control
the selectivity of photocatalytic transformations leading to the existence of a multitude of chiral
catalysts containing a hydrogen bonding site. The first bifunctional hydrogen bonding
photocatalystfor anintramolecular enantioselective [2+2] photocycloadditiorgafnolones was

introduced in 20@ by Krische et al. anditilized benzophenone as a sensitizing moiety

(Figure4-1).
NH . .
CeH130

Figure 41: Structure of thechiral hydrogen bonding catalyst introduced by Kris€he.

While this example was important in demonstrating the potential of enantioselective catalysis via
sensitization  a photocatalystwith a pendant chiral motjfit suffers from relatively poor
enantioselectivities Since thenthe Bach groughasdeveloped modified catalysthat result in
higher selectivities, first bgttachinga benzophenonghotosensitizerto a lactam backbonand

later by improving on this structure through the incorporation of anthone photosensitizer

(xanthone catalyst shown in Sched@A)>8

Despite the success of thesatalystsin chiral photocatalysigheir ability to promote competing
hydrogen atom abstraction reactignesults in decompositioof the catalysthat limits their long
term stability. Further, both benzophenone and xanthone absorb light in the ultraviolet region,
which often has sufficiently high energy to directly excite substraissilting in undesired
backgroundeactiors. In 2014, the Bach groupvercame this wavelength limitation Ipyesening

the synthesis of a chirahioxanthone, allowing for theise of visible light in an enantioselective

[2+2] photocycloadditioriSchemet-2B).°



@ Bach 2009:2¢ Chiral xanthone X-H photocatalysis by hydrogen bonding

' X-H
., H |
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Bach 2020:"° Chiral thioxanthone TX-PA1 photocatalysis by phosphoric acid catalysis
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-40°C x H rt. AL
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d.r. = 69/31 86% e
d.r.= 68/32

55% overall yield

Schemed-2: Chiral xanthone and thioxanthone catalysts for enantioseleghetocatalysis.
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combining this photocatalyst with a different hydrogbonding motif in the form of chiral
phosphoric acids to yield novel bifunctional algts TxPAland TxPA2(Schemet-2C)*° Shortly
thereafter, the group of Masson independently reported the synthesisTEPA2 and its
monosubstituted G-symmetricderivate featuring only one thioxanthone moiefyf. Theutility of
TXPAlto promote enantioselective processes was demonstrated ir2-€[intermolecular
cycloaddition reactionwith i -carboxyisubstituted cyclic enonesThe chiral phosphoric acid

moietybinds to the carboxylic acliy means of two hydrogen bongsllowing forthe transference

of chirality, while the attached thioxanthone moieties induce the energy transfer process.

Enantiomeric ratios of up to 93:7 were achieyatbeit with only a relatively small substrate scope



and with overall low yields. Despite the achéewvents of bifunctional thioxanthonbased
catalysts in the field of enantioselective photocatalysithe ability to further modifying the
thioxanthone photocatalyst core of these chiral catalysts has proven limited and modifications are
usually focusingn the attached chiral backbone, and not the photocatalyst itself. This has so far
restricted the ability to address limitations resulting from the photophysical properties of these
chiral thioxanthonephotocatalysts, such as unmatched redox potentialansufficient triplet
energies'? For example, in the case ®%PA1, the authors noted that the triplet energy ois
modified thioxanthone was significantly lowered as compared to the parent thioxanthone
thioxanthen-9-one (from 272kJ/mol to 235 kJ/mol).This need for bifunctional phosphoric acid
photocatalysts with more readily tuned photophysical propertiaspired us tothink about

alternative catalyst structures that would allow for increased design flexibility

Specifically, we were interested ihd introductionof welkknown donor-acceptor cyanoarene
basedphotocatalystdnto the backbone of chiral phosphoric acitige were especiallgttracted

to this family of photocatalysts becausétheir extensively studied photophysical properties and
their known understanding of how structural changes result in a tuning of these properties. This
tuning is achieved by changing the donors and acceptors, which in turn change the charge transfer
characteristics of the catalyst and therefore their redox g@btophysical propertie$® Within

this wide class of carbazelmsed photocatalysts, we were particularly excited by the inexpensive
organic dye4CzIPNwhich has found tremendous applications in photocatalfssince its
introduction in 2012 originallin the context of OLED researtThe widespread adoption of this
catalyst is due to its promising photophysical properties, including a high photoluminescence
guantum yield (up to 94.6%) and a long lifetime in the excited state. Additionally, the widg re
potential window that is comparable to that of commonly utilized Ruod Irpolypyridyl catalysts
combined with a high chemical stability make this system a particularly robust catalyst choice.
Furthermore, carbazolbased photocatalysts have found ligi as both effective photoredox
catalysts as well as highly efficient energy transfer catalfstsOn the basis of these promising
features, we hypothesized that novel chiral catalysts derived from the union of chiral phosphoric
acids and doneaccepor cyanoarenebased photocatalysts would open new chemical space in

both enantioselective visible liglmhediated photoredox and energy transfer catalysis.



4.2 Synthesis andhallenges

For the reasons discussed abowe started our synthetic approach withe goal of attaching a
4CzIPNderived moiety toa BINOibased chiral phosphoric acidWe envisioned starting our
synthesis of this new chiral photocatalyst from the literature reported chiral BINOL boroniz acid
(Schemet-3A) 1819

B(OH),
TMEDA (2.9 eq.)
Acetone (not dry) n-BuLi (3.0 eq.)
OH Reflux, Ny, 24 h OMe B(OEt); (4.6 eq.) OMe
OH OMe dry Et,0 OMe
K,CO3 (3.4 eq ) OO —
Mel (3.9 eq.) After 24 h: B(OH),

1: 979 1MHCI, 2 h
(R)-BINOL 97% 2;36%

(40eq)

N O @
B —
Cbz Br

Cs,CO;3 (4.0 eq.)
DMA, Ny, 5h
451 nm 4;72%
2.4 mmol scale

NaHMDS
THF

Cbz-H 60°C, OIN 3; 90%

4CzIPN

Schemed-3: Synthesis of chiral boronic acdA) and brominateddCzIPMNderivative4 (B).

From this intermediate, a Suzuki coupling with a brominated aned@f 4CzIPNvas envisioned

to allow for the desired union of the photocatalyst with the BINOL backbone of what will become
the phosphoric acid® Inspired by earlier reports from our group about photosubstitution
reactions of the nitrile group ad4CzIPNand 2CzPNwe considered leveraging this photoredox
radical coupling for the synthesis of the necessary bromina€dIPNderivative 4.2° To our
delight, the previously unreported reaction 4€zIPN3) with 4-bromophenylacetic acigave the
desired product without any detrimental effects due to the presence of the potentially reactive
aryl bromide (Schemé-3B, second step). This functionalization reaction proceeded in good yield
when performed on a small scaléO(umol) using irradiation from belowiaa 451 nm LED plate
through the bottom of 5 mL crimp cap vialsowever,scaling upthe reaction to asynthetically
useful2.4 mmol using a Kessil lamp{x= 440nm), yieldedjust 42% of the desired substrate after

1 hreaction time in contrast to the @%observedonthe 60 umol scal@inder otherwise identical
conditions By doubling the concentration and increasing the time g & 72% isolated yieldas

achieved on a 2.4 mmol scq®chemel-3B)



Next, the palladium cross couplingdfnd2 was inestigated Table4-1). Solubility issues oft in
commonly used solvents for Suzuki coupling, such as 1,4 dioxane/water (ermggulied in low
yield; therefore, DMF was added as a third-solvent (entry 2) to increase solubility and vyield.
Using only a DMF/water mixture (entry 3) resulted in similar yields aslidy&ne/water and
providedworseresultsthan the tree solvent system. Doubling the catalyst load{egtry 4) or

increasing the equivalents of base (entryd&) not have major impacts on the yield.

Table4-1: Optimization of the cross coupling 4fwith 2.

(HORB 0 G B(OH)

(23 pmol screening)
4(3.0eq.) E——

85°C, OIN, N,

Entry Pd (10 mol%) Base (3.0eq.) Solvent Yield (%)
1 Pd(PPE)4 Ba(OHy8HO 1,4-dioxane: water (3:1) 262
2 Pd(PPb)4 Ba(OHy-8HO 1,4-dioxane: water: DMF (3:1:2) 4%
3 Pd(PPH. Ba(OHy 8HO water: DMF (3:1) 272
4 Pd(PPE)4 Ba(OHy)-8HO 1,4-dioxane: water: DMF (3:1:2) 35
5 Pd(PPE4 dBa(OH)-8HO 1,4-dioxane: water: DMF (3:1:2) 3P
6 Pd(PPHs NaCQ 1,4-dioxane: water: DMF (3:1:2) 207
7 Pd(PPb)s CsCQ 1,4-dioxane: water: DMF (3:1:2) 45

aIHNMR yield based upon mesitylene as internal standdsilated yield°Catalyst loading 0 mol% 910.0eq. instead of 3.0 eq.
were used.

Testing different palladium sourcege.g. Pd(dppf)GIDCN and different solvents (e.g.
dichloroethang also gave very low yield€hanginghe base to sodium carbonate decreased the
yield (entry 6)while using cesium carbonate in the solvent system gave the best result with 45%
isolated yield (entry 7) of the desired coupled prod&ctThe remaining mass balaneeas
attributed to the formation of monocoupled produd@ (26% isolated yield) and a mixture of
starting materiald and debrominated starting materialVith sufficiently optimized conditions in
hand, the Suzuki coupling was scaled up from the optimization scale of 23 umol to a 0.7 mmol

scale withoutsignificantimpacton the yield(43% isolated yield)



Next, demethylation to produce the free binaphthol necessary for the introduction of the
phosphoric acid was exploretllsing BBy (4.0 eqg.,1 M in DCM}%® the demethylation of5
proceeded smoothly and resulted in quantitative formatiorvafithout the need for purification

by column chromatograph{&chemet-4, first step)

) BBr3 1.) POCly in pyridine
(1 Min DCM, 4.0 eq.) 95 °C, Ny, O/IN
DCM, N, 4 h 2.) H,0, DCM, 3 M HCI
5
0°Ctort.

Schemed-4: Synthesis oPClvia demethylation obto 7.

In the final sép, the phosphoric acid moiety was introducggchemed-4, second step3: After
purification via recrystallization induced selective precipitation of impurities from hot MeCN
followed by column chromatography, the final desired bifunctional catd3tvas obtained as

bright yellow crystals.

Next, we envisioned a synthetic route towards a bifunctional catalyst consisting of the chiral
phosphoric acid backbone a@€zPMs the attached photocatalystjotivated by positiveeports

on the performance & 2CzPNasan energy transfer catalys€To achieve thisa slightly different
approach was used to access a brominated derivativeG#PN9) as depicted irscheme4-5.

Even though th synthesisof 9 was described in the literatur€,our attempts at r@licating the
reported procedure for the synthesis dfitermediate 8 were hindered by both incomplete
reactivity and over addition of the carbazole, which presented challenging issues related to
purification. Attempts to optimize the reaction conditions tgive 8 in a quantitative yield are
unsuccessful and instead a mixture8yktarting material and double substituted materiaCzP)

was obtainedn all cases. Purification of this mixtupg column chromatography was not trivial.

By observing thathe desired molecul& displayed lower solubilities in chloroform and DCM than
the symmetric unwanted productédifluoro starting materialand 2CzP)\l we were able to
develop a new purification process to obtain clegwthrough multiple rounds of washes thi

chloroform/DCM.



1.2 eq. 1.0eq

NC CN

Q 1.0 eq. O N F 1.2 eq.
F F NaH, 25 °C Q NaH, 25 °C O O

60% 64%

3

9

X,
5
(2

Schemed-5: Synthesis of brominateBCzPNerivative9 and monosubstituted.

Pure9 was then submitted to thereviouslyoptimized conditions of the Suzuki coupliog4;
namelya solvent mixture of 14lioxane, water and DMF with £2Q as base and Pd(P£has the
palladium catalyst (Schemd-6A). Surprisingly, no desired cressupled productl1l0 was
observed, and only whawas assigned to be the monocoupled product was obtairiéf.
hypothesized that this lack of bi®upling may be due to the increased steric marte of
attaching the photocatalyst moiety directly at the carbazole, rather than by an additional benzylic

linker as it was the case in the synthesisSor

As suchan alternative route was explored, allowilgstepwiseintroduction of thesteric bulk
(Schemed-6B). First, the sterically less demandingb®mocarbazolevas submitted to a Suzuki
coupling yielding 11in an excellent yield of 94%/e envisioned taking advantage of the reduced
steric bulk surrounding the carbazole nitrogen to introduce the remainder of the photocatalyst
through a nucleophilic aromatic coupling strate@yratifyingly, this couplingf 11 with aryl
fluoride 8 wassuccessful and producetsired intermediatel0in 90% yieldlt is noteworthy that

the nucleophilic substitution leading td0 was only achieved using NaH and not when using

NaHMDSthe ladder of whichis often used in the synthesis 2€zPNor 4CzIPN
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Schemed-6: Strategies to acces.

After obtaining the desired coupled produt®, the demethylation conditions that worked well
for catalyst PG precursor5 were applied (1 M BBrin DCM, 4.0 eq.). Unfortunately, these
conditions only led to the decomposition @0. Utilizing less harsh estion conditionssuch as
lowering the temperature of the BBreaction to-78 °C before quenching at room temperature
or using AlG# in place of BBy alsofailed togive the desired produand only resulted in in the
formation of decompositionproduds. Theuse of pyridinium hydrochloride neat at 20 was
next explored® but resulted in no conversion of thetarting material10. By doubling the
equivalents of BBrfrom 4 to 8 ata reaction temperature 0f78 °C while also quenching the
reaction mixture at this low temperatureé new compound was obtained that was identified to
be monodemethylated.0. However, neither longer reaction times-6Lh) nor more equivalents
of BBgwere able to push the @tion to complete demethylation. Firlg) it was found thatusing
trimethylsilyl iodidé® in dry deuterated chloroform followed by quenching withethanol
overnight produced the desired doubly demethylated catalyst precutim a moderate yield of
61% (Schemé-7, step 1).



1.) trimethylsilyl iodide (5.0 eq.)
dry CDCl, 60 °C, O/N
2.) MeOH, r.t., O/N

1.) POCl; in pyridine
95 °C, Np, O/N

1 2.) H,0, DCM, 3 M HCI

Schemed-7: Synthesis oPClivia demethylation oflOto 12.

Targeting the formation ofPCl] the free binaphthol12 was then submitted to the same
phosphorylation conditionas was used previously @rfor the synthesis oPCl However, in this

case it is worth mentioning that the resultifi"-NMR showed three singlet phosphorus signals in
proximity at ppm = 0.56, 0.76, 0.92 BMSQGds. Conformational restrictions resulting ithe
formation of diastereomers at phosphorus were suspected to be a potential canfs¢his
observation Therefore, high temperature NMR studies in DMSO were carriedHoutever, these
experiments proved inconclusive dmeating the sample to 368 K (95 °C) didt result in
coalegence ofthe signals Further, neither different column chromatographic purification
conditions nor recrystallization led to any observable change in the ratio of the signals in the NMR

spectra {H and®!P).

We next wanted to confirm that none of these @ged phosphans peaks correspond to the
intermediate phosphoryl chloride that is formed before hydrolysis to the desired phosphoric acid.
To do so, the phosphoryl chloride was selectiggiythesizedand a*!P-NMR wasecorded’ (See
experimental part. The measured shift significantly differs from the acid (by aroungr@d m
CDG@), but also showed multiple peaks. Therefore, it can be concluded that the chloride is not the
source for the three signals. Since HRMS #hNMR indicatethat the desired phosphoric acid
photo catalystPCllwas synthesized, we believe thBCllwas obtained, and that splitting was
caused by conformational effect®Cllwas therefore used in the following proeof-concept

reactions.



4.3 Proofof-concept readbns

After the successful synthesis of the two novel bifunctional cataB€iand PCI) we first wanted

to test their ability to induce chirality in known photochemical reactions. We were particularly
interested in investigating whether the two catalystan promote both asymmetric energy
transfer and photoredox catalysis. For this purpose, two padefoncept dual catalytic reactions
were picked from the literature to evaluate the competency and performance of our catalysts. In
both reactions, the origial conditions relied upon a chiral phosphoric acid for asymmetric

induction and a discrete photocatalyst for substrate activation.

The first investigated reactiowasthe energy transfecatalyzed [2+2] cycloaddition depicted in
Table4-2 that was firstpublished in a racemic fashion in 2020 by the group of ¥®iorthe achiral
version, a ruthenium catalyst can omdifectivelyexcite the imidazole substratie3in the presence

of the acidp-TsOH (20nol%), as the acido-catalyst facilitateghe triplet energy transfer of the
photocatalyst (Tabl&-2, entries 14). A year later, the group published a chiral version of this
NEF OGA2Yy dziAf AT XdbBpy)Wk as pHafocat@yBvithol ND YCAIETBINOK A NI §
derived phosphoric acid CPA1 and CPA2 (entries 5-7).2° At room temperature, their initial
conditions utilizing CPA1 resulted in 72% vyield with 37%nantiomeric excesseé) and a
diastereomericratio (d.r.)of 1:2 favoring thdrans-trans 14 over thetrans-cisproduct 14 (entry

5). Interestingly, when switching the more acidid\-triflyl phosphoramidealerivative of the chiral

acid (CPA2), they observed that no photocatalyst is needed at all and they can achieve similar
yieldsvia direct exitation with 20 mol% acid in high ee (97%) and higitreversedd.r. (6:1 for

the trans-cisproduct)when the temperature is lowered t&/8 °C(entry 8)

Utilizing solely 5 mol% &fQ with the same solvent system as reportied the Yoon groupan ee

of 35% was achieved at room temperatuen(ry 9 with a yield of 70% while slightly favoring the
transtransproduct14with a d.r. of 1:1.3trans-cis:transtrans). PC lachieves similar yields (72%),
albeit with a slightly lower enantioselectivity of 27% ee at room temperature but with better
diastereoselectity of 1:1.6 favoring thetranstrans product of 14 (entry 11) As higher
enantiomeric val6 a | YR 0 Svéré Gbbkrved DWNIeQY¥oon group when lowering the
reaction temperature to-78 °C, we investigated the effects of low temperature for our catalysts
as well (entries 10 and 12). We were delighted to find that upon lowering the temperature
to -78°C, both phtocatalysts gave improved enantioselectivities, wit@lproducing 65% ee with

a simultaneously improved yield of 80% (entry 12). As observed in the original publication by the



Yoon group, the diastereoselectivity also improved, now favoringréres-cisproduct of14 with

a moderate d.r. of 3.8:1.

Table4-2: Energy transfecatalyzed [2+2tycloaddition as proof-of-concept reaction.

ve © PC Me ? Me C\)
NP z (R)-CPA 7) 7)
J0 0 T0 SRR g
\_N toluene (0.05 M)
13 10 eq. blue LED Q O @
T,5h

14

trans-cis trans-trans
cpatr . leea2z ‘
: OO Ph OO 4-(CF3)CgHy
OO Ph 1 OO 4-CF3)CeHs |
Entry PC CPA Temp. T (°C)  Yield (%) ee (%) d.ri
12 None None r.t. 0 ndf -
2a Ru(bpy3Ch (2.5 mol%) None r.t. 11 ndf 1:2
3 None p-TsOH r.t. Trace ndf -
42 Ru(bpy)Ck (2.5 mol%) p-TsOH r.t. 75 ndf 1:2
5b Ir(FppyX(dtbbpy)PE (1 mol%) CPAlL r.t. 72 37 1:2
60 Ir(Fppy)(dtbbpy)PE (1 mol%) CPAL -78 83 819 4:1
7° Ir(FppyX(dtbbpy)PE (1 mol%) CPA2 -78 74 959 71
8b None CPA2 -78 71 979 6:1
9 PCI(5 mol%) None r.t.d 70 35 1:1.3
10 PCI(5 mol%) None -78 63 54h 2.2:1
11 PCII(5 mol%) None r.t.d 72 27 1:1.6
12 PCII(5 mol%) None -78 80 65" 3.8:11

aEntries and values from the original publication of the Yoon gré&eaction was carried out in MeCN fori@&ith non-chiral acids
bEntries and values from theriginal publication of the Yoon grouy 20 mol% when usedReactions were run overnightYield
determined by'H NMR analysis of crude reaction mixtuvith phenanthrene as internal standarthot determined 9Enantiomeric
excess of thenajor diastereomer determined by chiral HPI"Enantiomeric excess of thmns-cisdiastereomer determined by chiral
HPLCDiastereomeric ratios determined Byl NMR analysis of crude reaction mixture

Highly motivated by these promising results indicating th@land PCllimpart enantioselectivity
in a visibleight mediatedenergytransfercatalyzed reaction, we wanted farther explore their
performance as photoredox catalysfBo study this ability, we were especially interested in a
recently published example of a chiral photoreeatalyzed Minisci reaction (Tab4e3).3° The
reported example utilized &hol% of4CzIPNalong with 10 mol% of a chiral phosphoric acid at
15°C to construct chiral heterobiaryl§ in good yields with excellent ee and diastereoselectivity

(entry 1). We chose this example to test whether the novelrufional catalysts can replace the



dual catalytic system and fulfill the role of both chiral phosphoric acid and photocatalyst in an
enantioselective fashion in this photoredoatalyzed reaction. By subjecting bR land PCllto

the literature reported reaction conditions, albeit at a slightly higher temperature (room
temperature), we were delighted to find that without any optimization, an enantioselectivity of
21% with a yield of 33% was achieved wiGI(entry 4). Using oniCzIPNgave no product
formation (entry2), indicating that the phosphoric moiety BClis necessary for the reaction.
Indeed, by adding iri0 mol% racemic phosphoric acdidc-PA racemic productl7 could be

obtained with4CzIPNn low yields (entry 3).

This nitial hit with PCl(entry 4) shows evidence of achieving chirality with our novel catalyst in
reactions operating by a photoredox mechanism and we are optimistic that better

enantioselectivity could be achieved by optimizing the reaction conditions isfecific catalyst.

Table4-3: Photoredoxcatalyzed Minisci reactioasa proof-of-concept reaction.

1.5eq.
OO % 0 PC OO oTBS
OTBS
. )LNJYO\N PA NHAc
= H . z
| o) 1,4 dioxane (0.1 M) |
N N o N Me
16

blue LEDs NJ
T 15°C,6h 7/ 17
15
eeas L lraeea ;
O O 2,4,6-(Pr)3CeH,
‘ 0o i : i
8: F/’/\OH OO Oﬁ\
1 OO 3 3 0" TOH
: 246(P),CeHy | i OO 1
e I 1
Entry PC PA Yield (%) ee (%) d.r.f
1a 4CzIPN2 mol%) CPA3 (10 mol%) 64 >99 >19:1
2b 4CzIPN10 mol%) None - - -
3 4CzIPN2 mol%) rac-PA (0 mol%) 17 - nde
4b PCI(10 mol%) None 33 21 >19:1
5b PCII(10 mol%) None 13 14 >10:9

agntries and values from the publication of the Xiao gr#&pReactions were run overniglat room temperature ¢*H NMRanalysis
with 1,3,5trimethoxybenzene as the internal standartEnantiomeric exceswas determined by chiral HPL@nhot determined

Diastereomeric ratios determined Byl NMR analysi€Due to low conversion and formation of undesired and unidentifigbtelucts,
we were unable to define a d.r. greater than 10:1 with high levels of confidence



4.4 Conclusiorandoutlook

In summary, we have synthesized two novel catalysts that combine a chiral phosphoric acid with
an organic, doneacceptor cyanoarenbased photocatalyst moiety. Both are accessible in seven
step syntheses and all the synthetic challenges in accessing¢htdgsts have been overcome.

In proofof-concept reactions, the bifunctional catalysts have shown potential for both
enantioselective energy transfer catalysis and photoredox catalysiexplore the full potential

of these novel catalysts, optimizatictudies need to be carried out to improve both yield and

selectivity in the proobf-concept examples

Going forward, a potential library of donaicceptor cyanoarenbased chiral photocatalysts can
be envisioned to tailor the photophysical propertiestioé catalysts to the reactiong\ possible
potential pathway to modulate the enantioselectivity of these catalysts is the introduction of only
one photocatalyst unitfQ and replacement of the second photocatalyst unit vatbulky group

that better extends the chirality of thBINOLbackbone into the substratbinding pocket of the
chiral phosphoric acidSchemet4-8-R'). Further, enantioselectivity might be improved by
increasing the acidity of the phosphoric acid througimegrsion to theN-triflyl phosphoramide
(Schemet-8-R%) .3t We believe that this new class of highly modular catalysts will help open new

avenues of research in chiral photocatalysis.

= carbazole based photocatalyst

O = site to introduce bulk to benzyl linker

R%= OH/ NHTf

sterically demanding chiral group

OFdlrfeadoa NBIOGAQGAGE

(0p))

Schemed-8: Possible points of modulaty 3§ K
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4.5 Experimental part

4.5.1 General information

All reagents were purchased from commercial suppliers and ws#éubut further purification.
Anhydrous solvents were obtained from Acros Organics in form of an AcroSeal bottle
6 &l yKe R NBrifled byopasgalyd through an activated alumina column under argkin
sensitive reactions were performed in Schlenk vials or crimp capped vialsnitrdgen (N) using

plastic syringes and cannulas to transfer solvents or liquid reagents. Photoreactions were weighed
in under air but degassed by three cycles of freeze pump thaw to ensure complete exclusion of

air.

Analytical thinlayer chromatography{TLC) waperformed using Merck silica gel 60 F254 TLC
plates and visualized under UV or by staining with KMrRurification by flash column

chromatography was performed onT&ledyne Isco CombiFlash

Enantiomeric excess was determined by chiral HPL@ Osiicel OBH, OH, IA, and IB columns

(0.46x 25 cm).

All NMR spectra weneecordedat room temperatureunless otherwise notedsing BrukeAV 600,

Neo-500, AVBA00 and AVEI00 spectrometers. These GOIMR instruments at UC Berkeley are

funded in part bythe NIH (S100D024998).f f OKSYA Ol f & Kscdlelpdipatisigd NI LI2 |
million [ppm] (multiplicity, coupling constadtnumber of protons), relative to the solvent residual

peaks as the internal standa(@HCGIT  + | ' TdHcy LIIY CoupliRgconstants T 1 dmc
are given in Hertz [Hz]. Abbreviations used for signal multipli¢#MR: b=broad, s = singlet, d

= doublet, t = triplet, g = quartet, dd = doublet of doublets, ddd = doublet of doublet of dublets,

dt = doublet of triplets, dgr doublet of quartetand m=multiplet;

U\W-Vis spectroscopic measurements were recorded using Shimdazu U\2600i

spectrophotometer

HRMS (high resolution mass spectra) were measured atQBd8 mass spectra facility at the

University of California, Berley.

Photoreactions were performed using blue ligiE1960 royal blued 6 f @zgS==45L<m) as
irradiation sourceor a Kessil PR16@40nm. Reactions were performed in crimp capped vials

a watercooledmetal cooling block.



4.5.2 UWVIS and Emissi@pectra

UVW-VIS of Novel Photocatalysts
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Figure 8-1: Emission spectra of a blue 455 nm LED light source and absorbance spectra of novel catalysts
PCland PCllat different concentrationsn toluene. Control experiments using a 46éh LED and 385 nm
LED light source did not increaselgtier enantioselectivity in the intermolecular cycloaddition1f
therefore 451nm was used as preferred light source.



4.5.3 Overview of Synthesis

4.5.3.1 Synthesis of PCI

B(OH),

TMEDA (2.9 eq.)

Acetone (not dry) n-BulLi (3.0 eq.)
Reflux, N2 24 h OMe ' |

B(OEt); (4.6 eq.) OMe
OMe dry Et,0 OMe
K,COs (3.4 €q.) -
Mel (3.9 eq.) 1"&‘5;5'4 g'h B(OH),
(R)-BINOL 1,97% ' 2;36%
(4.0 eq)

B
Cbz r o
NC CN
OH

N O .,
Cbz Cbz

Cbz
NaHMDS Cbz CS?CO3 (4.0eq)
THF DMA, Ny, 5h
o 3;90% . 750,
Cbz-H 60 °C, O/N 4C2IPN 451 nm 4;72%

2(1.0eq.) +[4 (3.0 eq.)]

Pd(PPhjz), (10 mol%)

Cs,C0O; (3.0 eq.)

1,4-dioxane: water: DMF (3:1:2); 85 °C, N, O/N

BBr; (1 Min DCM, 4.0 eq.)
DCM, Ny, 4 h

B

0°Ctort.

1.)2 POCl3 in pyridine
95 °C, Np, O/N
2.) H,0, DCM, 3 M HCI

All yields are isolated yields.
aCan also be synthesized using Et;N in DCM and then adding pyridine.
Material loss due to purification issues; first recrystallized from MeCN (76% yield) and then columned twice with 'H-NMRs taken inbetween



4.5.3.2 Synthesis of PCII

B(OH),
OO Acetone (not dry) OO TMEDA (2.8 eq.)
n-BuLi (3.0 eq.)
OH Reflux, N, 24 h OMe B(OEt)s (3.7 eq.) OMe
OH —_— OMe dry Et,O OMe
K,CO; (3.4 eq.) O
Mel (3.9 eq.) 1“’&‘9&3‘ Q:h B(OH),
(R)-BINOL 1,97% ' 2:36%
2
HO),B © O  B(OH
(HO),| Lo (OH),

®

2.0 mmol scale
Pd(PPh3)s (10 mol%)

Cs,C0;5 (3.0 eq.)

1.) POClj in pyridine
95 °C, N,, O/N
2.) H,0, DCM, 3 M HCI

Br Dioxane:water (3:1)
3.0eq. 85°C, ON, N,
H
N NC  CN NaH
al
NG ON 21 eq. THF
35°C. OIN, N 1.) trimethylsilyl iodide (5.0 eq)
—— P2 dry CDCly, 60 °C, O/N

e NaH, 25 °C O N F 2.) MeOH, rt., OIN

90%

All yields are isolated yields.




4.5.4 Synthesis of Literature Reported Compounds

2,4.5 6Tetrakis(carbazed-yl)-4,6-dicyanobenzend CzIPN3)

This substrate was made following a literature reported proceddifé®

A round bottom flask equipped with a magnetic stirring bar was charged with a solution of
carbazole (14.7 g, 88.0 mmol, 4.4 eq.) in dry THF (100 mL) and was cooled to 0 °C. NaHMDS (2 M
in THF, 44nL, 88mmol, 4.4 eq.) was added under nitrogen and the resgl8olution was stirred

for 30 min at room temperature. Tetrafluoroisophthalonitrile (4.00 g, 20.0 mmol,e4.p
dissolved in dry THF was then added dropwise under nitrogen and the reaction was stirred
overnight at 60 °C. Afterwards, the solvent was reatbin vacuo and the residue was redissolved

in EtO. The suspension was filtereghd the solid was washed with,BX The crude product was

then dissolved in chloroform and filtered until the remaining solid did not color the solution
anymore. The solventwas removed in vacuand the remaining solid was washed first with
acetone/ hexane (9:1 mixture) and then with hexane. The pure product was dried in vacuo

overnight, yieldingtCzIPNas a bright yellow powder (14dl, 17.9mmol, 90%).

IH NMR (500 MHZCDG) ¢ (ppm)8.23 (d,J= 7.8 Hz, 2H), 7.757.66 (m, 8H), 7.49 (ddd= 7.9,
6.7, 1.5 Hz, 2H), 7.33 (@ 7.7 Hz, 2H), 7.257.19 (m, 4H), 7.09 (tf]= 7.4, 5.7 Hz, 8H), 6.87
6.79 (M, 4H), 6.64 (ddd= 8.4, 7.2, 1.2 Hz, 2H).

Contains acetone solue peak. Carbazole based photocatalysts tend to incorporate solvent

molecules.

The spectroscopic data matched that reported in the literattfré?



(R-2,2-Dimethoxyl,1-binaphthalene 1)

I ' OMe
l ! OMe

This substrate wasmade following a literature reported procedute?!®

(R-1,1-binaphthalene2,2-diol (14.3 g, 50.0 mmol, 1.0 eq.) was added under nitrogen to a three
necked round bottom flask equipped with a magnetic stirring bar and a reflux condenser. Acetone
(50mL) was added and after stirring at room temperature until all solid was dissolved, potassium
carbonate (23.5 g, 170 mmol, 3.4 eq.) and methyl iodide (12.2 mL, 27.8 g, 196 mmol, 3.9 eq.) were
added. The resulting suspension was refluxed overnight. The nexadetpne was removed by
blowing nitrogen through the slurry and water (20 mL) was added. The mixture was stirred
overnight, the precipitate was filtered, washed with water, and dried in vacuo yieldisg white

solid (15.2 g, 48.3 mmol, 97%).

IHNMR (5@ MHz,CDGJ){ (ppm)7.98 (d,J= 8.9 Hz2H), 7.87 (dJ= 8.2 Hz2H), 7.47 (dJ= 9.0
Hz,2H), 7.32 (ddd)= 8.0, 6.6, 1.2 H2H), 7.21 (dddj= 8.2, 6.7, 1.4 H2H), 7.12 (dJ= 8.5 Hz,
2H), 3.77 (s6H).

13C NMR (126 MHLDG) 1 (ppm)155.1, 134.2, 129.5, 129.4, 128.1, 126.4, 125.4, 123.7, 119.8,
114.4,57.1.

The spectroscopic data matched that reported in the literattfté?

(R-2,2-Dimethoxy[1,1-binaphthalenel3,3-diyl)diboronic acid?)

o
o/
CC

B(OH),

This substrate was made following a literature reported proced?ite.

n-BuLi (2.5 M solution in hexane, 7.6 mL, 19 mmol, 3.0 eq.) was added at room téunpenad
under nitrogen to a rigorously stirred solution of TMEDA (2.7 mL, 18 mmaig2d.th anhydrous
EtO (100mL). After the solution was stirred for 1 h(2.00 g, 6.36 mmol, 1.0 eq.) was added at

once and the mixture was stirred for 4 h. Afterghime the solution was cooled td8°C and



B(OEH(5.0mL, 29 mmol, 4.6 eq.) was added via a syringe pump over 10 minutes. The cooling
bath was removed, and the resulting mixture was stirred overnight at room temperature before
it was cooled to 0C andvas quenched with 1 M HCI (50 mL). The solution was once again stirred
for 2 h at room temperature and was then extracted three times wit®EThe combined organics
were washed with brine, dried over BBQ and the solvent was removed in vacuo.
Recrystdization from boiling toluene yielded the desired produtas white solid (920 mg,
2.29mmol, 36%).

IH NMR (500 MHz, Acetorgs) ¢ (ppm)8.55 (s.2H), 8.04 (dJ= 8.2 Hz2H), 7.45 (tJ= 7.5 Hz,
2H), 7.33 (t)= 7.6 Hz2H), 7.11 (dJ= 8.4 Hz2H), 3.41 (s6H).

13C NMR (126 MHz, Acetortk) + (ppm)161.2, 139.0, 136.6, 131.4, 129.7, 128.2, 126.3, 125.7,
124.2,61.8.

Contains toluene solvent peaks.

The spectroscopic data matched that reported in the literatdté®32

4-(9H-carbazol9-y1)-5-fluorophthalonitrile (8)

NC CN

&
e

This substrate was madellowing a modifiediterature reported procedure?

A threenecked round bttom flask equipped with a magnetic stirring bar was charged with a
solution of carbazole (1.04 g, 6.22 mmol, 1.0 eq.) in dry THF (37 mL). NaH (60% in mineral oil,
496mg, 12.4mmol, 2.0 eq.) was slowly added under nitrogen at room temperature and the
reaulting solution was stirred for 30 min. Then, 4ifluorophthalonitrile (1.21 g, 7.37 mmol,
1.2eq.) in dry THF (37 mL) was added and the reaction was stirred overnight. Afterwards, the
reaction was quenched by addition of water and was extracted with D& combined organics

were washed with brine (2x) dried over Mg3d the solvent was removed in vacuo. The crude
mixture was first purified by flash column chromatography (70% DCM in hexanes) and then by
dissolving remaining starting material (48luorophthalonitrile) and2CzPNin DCM and/or

Chloroform (yellow solution) and filtering off pur@ since 8 displays a lower solubility in



chloroform and DCM than the symmetric unwanted products (starting materiak&mP\ This
procedure was repeated uttho more8 remained in the mixture. White solid (1.16 g, 3rvigol,
60%).

IH NMR (400 MHZCDG) ¢ (ppm)8.16¢ 8.11 (m, 3H), 7.87 (d= 9.0 Hz, 1H), 7.48 (ddék 8.3,
7.3, 1.2 Hz, 2H), 7.39 (tdk 7.5, 1.0 Hz, 2H), 7.267.18 (m, 2H).

The spectroscopic data matched that reported in the literatéte.

4-(3-Bromo9H-carbazol9-yI)-5-(9H-carbazol9-yl)phthalonitrile 0)

NC CN

w2

Br
This substrate was made followindjtarature reported proceduré?

A threenecked round bottom flask equipped with a magnetic stirring bar was charged with a
solution of 3bromocarbazole (0.34 g, 1.4 mmol, 1.2 eq.) in dry THF (30 mL). NaH (60% in mineral
oil, 60.0 mg, 1.3émol, 1.2 eq.) ws slowly added under nitrogen at room temperature and the
resulting solution was stirred for 30 min. Th&{0.35 g, 1.1 mmol, 1.0 eq.) in dry THF (30 mL) was
added and the reaction was stirred overnight. Afterwards, the reaction was quenched by addition
of water and was extracted with DCM. The combined organics were washed with brine (2x) dried
over MgS®@ and the solvent was removed in vacuo. The crude mixture was purified by flash
column chromatography (580% DCM in hexanes) yieldihgs a paleyellowsolid (89:11 mixture

of 9 and 2CzPN441 mg combined isolated yield corresponding to 64% yiel) 6f713 mmol,
383mg).

IH NMR (500 MHz,[CH) ¢+ (ppm)8.33 (s, 1H), 8.29 (s, 1H), 7.90¥d 1.9 Hz, 1H), 7.857.79 (m,
2H), 7.78 7.75 (m, 1H), 7.2& 7.06 (m, 8H), 7.02 (ddd= 8.3, 7.1, 1.2 Hz, 1H), 6.97 (@ 8.2,
1.0 Hz, 1H), 6.87 (d= 8.7 Hz, 1H).

The spectroscopic data matched that reported in the literatéte.



N-Methoxy-N-methylcinnamamid€$4-1)

R N~
|
OMe

This substrate was made following a literature reported procedéife.

Annamoyl chloridg4.32 g, 26.0 mmol, 1.0 eq.), ahtO-dimethylhydroxylamine hydrochloride

(2.679, 27.4 mmol, 1.0®qg.) were added to a round bottom flask equipped with a magnetic
stirring bar. After the flask was closed with a septum and placed under a nitrogen atmosphere,
DCM (75 mL) was added and the flask was cooled to 0 °C. Pyridine (4.6 mL, 57 mmol, 2.2 eq.) was
added slowly via a syringe and the resulting mixture was warmed to room temperature and stirred
overnight. After the reaction was quenched with 1 M HCI, the organic layer was separated, and
the aqueous layer was extracted with EtOAc (3x). The combinediosgaere washed with sat.
NaHC®and brine, dried over MgS@nd the solvent was removed in vacuo. Purification by flash
column chromatography (20% EtOAc in hexanes) yielsletl as anoff-white solid (4.31 g,
22.5mmol, 87%).

IH NMR (400 MHZCDG) ¢ (ppm) 7.74 (d,J= 15.9 Hz, 1H), 7.617.54 (m, 2H), 7.44 7.32 (m,
3H), 7.04 (dJ= 15.8 Hz, 1H), 3.77 (s, 3H), 3.32 (s, 3H).

The spectroscopic data matched that reported in the literatté®

(B-1-(1-Methyl-1H-imidazot2-y1)-3-phenylprop2-en-1-one (L3)

o
N =
<\/NMe

This substrate was made following a literature reported procediré.

A round bottom flask equipped with a magnetic stirring bar was closed with a septum and placed
under a ritrogen atmosphere N-methylimidazole(0.71 mL, 8.9 mmol, 1.05 eq.) and dry THF
(30mL) were added, and the flask was cooled-18 °C.n-BuLi (2.5 M in hexanes, 3.6 mL,
8.9mmol, 1.05 eq.) was added slowly via a syringe. After complete addition, thenviées&tirred

at 0°C for 30 minutes, before it was once more cooled -@8 °C andN-methoxy-N-
methylcinnamide $41) (1.62 g, 8.50 mmol, 1.0 eq.) dissolved in dry THF (10 mL) was added. The

resulting mixture was warmed to room temperature and stirred ovgih The next day, glacial



acetic acid (2 mL) was added dropwise under vigorous stirring. The resulting solution was diluted
with EtOAc and washed with water. The organic layer was separated, and the aqueous layer was
extracted with EtOAc (3x). The comdzihorganics were washed with sat. NaH@d brine, dried

over MgS®@and the solvent was removed in vacuo. Purification by flash column chromatography
(25%50% EtOAc in hexanes) yielditlas a white solid (1.23 g, 5.79 mmol, 68%).

IH NMR (400 MHZCDG) + (ppm)8.08 (d,J= 16.0 Hz, 1H), 7.83 (@ 16.0 Hz, 1H), 7.%37.67
(m, 2H), 7.43, 7.37 (m, 3H), 7.23 (s, 1H), 7.09 (s, 1H), 4.10 (s, 3H).

The spectroscopic data matched that reported in the literatéfié

5-(2-((tert-Butyldimethylsily)oxy)naphthaleh-y|)-2-methylpyrimidine 15)

O Cs,CO3 Imidazole
Pd(PPhy)s BBra TBSCI
B( EtOH/HZO OH DCM OTBS
+ = ‘
N

4<\ T 15

S4-2 S4-3

This substrate was made following a literature reported procedifte.

(2-Methoxynaphthalerl-yl)boronic acid (1.0 g, 5.0 mmol, 1.0 eg-prémo-2-methykpyrimidine
(0.87 g, 5.0 mmol, 1.€q.), Pd(PP (144 mg, 0.125 mmol, 0.025 eq.) and@3 (4.10 g,
12.6mmol, 2.5 eq.) were added to a round bottom flask equipped with a magnetic stirring bar.
After the flask was closed with a septum and placed under a nitrogen atmosphere, Ethamdl)(10
and water (5.0 mL) were addeaind the flask was heated 80 °C overnight. The reaction mixture
was cooled to room temperature, diluted withBEX (50 mL) and washed with water. The organic
layer was washed with brine, dried over Mg@@d the solvent was removed in vacuo. Purification

by flash column chromatgraphy (EtOAc in hexanes) yield&d?2.

SA-2 (0.75 g, 3.0 mmol, 1.0 eq.) was redissolved in DCM (30 mL) an@LBBisolution in DCM,

3.6 mL, 3.6 mmol, 1.2 eq.) was slowly added under nitrogen at room temperature. The mixture
was stirred for 5 h before was quenched with water. The aqueous layer was extracted with DCM
and the combined organic layer were washed with brine, dried over MgB8®the solvent was

removed in vacuo. Purification by flash column chromatography (EtOAc in hexanes) $eRled



Inthe final stepS4-3 (438 mg, 1.85 mmol, 1.0 eq.) and imidazole (379 mg, 5.56 mmol, 3.0 eq.) in
DCM (18.5 mL) were added to a round bottom flask equipped with a magnetic stirring bar. Under
a nitrogen atmosphere, TBS658 mg, 3.70 mmoR.0 eq.) was sloly added and stirred at room
temperature overnight. The reaction mixture was filtered, and the solvent was removed in vacuo.
Purification by flash column chromatography (EtOAc in hexanes) yidlBeas white solid
(632mag).

IH NMR (400 MHz,[ICE) + (ppm)8.69 (s, 2H), 7.87 7.81 (m, 2H), 7.5Q 7.44 (m, 1H), 7.48
7.37 (m, 2H), 7.19 (d= 8.9 Hz, 1H), 2.85 (s, 3H), 0.77 (s, 9H), 0.05 (s, 6H).

The spectroscopic data matched that reported in the literatéffe.

1,3-Dioxoisoindolir2-yl acetylalaninate1(6)

St

This substrate was made following a literature reported procedite.

A round bottom flask equipped with a magnetic stirring bar was charged with a solutidn of
acetytL-alanne (500 mg, 3.81 mmol, 1.0 eq)-Hydroxyphthalimide (684 mg, 4.19 mmol,
1.1eq.), N,b dicyclohexylcarbodiimide (DCC, 943 mg, #iidol, 1.2 eq.) and DMAP (47 mg,
0.38mmol, 0.1eqg.) in DCM (19 mL). The reaction mixture was stirred under nitrogen at roo
temperature overnight. Afterwards, the reaction was filtered and rinsed with DCM and the solvent
was removed in vacuo. The crude mixture was purified by flash column chromatography (40%
EtOAC in hexanes) yieldidg as a white solid (115 mg, 0.416 mmdl%). Low yield due to

purification issues.

IH NMR (400 MHDG) ¢ (ppm)7.91 (ddJ= 5.5, 3.1 Hz, 2H), 7.82 (d; 5.5, 3.1 Hz, 2H), 6.05
¢ 5.99 (M, 1H), 5.10 (9= 7.3 Hz, 1H), 2.07 (s, 3H), 1.67¢d7.3 Hz, 3H).

Thespectroscopic data matched that reported in the literatufe.



4.5.5 Synthesis of Novel Compounds

3-(4-Bromobenzy2,4,5,6tetra(9H-carbazol9-yl)benzonitrile 4)

This substrate was made followingrendifiedliterature repoted procedure®?
{YFHff &AO0F S ngAABKNMAEDzZS [ 95 0<

A 5 mL crimp capped vial equipped with a magnetic stirring bar was charged@z4tRN47 mg,
60umol, 1.0 eq.), GEQ (78.2 mg, 240 pmol, 4.0 eq.) anebdomophenylacetic acid (51.6 mg,
240umol, 4.0 eq.). The mixture was degassed by three cycles of vacuum and nitrogen backfills,
before DMA (4 mL, not dry, 0.015 M) was added. The resulting mixture was stirred for £ und
0f dzS f A 3K limax & ABNINRIED)(tHraigh thé plane bottom side of the vial at room
temperature. The end of the reaction was visible by a color change from yellow to pink. For
isolation, 12 reactions were first diluted with DCM and were themiosimed and washed once

with water and once with brine. After drying over Mg3ia@® solvent was removed in vacuo in a

65 °C water bath to remove remaining DMA. The solid crude material was dissolved in DCM and
then equal amounts of EtOAC were added. Purdeni@ crystallized over 48 hrs antlwas

obtained as yellow solid (473 mg, 50mol, 70%).
[ F NBSNJ a0t S gi#40nmSaart [ YL o<

A 250 mL round bottom flask equipped with a magnetic stirring bar was chargedt@ithPN
(1.88g, 2.38 mmol, 1.0 ey CsCQ (3.12 g, 9.58 mmol, 4.0 eq.) anebdomophenylacetic acid
(2.06 g, 9.58nmol, 4.0 eq.). The mixture was degassed by three cycles of vacuum and nitrogen
backfills, before DMA (8@L, not dry, 0.03 M) was added. The resulting mixture was stioed f
5K dzy RSNJ 0f dzS nfax& Z6rim) it NEessik Lariph Aftgf 5 1o the reaction was first
diluted with DCM and then washed with water (3 times) and once with brine. After drying over
MgSQthe solvent was removed in vacuo in a 65 °C wateh @ remove remaining DMA. The
solid crude material was dissolved in DCMi{il7) and then equal amounts of EtOACH{i) were

added. Pure material crystallized out ahd/as obtained as yellow solid (1.60 g, 1.72 mmol, 72%).



IH NMR (400 MHZDG)+ (ppm) 8.19 (d,J= 7.5 Hz, 2H), 7.%27.60 (m, 6H), 7.487.39 (m, 4H),
7.31¢ 7.23 (m, 4H), 7.1¢, 6.99 (m, 10H), 6.91 (d= 8.2 Hz, 2H), 6.76 (= 7.9 Hz, 2H), 6.67
6.58 (M, 2H), 6.58 6.54 (M, 2H), 5.77 (d= 8.4 Hz, 2H), 3.70 (s, 2H).

I3CNMR (126 MHzCDG) + (ppm)144.9, 142.1, 140.9, 140.3, 140.1, 138.9, 138.7, 137.9, 136.4,
135.6, 130.9, 129.1, 127.0, 125.6, 125.6, 124.4, 124.3, 124.2, 123.8, 123.7, 121.6, 123,3, 121.
121.0, 120.4, 12@, 120.3, 120.1, 119.5, 117.8, 112.7, 110.2,.11009.8, 109.1, 34.5.

Contains Dimethylacetamide solvent peaks. Carbazole based photocatalysts tend to incorporate

solvent molecules. ContaiHd-grease impurity.

HRMS (ESQ(m/z): calculated folsHssNs9Bri?Nag* [M+Na]: 954.2203 found:954.2207

(R-5,5(((2,2-Dimethoxy[1,1-binaphthalene]3,3-diyl)bis(4,tphenylene))bis(methylene))bis
(2,3,4,6tetra(9H-carbazol9-y)benzonitrile) )

This substrate was made following a modified literature repopeatedure’®

A round bottom flask equipped with a magnetic stirring bar was chargeddwit92 g, 2.06nmol
3.0eq.),2 (276 mg, 0.687 mmol, 1€xy.), CLQ (671 mg, 2.06 mmol, 3.0 eq.) afti(PPka

(79mg, 0.068 mmol, 10 mol%). The flask wagassed and backfilled with nitrogen three times,
before degassed solvent [dioxane (12.2 mL), water (4.1 mL) and DMF (7.5 mL)] was added. After
stirring overnight at 85 °C, the reaction mixture was cooled to roomperature, diluted with

1M HCI and extracted with DCM twice. The combined organic phases were washed with water
and brine, dried over MgS@nd the solvent was removed in vacuo. The crude reaction mixture
was purified with flash column chromatography-40% DCM in hexanes) yieldibg589 mag,

0.292mmol, 43%) as a yellow solid.



IH NMR (600 MHZLDG)+ (ppm)8.22 (ddJ= 7.7, 2.5 Hz, 4H), 7.80 (& 8.4 Hz, 2H), 7.717.61
(m, 12H), 7.50 (dl= 9.1 Hz, 4H), 7.43 (td 7.4, 6.9, 3.7 Hz, 4H), 7.382H), 7.36 7.32 (m, 2H),
7.28 (ddJ= 7.9, 3.6 Hz, 8H), 7.16 (ddd; 8.2, 6.8, 1.3 Hz, 2H), 7.46.98 (m, 22H), 6.91 (d=
8.1 Hz, 4H), 6.85 (d= 8.2 Hz, 4H), 6.%86.73 (M, 4H), 6.666.59 (m, 4H), 6.07 (d= 8.2 Hz, 4H),
3.89 (s, 4HR.68 (s, 6H).

13C NMR (151 MHLDG) + (ppm)153.8, 145.4, 142.2, 141.1, 140.3, 140.2, 139.0, 138.8, 137.9,
136.8, 136.3, 136.1, 134.2, 133.4, 130.6, 128.7, 128.0, 127.5, 127.0, 126.2, 125.7, 126,6, 125.
125.5, 125.0, 124.4, 124.4, 124.3, 12393.7, 1215, 1215, 121.3, 121.2, 120, 1209, 120.4,
120.3, 119.5, 117.7, 112.7, 110.2, 110100, 109.3, 60.5, 34.9.

Contains'H-grease impurity.

HRMS (ESIffn/z): calculated foCiagHo2ON10>Nay* [M+Na]: 2039.7297 found: 2039.7280

(R-5,5-(((2,2-Dihydroxy[1,1-binaphthalene]3,3-diyl)bis(4,tphenylene))bis(methylene))
bis(2,3.4.6tetra(9H-carbazol9-yl)benzonitrile) 7)

This substrate was made followingrendified literature reportedprocedure’®®

A round bottom flask equipped with a magnetic stirring bar was chargedb&b8 mg, 27¢mol
1.0eq.) and was degassed and backfilled with nitrogen three times, before anhydrous DCM
(2.1mL) was added. The reaction mixture was cooled ttC and BBK{1M solution in DCM,
1.1mL, 1.2mmol, 4.0 eq.) was added dropwise. The reaction was stirred for four hours at room
temperature, cooled to 0 °C again and quenched by slow addition of water. The mixture was
diluted with DCM and the aqueous gbe was extracted with DCM three more times. The

combined organic phases were dried over Mg&@d the solvent was removed in vacuo. The



demethylated produc was obtained in quantitative yield (549 mg, 276 umol) as a yellow solid

without further purification.

IH NMR (500 MHz,[C}) 4 (ppm)8.06 (d,J= 7.7 Hz, 4H), 7.65 (@ 8.1 Hz, 2H), 7.567.47 (m,
12H), 7.36 (t)= 8.0 Hz, 4H), 7.28 (@ 8.1 Hz, 5H), 7.207.06 (m, 13H), 6.91 (ddi= 21.7, 18.2,
7.3 Hz, 22H), 6.81 (dz 8.1 Hz, 4HB.65 (d,J= 8.0 Hz, 4H), 6.61 (= 6.5 Hz, 4H), 6.50 (t= 7.7
Hz, 4H), 5.94 (di= 7.9 Hz, 4H), 4.66 (s, 2H), 3.70 (s, 4H).

13C NMR (126 MHz, CBI (ppm)149.5, 145.4, 142.2, 141.0, 180140.2, 14, 139.0, 138.7,
138.7, 137.9, 136.5,36.4, 135.2, 132.9, 131.0, 129.9, 129.2, 128.9, 128.3, 127.7, 127.0, 126.9,
125.6, 125, 124.4, 124, 124.3, 124.3, 124.2, 120.123.8, 123.8, 123.6, 1%].1215, 121.3,
121.2,120.9, 120.4, 120.3, 119.5, 117.7, 113.0, 112.7, 110.2, 110.1, 10929 309.

The number of observed carbon peaks is higher than what would be expected based on symmetry,
and it is believed to be due to rotameric and/or other conformational effects, that disrupt the

symmetry.

Contains DCM solvent peaks. Carbazole basedoghialysts tend to incorporate solvent

molecules. Containtét-grease impurity.

HRMS (ES(m/2z): calculated foCiaHs7O:Ni0 [M-H: 1987.7019, found: 1987.7009.

5,5-((((11R-4-Hydroxy4-oxidodinaphtho[2,3d:1',2'-f][1,3,2]dioxaphospheping,6-
diyl)bis(4,2phenylene))bis(methylene))bis(2,3,4&tra(9H-carbazol9-yl)benzonitrile) PC)

This substrate was made followingrendifiedliterature reported proceduré?®?!

A round bottom flak equipped with a magnetic stirring bar was charged W{09 mg, 25@mol,
1.0eq.) and was degassed and backfilled with nitrogen three times, before anhydrous pyridine

(0.82mL) was added?hosphorus(V)oxychloride (48 pL, 0.51 mmol.eQwas addedand the



reaction mixture was stirred overnight at 95 °C before the mixture was cooled to 0 °C and degassed
water (0.8 mL) was added. Afterwards, the mixture was heated up to 95 °C again and stirred
overnight. The next day, the reaction mixture was codtectbom temperature, diluted with DCM

and washed with 3 M HCI (x 4). The solvent was removed in vacuo and the brownish solid was
redissolved in hot acetonitrile. After letting the reaction mixture cool down to room temperature,

it was allowed to stand unsgiupted (approximately 2 days) until brown solid formed on the
bottom of the flask. The clear yellow solution was filtered, and the solvent was once again
removed in vacuol' he obtained yellow solid was further purified by flash column chromatography
(0-3% methanol in DCM). Finally, pure catalyBClwas obtained as yellow solid (300 mg,

146 umol, 57%) by removing the solvent, redissolving it in DCM, washing it with 6 M HCI and

removing the solvent once again in vacuo.

IH NMR (600 MHz, DMS@®) * (ppm)8.29 (dd,J= 7.7, 5.2 Hz, 4H), 8.16 (& 8.1 Hz, 2H), 8.11
(d,J= 8.1 Hz, 2H), 8.04 (@ 8.2 Hz, 2H), 7.93 (d# 21.1, 8.2 Hz, 4H), 7.85.63 (m, 20H), 7.47
(t, J= 7.6 Hz, 2H), 7.447.33 (m, 10H), 7.267.13 (m, 8H), 7.07 (dd= 15.7, 7.7 Hz, 6H), 7.02 (t,
J=7.5Hz, 2H), 6.96 (dik 21.7, 8.1 Hz, 4H), 6.8§5.71 (m, 12H), 6.16 (d= 7.9 Hz, 4H), 5.08 (s,
1H), 3.58 (s, 4H).

13C NMR (151 MHADDMSGdg) + (ppm) 144.7, 144.6, 144.5, 142.7, 141.2, 12401402, 139.3,

1393, 138.7 138.7, 138.5, 137.6, 135.2, 134.3, 133.2, 131.1, 131.0, 130.3, 128.6, 128.4, 126.6,
126.5, 125.9, 125.7, 125.2, 125.1, 124.9, 124.8, 123.8, 123.1, 123.0, 122.8, 122.7, 122.6, 122.4,
121.4,120.8, 120.74, 120.69, 120.5, 120.1,12019.9, 119.8, 119.7119.1, 117.5, 113.1, 111.8,
111.4, 1114, 110.6, 11@s, 33.9.

The number of observed carbon peaks is higher than what would be expected based on symmetry,
and it is believed to be due to rotameric and/or other conformational effects, that disrupt the

symmery.
Contains'H-grease impuirity.
31p NMR (243 MHz, DMS®) * (ppm)0.57.

HRMS (ES$)(m/z): calculated foCiaHs:ON1oP2Na * [M+Na]: 2073.6542, found: 2073.6517.



(R-3,3-(2,2-Dimethoxy[1,1-binaphthalene]3,3-diybis(H-carbazole) 11)

oD T O

This substrate was made following a modified literature reported procedure.

A round bottom flask equipped with a magnetic stirring bar was charged wBtofiocarbazole
(1.48g, 6.00mmol 3.0 eq.)2 (804 mg, 2.00 mmol, 1€g.), CsLQ (1.95 g, 6.00 mmol, 3.0 eq.)

and Pd(PPH)4 (0.23 g, 0.20 mmol, 10 mol%). The flask degassednd backfilled with nitrogen

three times, before degassed solvent [dioxane (37.6 mL) and water (12.6 mL)] was added. After
stirring overnight at 85 °C, the reaction mixture was cooled to room temperature, diluted with
1M HCI and extracted with DCiice. The combined organic phases were washed with water
and brine, dried over MgS@nd the solvent was removed in vacuo. The crude reaction mixture
was purified with flash column chromatography{0% DCM in hexanes, then up to 100% DCM)
yielding11(1.21 g, 1.8/mmol, 94%) as a white solid.

IH NMR (500 MHLDG) ¢ (ppm)8.52 (s, 2H), 8.13 (@= 4.0 Hz, 4H), 8.06 (s, 2H), 7.98)&8.2
Hz, 2H), 7.87 (dd= 8.4, 1.7 Hz, 2H), 7.48.38 (m, 8H), 7.38 7.34 (m, 2H), 7.387.30 (m, 2H),
7.30¢ 7.24 (m, 2H), 3.25 (s, 6H).

13C NMR (126 MHLDG) + (ppm)154.5, 140.0, 139.0, 135.9, 133.6, 131.1, 130.8, 130.4, 128.1,
127.7,126.2, 128, 126.0, 126.0, 125.1, 123.6, 123.6, 121.2, 120.6, 119.7, 110.9, 110.5, 60.6.

Contains DCM solvent peaks. Carbazbhsed photocatalysts tend to incorporate solvent

molecules.

HRMS (ES(m/z): calculated foCieH:10:N2 [M-H]: 643.2391. found: 643.2392.



(R-5,5-((2,2-Dimethoxy[1,1-binaphthalene]3,3-diyl)bis(H-carbazole3,9-diyl))bis(4(9H-
carbazol9-yl)phthalonitrile) (LO)

CN
This substrate was made followingrendified literature reported proceduré®

NaH (60% in oil, 148 mg, 3.70 mmol, 4.0 eq.) was added slowly to a stirred solitiof»86 mg,
0.924mmol, 1.0 eq.) in dry THF (10 mL) under inert conditions. The reaction mixture was heated
to 35°C and stirred for one hour befoB(619 mg, 1.98 mmoR.1 eq.) was added. Afterwards it

was stirred overnight at 35 °C. The next day the reaction mixture was cooled to room temperature
and HO (0.7 mL) was added to quench excess NaH. The resulting mixture was then concentrated
under reduced pressure, theumte product was redissolved in DCM and washed with brine (2x).
Purification by flash column chromatography {f@0% DCM in hexanes) yieldéd (1.02g,
0.831mmol, 90%) as yellow solid.

IH NMR (600 MHLDG) + (ppm)8.37¢ 8.33 (M, 2H), 8.29 (8= 2.0Hz, 2H), 8.18 8.15 (M, 2H),
7.93¢ 7.83 (M, 6H), 7.76 7.71 (m, 2H), 7.7% 7.66 (m, 2H), 7.48 7.43 (m, 2H), 7.42 7.36 (m,
2H), 7.28; 7.01 (m, 20H), 7.006.95 (m, 4H), 2.98 (dd= 11.7, 4.4 Hz, 6H).

13C NMR (151 MHLDG) 1 (ppm)1541, 1541, 154.0, 154.0, 138.7, 138.7, 188138.3, 138.3,
1383, 1383, 138.2, 138.2, 137.6, 1¥/.1356, 135.5, 134, 134.8, 134.8, 133.6, 133.5, 132.
132.4, 130.9, 130, 130.5, 130.5, 136, 129.1, 128.3, 128, 128.0, 127.7, 127.7, 127].1265,

1264, 126.3, 126.3, 128, 1263, 126.2, 126, 1259, 1259, 125.8, 125.8, 128, 1252, 125.1,
1245, 1245, 1244, 124.2, 124.2, 121.9, 12].121.8, 121.8, 127, 1213, 1213, 121.2, 120.7,
120.7, 1207, 1205, 120.5, 120.4, 128, 1203, 114.8, 114/, 1146, 109.2, 109.1, 109, 109.0,
109.0, 60.3, 60.3.

The number of observed carbon peaks is higher than what would be expected based on symmetry,
and it is believed to be due to rotameric and/or other conformational effects, that disrupt the

symmetry.



HRMS (EF)(m/z): calculated foCseHs10:Ns* [M+H']: 1227.4129. found: 1227.4109.

(R-5,5-((2,2-Dihydroxy[1,1-binaphthalene]3,3-diyl)bis(H-carbazole3,9-diyl))bis(4(9H-
carbazol9-yl)phthalonitrile) (.2)

P UR”

This substrate was made followingrendifiedliterature reported proceduré®

A small Schlenk vial equipped with a magnetic stirring bar was chargeti®fil mg, 756 Y2 f =

1.0eq.) and anhydrous deuterated chloroform (2.5 mL). Under nitrogen, trimethylsilyl iodide
(0.50mL, 3.8mmol, 5.0 eq) was added and the reaction was hedte@0 °C overnight. The next

day, the mixture was filtered through a celite pad, rinsed with chloroform @wethanol was

added. This mixture was left to stir another night at room temperature under nitrogen. After
removing the solvent in vacuo, purificati by column chromatography (DCM in hexane; 0 to

100%) and washingwithhexari®g | & 200GF Ay SR a4 &Sft2g a2tAR op

IH NMR (600 MHZDG) + (ppm)8.26¢ 8.23 (m, 4H), 8.16 (d= 4.5 Hz, 1H), 8.13 (@ 12.2 Hz,
1H), 7.93 (dJ=5.6 Hz, 2H), 7.94.7.86 (M, 2H), 7.82 7.72 (m, 6H), 7.48 7.35 (m, 4H), 7.31 (q,
J=6.2, 4.2 Hz, 2H), 7.28.22 (m, 2H), 7.18 7.04 (m, 20H), 5.405.29 (m, 2H).

13C NMR (151 MH£LDCH) + (ppm)150.2, 150.1, 138.8, 138.4, 1381384, 138.3, 13.9, 135.5,

135.5, 135.4, 133.0, 133.0, 131.3, 131.0, 130.6, 130.5, 129.5, 128.4, 127.9, 127.3, 126.5, 126.4,
126.3, 124.6, 124.4, 124,.124.3, 121.9, 121.8, 18].121.6, 120.6, 120.5, 114.8, 114.8, Bl4.
114.6, 112.8, 118, 109.3, 109.1.

Contains'H-grease impurity and ethyl acetate solvent peaks. Carbazole based photocatalysts tend

to incorporate solvent molecules.
HRMS (ES$)(m/z): calculated fossHs7O:Ng* [M+H"]: 1199.3816found: 1199.3805.

HRMS (ES(m/z): calculated foCssHisO:Ng [M-H']: 1197.3671 found: 1197.3666.



(4r,47)-5,5-(((1189-4-Hydroxy4-oxidodinaphtho[2,3d:1',2-f][1,3,2]dioxaphospheping,6-
diyl)bis(H-carbazole3,9-diyl))bis(4(9H-carbazol9-yphthalonitrile) PCI)

This substite was made following a literature reported procedufé!

A round bottom flask equipped with a magnetic stirring bar was charged #dtf185 mg,
155umol, 1.0 eq.) and was degassed and backfilled with nitrogen three times, before anhydrous
pyridine (0.50mL) was added”hosphorus(V)oxychloride (29 pL, 0.31 mmol,ez.Qwas added

and the reaction mixture was stirred overnight at 95 *@bethe mixture was cooled to 0 °C and
degassed water was added. Afterwards, the mixture was heated up to 95 °C again and stirred
overnight. The next day, the reaction mixture was cooled to room temperature, diluted with DCM
and washed with 3 M HCI (x4hel solvent was removed in vacuo and the brownish solid was
redissolved in hot acetonitrile. After letting the reaction mixture cool down to room temperature,

it was allowed to stand undisrupted (approximately 2 days) until brown solid formed on the
bottom of the flask. The clear yellow solution was filtered, and the solvent was once again

removed in vacuo yieldingCllasyellow solid (127g, 100umol, 65%).

IH NMR (600 MHz, DMS@) + (ppm)8.88 (dd,J= 11.4, 6.0 Hz, 2H), 8.88.81 (m, 2H), 8.49 (d,
J=15.8 Hz, 1H), 8.44 (@ 15.0 Hz, 1H), 8.20 (@ 4.7 Hz, 1H), 8.17 (@ 3.7 Hz, 1H), 8.12 (dd,
J=8.3, 4.9 Hz, 2H), 8.007.88 (m, 6H), 7.85 (d= 8.5 Hz, 1H), 7.687.63 (m, 1H), 7.60 (dd=
8.6, 2.9 Hz, 1H), 7.577.48 (m, 5H), 7.387.32 (m, 2H), 7.28 7.13 (m, 10H), 7.107.01 (m, 6H),
7.03¢ 6.94 (m, 2H).

13C NMR (151 MHDMSOds) ¢ (ppm) 1454, 145.3, 145, 145.2, 145.2, 138, 1388, 138.5,
138.4, 138.3, 138.1, 138.1, 138136.6, 136, 136.4, 1361, 1339, 1338, 1313, 1311, 1311,

1309, 130.8, 130.0, 128, 1282, 128.0, 126.6, 12&, 1261, 125.9, 125.8, 128, 1257, 1236,

123.4, 123.2, 122.3, 122.2, 121.9, 21211, 121.0, 120.3, 129, 120.1, 115, 115.1, 110.0,
110.0, 109.9, 10%, 109.4



The number of obseed carbon peaks is higher than what would be expected based on symmetry,
and it is believed to be due to rotameric and/or other conformational effects, that disrupt the

symmetry.
3P NMR (243 MHDMSQOde) ¢ (ppm)0.92, 0.76, 0.56.

The number obbserved phosphorus peaks is higher than what would be expected based on
symmetry, and it is believed to be due to rotameric and/or other conformational effects, that

disrupt the symmetry, explicitly that could result in the formation of diastereomettsosiyorus.
HRMS (E$)(m/z): calculated foCeaHseOsNsP1™ [M+HT]: 1261.3374found: 1261.3365.
HRMS (ES(m/z): calculated foesHssOsNsPy [M-H']: 1259.3229found: 1259.3215.

Comparison of'P of PCII and the chloride intermediate PClintermediate

(4r,47)-5,5-(((118-4-Chloro4-oxidodinaphtho[2,1d:1',2'-f][1,3,2]dioxaphosphepin® ,6-
diyl)bis(H-carbazole3,9-diyl))bis(4(9H-carbazol9-y)phthalonitrile) PCHCI intermediate

This substrate wamade following a literature reported procedufé.

A round bottom flask equipped with a magnetic stirring bar was charged 1#t{128.7 mg,
107.0pmol 1.0 eq.) and was degassed and backfilled with nitrogen three times, before anhydrous
DCM (0.4 mL) was add. Phosphorus(V)oxychloride (20 pL, 0.22 mmol,eg.) was added,
followed by ESN (45 uL, 0.32 mmol, 3€q.) and the reaction mixture was stirred overnight at
room temperature. The next day, the reaction mixture was diluted with DCM and washed with
water. The combined organic phases were dried over M@a@ the solvent was removed in

vacuo giving the crude chloride as yellow solid.
31p of PCIIZ'P NMR (202 MHZLDGJ)) ¢ (ppm)6.14, 5.93, 5.71, 5.57.

31p of PCHCI intermediate 3P NMR (202 MHLDG)  (ppm)8.16, 8.02, 7.96.



4.5.6 Prootof-ConceptPhotoreactions

General Procedure A for photoreactions

A 5 mL crimp capped vial equipped with a magnetic stirring bar was charged with the
corresponding starting materials, photocatalyst, and solvent. Tixtune was degassed by three
cycles of freez@pump-thaw, backfilled with dinitrogen, and subsequently stirred under blue light

A NNI R Ak=#318nyLED) ¢hrough the plane bottom side of the vial at room temperature for

the respective time.
General PPocedure B for photoreactions

A Schlenk flask equipped with a magnetic stirring bar was charged with the corresponding starting
materials, photocatalyst, and solvent. The mixture was degassed by three cycles offueeze
thaw, backfilled with dinitrogenand subsequently stirred under blue light irradiation from within

0 max= 451nm LED) with a single spot LED and a glass rd@ &C for the respective time.

Enantioselective (2-8iphenylcyclobutyl)(dnethyl1H-imidazot2-yl)methanone 14)

For the racemic version, eithetCzIPN(10 mol%) in toluene (2.0 mL) &u(bpy)Chw c.O
(2.5mol%) withp-toluenesulfonic acid monohydrate (20 mol%) in MeCN (2.0wak)used.

With PCl atr.t.

The General ProceduréA was applied usind30 H M®H Y 3IZI dpdPdh >Y2fZ mMbdn
AG8NByS 6wmnn Y 3IPhotdedalyst PNSiol%), amai drySlliedetaid irradiation

with 451nm for 16 h. Yield and d.r. were determined by crddeNMR yield with phenanthrene

(17.8 mg, 99.% Y 2 f 2q.) asbinternal standard. Purification with Pf€pC (20% EtOAC in

hexanes) yielded4 as a colorless oil.

The dastereomers have not yet been separated and since #&IMR exhibited a complex
mixture of the diastereomers in the aromatic region, integrals are not accurate for the aromatic

region.



Major Diastereomer:

H NMR (400 MHz,[@C) 4 (ppm)7.35¢ 7.07(m, 8H), 7.06 (d]= 6.6 Hz, 3H), 7.@36.92 (m, 1H),
4.65¢ 4.54 (m, 1H), 4.10 (8= 9.8 Hz, 1H), 4.04 (s, 3H), 3¢7B.60 (M, 1H), 2.9% 2.82 (m, 1H),
2.33 (g,J= 10.2 Hz, 1H).

Minor Diastereomer:

IH NMR (400 MHZLDG)+ (ppm)7.35¢ 7.07 (m, 84), 7.06 (dJ= 6.6 Hz, 3H), 7.036.92 (m, 1H),
5.07 (q.J= 9.0, 8.4 Hz, 1H), 4.48J% 9.3 Hz, 1H), 4.05 (s, 3H), 4CB96 (m, 1H), 2.892.75 (m,
2H).

The spectroscopic data matched that reported in the literattire.

HPLC conditiondaicel CHRALCEL® &) 5%-4PrOH in hexane, 1 mL/min, major: t1 = 98,
t2 = 11.37 min; area% = 34.89 : 26.08 (14% ee) minor: t1 = 14.09 min, t2 = 23.41 min; area% =
26.35:12.68 (35% ee).

With PCII at78 °C:

The General Proceduréd was applied usind3 (214 Y33 dpdp >Y2f 3 mon Sl
a0eNByS omnn Y IFhotapatatpst BCYRriol%)and ddyljtaduénE and irradiation

with 451nm for 5 h. Yield and d.r. were determined by crdtieNMR yield with phenanthrene

omMT dy Y 3IZI dedipap interia? ftahdarsh Purification with PfEpC (20% EtOAC in

hexanes) yielded4 as a colorless oil.

The diastereomers have not yet been separated and since'tHdMR exhibited a complex
mixture of the diastereomers in the aromatic region, int@grare not accurate for the aromatic
region. The d.r. of the isolated mixture is decreased to 2.4:1 compared to the 3.8:1 d.r. based on

the crude'H-NMR.
Major Diastereomer:

IH NMR (400 MHZCDG) ¢ (ppm)7.35¢ 7.25 (m, 2H), 7.22 7.00 (m, 8H), 7.0% 6.95 (m, 2H),
5.07 (qJ= 9.2 Hz, 1H), 4.48 (= 9.3 Hz, 1H), 4.03 (s, 3H), 4296 (M, 1H), 2.892.72 (m, 2H),

Minor Diastereomer:

IH NMR (400 MHZCDG) ¢ (ppm)7.35¢ 7.25 (m, 2H), 7.22 7.00 (m, 8H), 7.0% 6.95 (m, 2H),
4.63¢4.53 (m, 1H), 4.10 (8= 9.8 Hz, 1H), 4.03 (s, 3H), 3.64 Jtd10.1, 8.1 Hz, 1H), 2.86 (dd;
10.4, 8.4 Hz, 1H), 2.32 @ 10.2 Hz, 1H).



The spectroscopic data matched that reported in the literattire.

HPLonditions:Daicel CHIRALCEL®H)B%-PrOH in hexane, 1 mL/miklajor: t1 = 13.85 min,
t2 = 22.09 min; area% = 56.63 : 11.83 (65% ee).

Racemidrace:

Time: 17.1313 Mnutes - Ampltude: 1.723 méu

SPD-M20A-260 nm
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Non-racemictraceof the reaction withPCllat -78 °C:

N-((19-1-(5-(2-((tert-Butyldimethylsilyl)oxy)naphthaleh-yl)-2-methylpyrimidin4-

ylethyNacetamide7)

() ores

NHAc
z

\
N N Me

T/

For the racemic versiodCzIPN2 mol%) in dry 1,4 dioxane (0.5 nwi)h racemic PA10 mol%)

was used.

The General Procedurd was applied usind50 m1 ®p Y3IZI ndpPple{20Zing m>dn
749> Y2 I Rhbtpcatdlyst® I mol%), and dry 14lioxane (0.5 mL) and irradian with

451nm for 16 h. Yield and d.r. were determined by crudéH-NMR vyield with 1,35
GNAYSGiK2E@0SyI1l Sy S ef.habyntervalstandmrd. Purific&ionwithvPkEpC

(50% EtOAC in hexanes) yield&ds white solid.

IH NMR (400 MHZCD®) + (ppm)8.42 (s.1H), 7.89 7.81 (m,2H), 7.37 (dtJ= 6.8, 3.4 HZH),
7.28 (s1H), 7.22 (ddJ= 6.2, 3.5 HZH), 7.18 (d,J= 8.9 Hz1H), 5.03 (pJ= 6.7 Hz1H), 2.85 (s,
3H), 1.99 (s3H), 0.98 (dJ= 6.7 Hz3H), 0.65 (s9H), 0.22 (s3H),-0.07 (s3H).

The spectroscopic data matched that reported in the literattife.

























































































































































