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A Introduction

A Introduction

1. The concept of atom efficiency

One of the foundation pillars of organic synthesis is the transformation of readily available raw
materials and fine chemicals into complex target molecules. Scientists have ever been working on
overcoming the main obstacle of these transformations wisciné problem of selectivityGenerally,
selectivity can be characterized into four categoriehemoselectivity (differentiation between
functional groups), regioselectivity (orientational control), diastereoselectivity (control of relative
stereochemisty) and enantioselectivity (control of absolute stereochemistr).
But one basic principle of organic synthesis has mdasbnignored for a long time: the concept of
atom economy. The production of waste and unwanted fideducts has long been undestimated
both by scientists and industry. It was Trost who promulgated the concept of atom economy
(sometimes called atom efficiency) in 199The core principle of atom economy is to look into how
many atoms of the starting materials actually end upthie desired product and is calculated by
dividing the molecular mass of the desired product by the sum of the molecular masses of all products
that are formed (see equation 1.

G OiEQI QIO GO
GO E BARE | a0t Q6 doi
Equation 1.Calculation ofthe atomeconomy.

DO EBOE & M ®

While atom economy is merely a theoretical value since it leavesaotrs suchas the yield of the
reactionor use of excess starting materials, it is still a very elegant way of quickly determining the
sustainability ofeactionsand it led to a rethiking in the scientific community. Since then, many new
principles have been established to determine the sustainability of procgssexamplethe E factor
which also takes the amount of used solvents, process aides and yields into aécéuuther
example arehe 12 principles of green chemistry established by Anastas and Wérner.

Still, finding reactions with a high or even perfect atom economy is of great importaitere are
several processes where every atom of the starting materials geptén the target molecule without

any side products. These includgcloadditions like the Diellders reaction, rearrangements,

isomerizations, hydroformylationfydrogenations or simple addition reactiofis.
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2. Developments of atom transfer radal additions(ATRA)

One of these addition reactions with a perfect atom economy is the atom transfer radical addition
reaction, also simply called ATRA. It goes back to the work of Kharasch-andkeos in the 1940s.
After their investigation of an precedentedanti-Markovnikov addition of HBr to alkenes with
peroxides as radical initiatof8 they found out that this method could also be applied to
polyhalogenated compounds in a radical chain reacfldn. presence of small amounts of dibenzoyl

or diacetyl peroxide as radical initiat@r the polyhalogenated carboriswere successfully added to
1-octene(4). In the radical initiation, the radic8lis formed which then adds to-dctene(4) to form

the radical intermediate5. This radical can than either react with anotheodtene (4) to form
polymerized sidgproducts 7 or abstract a chlorine radical frorh to form the desired adduct

(schemel).®

R...O«
(@) R
2 o
CXCly; ————» «CXCl, Radicalinitation
1 3
X =H,Cl
CXCly
1
X + *CXCl, — > _Cxclp, X=H.Cl_ T «CXCl
CeHig™ ™ + 2 CeHis™ 2 CXCl, * 2
CeH13
4 3 5 6 3
X=H,Cl X =H,Cl X=H,Cl X=H,Cl
Adduct
CeHig™
4
CsH13
CloXC CeH13 Polymerization
7
X=H,ClI

Schemel. Kharasch reaction of tetrachloromethane and chloroform witbctene(4) in presence of aadical

initiator 2.8

Shortly after, Kharasatt al.were able to expand this reaction to chlorinated acetic acids and this type
of reaction is since been call¢ie Kharasch reactioff.The reaction has a high atom economy since
the substrate is fully added to the alkene in good yields and only small amounts of radical initiator are
needed. However, due to the radical chain mechanism of the reaction, the formation of telomerized

and polynerized side products is unavoidable.
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In the 1950s Minisci and aemorkers observed that during the polymerization of acrylonitrile in
halogenated solventghe formation of the addition product of the halocarbons and acrylonitrile can

be observed in a caiderable amount? They later found out that this reaction is catalyzed by an iron
species originating from corrosion of the reactor ve&sel.

These findings laid the groundwork for the first transitimetalcatalyzed Kharasch reactions and
thereforethe atom transfer radical addition (ATRA).

The first metalcatalyzed ATRA reaction was reported by Asscher and Vofsi in 1963. Using either
iron(lll)} or copper(lichloride as metal catalyst and diethylammoniumchloride as redugtiuaty

were able to perdrm the ATRA reaction of tetrachloromethane and chloroform onto various alkenes
(scheme2).l*2

FeCl3 or CuCl; (1.0 mol%)

NH5Et,Cl (1.5 - 6.0 equiv.) Cl
R/\ + CXClj > cxCl
MeCN or MeOH, R 2
1 78 - 140 °C 9
8 _ X =H, Cl
X=H,Cl 17 examples, 14 - 96%
Selected examples:
Cl Cl
CXCl, Cl
\/\/\)\/CXCIZ
CXCl,
10 11 12
X =H, 38% X =H, 84% X =H, 68%
X =Cl, 92% X =Cl96% X=Cl78%

Scheme2. First transitioametalcatalyzed ATRA reaction by Asscher and Vdfsi.

The proposed mechanism dfis reaction starts with a single electron transfer from the metal Balt
to tetrachloromethang13) to generate the radical4 and the oxidized metal halides. The radical4
then adds to the double bond & producing the carbon radic&l7 which is then oxidized by the metal
speciesl6 and takes up the chloride to yield the addud&to close the catalytic cycle by regeneratin
the catalystl5 (scheme 3).
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Cl
CCly LnM[m] )\/CC|3
13 R
15 18
L,Mm*C
16 .
'CC|3 > R/\/CC|3
14 R 17
8

Scheme3. Proposed mechanism for the ATRA reaction of (1G)and olefinsg.l*2

Since then, a lot of work has been put into expanding the use of cBp@ard irori*4 complexes for
ATRAreactions.But also complexes of mangang&& chromium™® nickel™” but also toxic and
hazardous compounds such as organotin readéhts triethylborane$¥ have been used as radical
initiators for ATRA reactions.

However, he by far the most efficient and active met@mplexes are based on ruthenium. The first
example of rutheniurbased catalysts for ATRA reactions have been reported by Biaglin 1973.

The ruthenium(IBriphenylphosphine complex [Ru@Ph)s] (19) was shown to be a very effective
catalyst for the addition of C{And chloroform to several olefins and styrene in good yields at a low

catalystloading of 0.5 mol% and with very little telomerization side reactions (schgii@

Cl

19 (0.5 - 1.0 mol%) Cl I \PPh
X + CXCI - PhsP-Ruy, 2
R > 80-140°C CXCl ° (';l:'F’Phs
. 9
8 X =H,Cl 19

6 examples, 67 - 100%

Schemed. First[RuC{(PPh)3] (19) catalyzed ATRA reaction reported by Naagal 29

Intensiveeffort has been put into developing rutheniubased catalysts for ATRA reacti@hand the
most commonly used classesnsist ofhalf-sandwich ruthenium complexezd?? and Grubbsype

complexe21?3 (figure 1).

(= o, PRs H

Ru., !

CI”'\ “PPh, C|/R.”:<
PPhg PR, Ph
20 21

Figure 1 Halfsandwich ruthenium complexeX) and Grubbgype complexe®1 used in ATRA reactions.
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In 1981, Murai and cworkers showed the first example of an asymmetric atom transfer radical
addition. Using a chirah)(DIOP ligan@24) in combination with ruthenium, the asymmetric addition

of CBrGl(23)was achieved with styren@2)as trapping regent. Only an enantiomeric excess of 32%
of 25was achieved at a poor overall yield of 26% at these harsh reflux condffidsadyet al.could
demonstrate that this reaction can be improved by changing the reaction conditions to low
temperatures and tgher loading of catalyst (schent®. With modified DIOP ligands even higher
stereoselectivity and yields were achieved for various styrédedhis shows that chiral

ruthenium-complexes can be a powerful tool to access the interesting group of chlidé®

_ [Rh(COD)CI], (1.3 mol%) Br
Murai (1981) ~().DIOP 24 (1.5 mol%) CCls
EtOH/benzene, 80 °C
18 h 25, 26%
32% ee thp/\EO><
©/\ + CBrCl; —| PhoP 0
24 (-)-DIOP
22 23
[Rh(COD)CI]; (5.0 mol%) Br
(-)-DIOP 24 (15.0 mol%) CCls
Ready (2017) toluene, - 78 °C
12h 25, 83%
78% ee

Schemes. Asymmetric ATRA reaction of CBI(@8) and styreng(22) using chiral ruthenium complexé:23

Another transformation that has seen great use in synthetic chemistry that is closely relatiked to
ATRA reactiorsithe atom transfer radical cyclization (ATRC). While reductive cyclizations have long
been used in organic chemistry for a great number of transformations, its disadvantages lie in the use
of toxic and hazardous organotin reagents adlae in a poor atom economy due to the loss of the
halide® In comparison, the atom economy of the ATRC remains at 100% and tramsétah
catalyzed systems can be appliésthemes).

Reductive cyclization:

ATRC:

Scheme 6Comparison of reductive cyclization using®&uH and transitiometal-catalyzed AT&.

5
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The first work regarding PRCwas done by Curraet al. Ay wmdpy T ® /[ &oOdcarbohyli A 2y 2 °
compounds with terminal olefins such 28 wasachieved with (BsBn) as radical initiator. Selectivity
of this reaction was still low with both theéxo27 and 6endoproduct28 being formed in a mixture

of cis andtrans-isomers (schem@).l*®

o o) (@) OMe
OMe
| (BuzSn), (10.0 mol%)
= > | +
MeO 80 °C Y
I
26 27 77% 28 6%

cis/trans: 1.3/1 cis/trans: 1/2

Scheme7. Atom transfer radical cyclization bfiodo-carbonyl compoun®6.28

Transitionmetal catalyzed ARCreactions havebeen applied in many useful transformatioirs
organic synthesis and especially coppemplexes were numerously used for the cyclization of
halogenated compounds to generate cyclic compounds and heterocycles witbizegjranging from

4 up to 1829

For example, Tsujiet al. used CuCl in combination with a bipy ligand to cyclize allyl

2,2,2trichloroacetate(29) to the lactone30in good yieldscheme 8§

cl CuCl (5.0 mol%) cl Cl
Cl Cl — 2,2-bipy (5.0 mol%) cl
J/ MeCN, 140 °C
0~ "o 1.5h o~ ©
29 30, 83%

SchemeB. ATRC adllyl 2,2,2trichloroacetate(29) with CuClE?

Another very important process closely related to ATRA is the atom transfer radical polymerization
(ATRP). Discovered independetjybothSawamoto and Matyjaszewski in the 19895t has become

one ofthe most effective methods for controlled radical polymerizations. Again, copper has shown to
be the best transitiormetal to catalyze these reactionallowing for the synthesis of wallefined
polymers and copolymers with an easy way to control the ks weight. The reaction starts with

the addition of the radical derived from aalkyl halideto a monomer followed by a radical
polymerization(scheme9). Various monomers with-C double bondssuch as acrylates, acrylamides,
acrylonitrile or styrenes can be used and the reaction is very tolerant towards many solvents,

functional groups and impuritieg>33
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X
R
X CuCl n
R/X + n R

Scheme9. General procedure for the ATRP of styrétfe

The typical conditions of ATRA reactions and related processes often involve activation through high
temperatures. But already back in 1947, Kharasch discovered that various light saurbesused to

initiate the radical reaction of halogenated methanes, however only witbatisfyingesults!®

Further, erfluoroalkyl iodides @&n also be activated with UV light and added to electdaficient
alkened®

By combining copperbhlorideor -bromide with UV light from a mercury lamp, Hitaial. develoged

a photoredoxcatalyzed ATRA reaction of alkyl bromi@8and electrondeficient alkene81with very

promising results (schemig).[36:27

CuCl or CuBr
(10.0 mol%) Br
EWe X + RB' - P
THF, Hg lamp (75 W) EWG
31 32 20 h 33

20 examples, up to 73%

Selected examples:

Br )Br\)i) Br
CO,Et
NC)\/\/\ EtO,C NC)\/\/ 2

34, 64% 35, 53% 36, 60%

Schemel0. Photoredoxcatalyzed ATRA reaction using UV light activation and copper(1}*4alts.

While atom transfer radical additions and related processes have been established as a powerful tool

in synthetic chemistry over the yedfd it still suffers from dawbacks such as the need for high
temperatures and therefore high energy consumption, use of toxic and hazardous reagents or the
YSSR FT2NJ gSNEBE KAIK SySNHee !+ fA3IKGEG &a2dzNOSaod Li
chemistry that led to a neaissance of ATRA chemistry. tlaise of visible light mediated

photocatalysis.
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3. Photocatalysig historical and photophysical background

It was the Italian chemist Giacomo Ciamician (18%%22) who envisioned the use of sunlight as a
mainenergy source for mankind and asefficienttool in organic synthesis early in the2entury 39

In times where fossil fuels still seemed to be an infinite resource and the dangers of climate change
and environmental pollution were neglectgis vision could only be seen as revolutionary. Already in
1886, he and Paul Silber could demonstrate that sunligirt gromote the transformation of
nitrobenzene to aniline and quinone to hydroquinone in presence of ethidhol.

The use ofisible lightpossesss one major challengeamely the fact that most organic molecules do

not absorb photons in the visible region of the electromagnetic spectrum. Therefore, in the
20" century, the use of UV light in organic chemistry has gained lots of attefffidutthe spectrum

of sunlight reveals that only roughly 3% of it are in the UV region and therefore making use of sunlight
for these transformations is very inefficief. The use of UVlight sources and glassware is expensive
comes with safety hazards andactionscan alsosuffer from unwanted sideeactions, selectivity
problems or even decompositioria unwanted bondcleavagd®d

A way to overcome these obstacles is to use organic or reeganic molecules that are able to absorb
photons in the visibleegion and which aréurther able to act as catalysts in their excited states. The
first pioneering work in this field was done in the late 1970s and early 1980s when Kellogg discovered
that sensitizers like eosin (81) or Ru(bpydCh (46) can acceleratehe reduction of dihydropyridins

under visible lightirradiation*¥ Other groundbreaking work was done by Deronzi& Okadal*d
Sauvagé*” and others during that timé&® While photoredox catalysis has been used extensively in
the field ofsolarcells™*® CQ reductior® and water splittin§¥ since then, it stayethostlyunexplored

in organic synthesis for almost 30 years.

In 2008 the group of Yoon showed the successful useisible lightphotocatalysis for the [2 + 2]
cycloadditionof enones37,52 while MacMillaret al.could demonstrate a remarkable combination of
photoredox catalysis and organocatalysis to achieve the asymmetric alkylation of aldedg/éés
¢23ISGKSNI 6A0K {(SLIKSyazyQa BiNeherseDlp thesefpabldations S K& RN

laid the groundwork for modern photoredox catalysis in organic synthesis.
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Yoon 2008:
Ru(bpy)sCl, (5.0 mol%) 0 0o

DIPEA (2.0 equiv.)

0 o) )
LiBF,, (2.0 equiv.) R R
R’ R?
MeCN, rt, H H
X visible light

X
37 38
13 examples, 54 - 98%
MacMillan 2008: 41 (20.0 mol%)
0 , Ru(bp)./)3.CI2 (0.5 mo!%) o0 R? o N/ -HOTf
)H R 2,6-lutidine (1.0 equiv.) )k|/|\ > é
+ : [ARN]
H A DMF, 23 °C, H FG
1 Br FG 1 N
R 15 W CFL R H
39 40 42 41

12 examples, 63 - 93%

ee up to 99%
Stephenson 2009:

Ru(bpy);Cls (2.5 mol%)
DIPEA (2.0 - 10.0 equiv.)

HCO,H (10.0 equiv.)

EtO,C CO,Et
RYEWG or 44 (1.1 equiv.) RYEWG JL/I
X DMF, rt, H N

visible light H
43 45 44
X =Br, Cl 10 examples, 78 - 99%

Schemell. Photoredoxcatalyzed transformationby Yoon, MacMillan and Stephens&#%4

These astonishing transformations all relied on the ruthenioased transitiormetal complex
Ru(bpyjClh (46) acting as the photocatalyst. The photochemistry guitysics of these transitiometal
complexes have been thoroughly investigated for decBdesd polypyridyl complexes of ruthenium

and iridium are amongst the most widely used photocatalysts tdtfay the ground state @Bof these
complexes like Ru(bpydb (46), an electron pair is set in the metegéntered by orbital. Upon
irradiation withvisible light one electron is promoted to the ligarmbntered™ * orbital in a process

called metalto-ligand chargdransfer (MLCT). In this singlet excited statg 43the metatcenter has
changed its oxidation state ft6 o LLO G2 OLLLO @KAES | -bipypriinel A S Of
(bpy) ligand. After a process called intersystem crossing (ISC) which is defined by a spin flip of the
electron in the™ * orbital the complex is now in its lowest energy tripketcied state (T) 48. This
triplet-excited state is longived enough (t = 1100 i3} to allow for single electrotransfer (SET)
events to undergo with organic molecul&®.Two different SET events can be achieved in this state.
Either the metakenter @n act as an oxidant and take up an electron from an organic compound or

the negative charge located in the ligand can act as a reductant (sch2yit&
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Singlet excited state (S,) 1
visible
light MLCT

Triplet excited state (T4)

phosphorescence

Ground state (S)

Schemel 2. Excitement of Ru(bpy¢h (46) with visible lightfollowed by MLCT and ISC to give the triplet
excited state (7) 48.5%

The possibility of the tripleéxcited state (1) of Ru(bpyy* 48to act either as an oxidant or reductant
leads to two photocatalytic cycles being accessiblghimtoredoxcatalyzed reactions. In the oxidative
guenching cycle, the excited catalyst *Ru(bpy)8can transfer the electron from the ligarmkntered

~* orbital to an acceptor moleculé?). Commonly used sacrificial acceptor molecules are persulfates
(SO:s%), AFNQG, compounds or metal cationsA educt of the reaction can also act as an acceptor
molecule. After this step a Ru(iipecies is formed which has a very high oxidation potential
(22" =+1.29 V) which is then reduced by a donor molec(i} to regenerate the catalyst
Ru(bpy)**46.

In the reductive quenching cycle, *Ru(bgy#8 takes up an electron from a donor molecy[®) into

its metalcentered orbital. Commonly used sacrificial donors are bases lik@ahdEDIPEA or ascorbate
but again, the educts can also act as a donor. This step generates a highly reducirspdigh

(&2 =-1.33 V) that can reduce an acceptor compoAdi(schemel 3).59
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D Ru(bpy)s** A
Eq"M=+1.29V Ey" " =-081V
1z " Oxidative 1z
D Quenching A
Cycle

visible Ilght
Ru(bpy)s>* 46 MLCT r1sC u(bpy)s>* 48

"Ru(bpy)s
Reductive
Quenching
Eqp"'=-1.33V Cycle E1,2 M=40.77V

Ru(bpy)s*

Schemel 3. General scheme of the oxidative and reductlve guenching cycle of Refdpd)

Other than these two electrotransfer pathwaysa third pathway for decay of photoexcited states is
also possible. It can also engage in an energy transfer wittanic or inorganic substrates. The
triplet-excited state (1) *Ru(bpy)?* 48 can perform a tripletriplet energy transfer (TTET) with an
acceptor molecule. Two different sensitization mechanisms are possible. In the Forster resonance
energytransfer (FRET) the excited catalyst funnels its relaxation energy to the substrate if both catalyst
and substrate are closer in range than 10 nm. This leads to the excitation of the substrate and one
electron is shifted from its HOMO to its LUMO orbitdtile the catalyst returns to its ground
state (9) 46.

In case of the Dexter electramansfer, the excited catalyst and the substrate are coming into physical
contact with each other, which means their orbitals are overlapping. The electron front thebital

of *Ru(bpy)?**48is transferred to the LUMO of the substrate while one electron ftbenHOMOof

the substrateis transferred to the 4, of the catalyst which results in the tripleixcited state of the
substrate and the return of the catalyst t@ijround state ($46.5% Even thouglvisible lighimediated
photoredox catalysis is still the major field in photocatalysis, energy transfer catalysis has also been
used frequently in recent yeal%!

While Ru(bpyCh (46) was one of the first broadlgpplicable photocatalysts in organic synthesis, a
great number of other catalysts have been widely used and studied since then. Hidisea
complexes are frequentlysed,like for examplethe neutral Ir(llhcomplexfac-Ir(ppy} (49) which has

very good reducing abilities. Copperéihd copper(llcomplexes also gained lots of attention in recent
yearssd with Cu(dap)Cl(50) being the first commonly used one. Organic dyes have also seen broad
application with eosin ¥51) being oneof the most common one%? In recent yearsiMes-Acridinium

(52) (also called Fukuzumi dye) and other organic dyes have gatheredigreast due to its high

oxidation potentials (schem#4).[54
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fac-Ir(ppy)s

49
Eqpo(Ir(IF)/Ir(IV)) = -1.73 V E,n(PC*PC*) = -1.43V
X
N/
©)
ciol |
EosinY Mes-Acr
51 52
Eqp(PC*PC*)=-1.11V E4/2(PC**/PC) = +1.88 V

Schemel4. Commonly used photocatalysts and their oxidation and reduction poterifls.

Over the last 15 yearphotocatalysis has rapidly been evolved into a widely used field in organic
synthesis and industry. Development in these processes is still ongesting in a variety of
publications every yea¥isible lighthas been applied for a great number of transformations in organic
chemistry suchas-Cor &K SG SNR I (2 Y 0 2 yaRinoTuddudnalizatlogsyciicibadditions,
decarboxylative couplings @luorinations!®¥ Recently, the merger of photocatalysis with other fields
in organic synthesis has tracked lots of attention. Dual rgatocatalysis has been widely used for
crosscoupling reaction€” The combination of organoand photocatalysishas been used for
stereoselective transformatioff§ and even examples of bijghotocatalysis have emergétd!
Photo-electrocatalysis could have great potential in accessing new transformations and could
eradicate some of the disadvantages of photoredmtalysis such as theccasionalneed for
stoichiometric reductants or oxidant&!

While recently new ways to access intermediates such as carbocalilnsarbanion€? or
carbenetyped’™ have been explored in photochemistry, the generation of radical anions is still the

coreprinciple at the heart of photoredox catalysis. Therefore, photoredox catalysis is perfectly suited

12
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for atom transfer radical addition chemistry and related processeksince the reemergence akible

light mediated photocatalysjghe field of ATRA reactions has entered a new golden era.

4. Advancements iwvisible lightmediated ATRA chemistry

One of the earliest examples wheviésible lightmediated photoredoxcatalysis was used for ATRA
reactions was reported by Barton and-aorkers in 1994. Employing Ru(bgi) (46) as catalyst,
phenylselenium sulfonatés3) was successfully added to various vinyl etfetsnd methyl acrylate
(55) to generatel -phenylselenosulfoneS6 and57 in very good yields (scheni). In the proposed
mechanismthe excited photocatalyst performs a SET to fitenylselenium sulfonaté53) which
leads to the formation of a tosyl radical which then adds to the alkene. Thebheenerated radical

can react with the starting phenylselenium sulfon&é) to propagate the chain reactio¥?

R1
10.0 equiv. )
OR
544> Ts R’
SePh
Ru(bpy)sCl, ]
PhSeT: (0.2 - 10.0 mol%) PN 56, 80-93%
els = M
MeCN, rt COzMe
53 visible light | 100 equiv.
55 COzMe
> T
® SePh
57, 84%

Schemelb. Visible lightmediated ATRA reaction using phenylselenium sulforfa8 and Ru(bpyCk (46) as
photocatalyst’?

Despite these remarkable early results, the topiosisible lightmediated ATRA reactions remained
unexplored for many years. It was not until 2011 wtike groundbreaking work of Stephensazt al.

brought ATRA reactions back into the spotlight. The Kharasch additibal@dlkanesndh -halo
carbonyls58 to olefins 59 was achieved undevisible lightirradiation with blue LED strips and the
Ir(lll-complex Ir[(dF((Gyppyk(dtbbpy)]PE as photocatalyst. Under mild reaction conditions very
good yields were achieved and several functional groups were tolerated. The soft Lewis acid LiBr was

needed to asst the reaction in most cases (sched®).[’?
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Ir[(dF((CF3)ppy)2(dtbbpy)]PFg

(1.0 mol%)
LiBr (0 - 4.0 equiv.) X
1_ I R2 >
ox s .
2.0 equi DMF/H50 (1:4), rt,
.0 equiv. o 60
58 59 LED (A =455 nm)
16 examples, 67 - 99%
Selected examples:
EtO,C B Bre,
N
WH EtO,C C'aCM
EtO,C  Br OH

F F

61, 99% 62, 75% 63, 87%

)
I EtO,C
F CM 2 Y\(V\Br
3
CO,Et EtO,C B B
2 2 r r CO,Et
64, 81% 65, 92% CO,Et
66, 95%

Schemel6. Visible lightmediated ATRA reaction usitf(dF((CEppyk(dtbbpy)]Pk (X)as photocatalyst

Similar to the mechanism proposdxy Bartori’, the reaction begins with the Ir(Htatalyst getting
excitedvia visible lightirradiation. The excited catalyst is then able to transfer an electron to the
haloalkanes8in a SET to generate the alkyl radigabnd a halide anion. The radical is then added to
the doublebond of the olefins9, leading to the formation of radical specié8. This radical can then
abstract a halide from the haloalkanleading to the desiré product60 and another alkyl radic#l7

in a typical ATRA radical chain mechanism. Additionally, Stephehshproposeal a second pathway

in which the radicab8is oxidized to the carbocatids®. In this stepthe Ir(IV}species is reduced back

to the photocatalyst and therefore the catalytic oxidative quenching cycle is being closed. The

carbocation is then trapped by the halide to also yield the desired progiigtchemel7).l”d
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visible
light
@ X
R1
[Ir]3+ oxidative [r3* " R2 nucleophilic
quenching 69 trapping
I
cycle X
1
R\)\RZ
(14 60
. cal chain |
X~ + Rls R\/\Rz radical cha\m‘
67 ZOR2 68
59 R'—X R'e
58 67

Schemel 7. Proposed mechanism for the photoredoatalyzed ATRA reaction after Stephensoal.”?

One year later, Reisaat al. demonstrated that the copperddomplex Cu(dapll (50), which was
initially discovered by Sauvage in 188but has been rather unelored since then, is also capable of
catalyzing ATRA reactions undasible lightirradiation. Haloalkanes such as gBromomalonate,
h-bromoacetophenone and perfluorobutyl iodide were added to various alké@emder irradiation

of Cu(dap)CI(50) with green light (schem&8).["4

Cu(dap),Cl X
_ [¢)
RI—X + O R? (0.3-1.0 mol/o)‘ Ru\
DCM, rt, R?
58 59 LED (A =530 nm) 60

11 examples, 38 - 98%

Selected examples:

Br

CBr. _Boc

T C e N

r
|
Br
70, 88% 71 88% 72, 82% 73, 63%
EtO,C B 0

2 ”/ ocC N,Boc \/\/\jr\/

CBI"3
EtO,C Br Br H
61, 75% 74, 98% 75, 78%

Schemel8. Visible lightmediated ATRA reaction usi@u(dapjCl(50) as photocatalyst’?
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Apart from these transitionmetalcatalyzed ATRA reactions with photocatalysts derived from
ruthenium, iridium- or coppersalts, organic sensitizers, dyes or photocatalysts can also be used for
these reactions as it was shown by the group of Melchiorg®div. The simple and inexpensive organic
molecule p-anisaldehyde(76) was able to perform ATRA reactions of bromomalonate and other
haloalkanes with various alkenes and alkynes in very good yields under mild conditions under
irradiation with a 23 W CFLhé& base 2,8utidine was necessary to neutralize traces of HBr that were

formed in this reaction (schentk9).[3

]
H
MeO
76
(20.0 mol%) X
2,6-lutidine (1.0 equiv.)
R1_X + /\RZ > R1
MeCN, rt, J\RZ
58 2.0 equiv. 23 W CFL 60
59 31 examples, 60 - 99%
Selected examples:
Br Cl |
77, 85% 78, 79% 79, 94%
Br COzEt Br COzEt Br
. CO,Et 0 CO,Et
CO,Et
80, 87% 81,97% 82, 97%

Schemel9. Visible lightmediated ATRA reaction usipganisaldehyd€76) as photocatalyst’™

From a mechanistic point of view, it was suggested thahisaldehyde absorbs a photon to reach its
excitedsinglet state. After intersystem crossing (ISC) to the triplet state, an energy transfer to the
haloalkane takes place. The photosensitized hakakthen undergoes homolytic-XC cleavage to
generate a alkyl radical which then initiates the radical chain reactién.

Other organic sensitizers likeli2omophenoll® iodo-Bodipy!” phenylglyoxylic acié® or perylene
diimided’ have since been successfully used in ATRA reactions.

Another inexpensive alternative thomogeneoustransitionrmetal based catalysts is the use of
heterogeneous semiconductors as it was shown by Pegtad. in 2013 with the use of BD; as
photocataly$. Organobromide82 and terminal olefind9 could be used in the atom transfer radical

addition undevisible lightirradiation of 1 mol% of bismuth oxide (sche2®@.l®%
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PN Bi,O3 (1.0 mol%) Br
R'—Br + & "R? 1
DMSO, rt, R\)\Rz
32 59 23 W CFL 83

18 examples, 45 - 95%

Selected examples:

Br CO,Et Br £ F Br

HOM\)\)\ HO\/\M M
CO,Et co,et  HO CBry
84,91% 85, 69% 86, 52%

Br CO.Et Br £ F Br
H
N
Ph/\)\)\CozEt Boc” MCOZEt F’hJ\/CBrs
87, 91% 88, 45% 70, 54%

Scheme20. Visible lightmediated ATRA reaction usiB@Osz as photocatalyst

A reaction that has gained a lot of attention over the last years is the photocatalyzexhdli
trifluoromethylation of alkenes and alkynes. TrifluoromethylsjGind difluoromethyl (GH) groups

are very useful motifs in the agrochemical and pharmaceutical industry. Various fluoromethylating
reagents such as Umematarogni or Hureagent are used for photochemical fluoromethylatid#s.
One of the cheapest trifluoromethyl sources is triftomethanesulfonyl chlorid€g9). In 2014, Jung
and Han used a ruthenium phenanthroline complex to achieve the chlorotrifluoromethylation of
alkenes with trifluoromethanesulfonyl chlorid89) under blue light irradiation. During the reaction
SQis eliminated®? Similar results were found by the group of Dolbier when they used Cu(tié)

for chlorotrifluoromethylations of electroqoor olefins31.83 In the same year, the group of Reiser
showed that when Cu(dag}l(50) is used for the ARA reaction of trifluoromethanesulfonyl chloride
(89) and unactivated olefin®4, no extrusion of Sotakes place (schemgl). An unprecedented
trifluoromethylchlorosulfonylationwasachieved that wayshowing the first evidence for the unique
catalyst prgerties of copper complexes in ATRA reacti&h3his method was then later used for the

synthesis of trifluoromethylated sultones from alken@fs.
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Jung, Han 2014:

o R2 Ru(phen);Cl, (1.0 mol%) Cl
X K,HPO, (0.3 equiv. R2
F3C_§_C| + %\R?’ 2 4 ( q ) F3C\H<R3
@) R1 MeCN, rt, R1
LED (A = 455 nm)
89 90 9
20 examples, 54 - 99%
Dolbier 2015:
Cu(dap),ClI (0.5 mol%)
KoHPO,4 (0.2 equiv.) Cl
I 2 4
R—S—-Cl + Z EWG - R
o DCE, rt, f EWG
visible light
92 31 93
Rf = CF3, CFzH, C4F9 Rf = CF3, CF2H, C4F9
43 examples, 51 - 99%
Reiser 2015:

Cu(dap),CI (1.0 mol%)
0 R’ K,HPO, (2.0 equiv.) S0,CI

I
—Q + = R1
FsC (.S). Cl )\RZ P F3c3J<R2

LED (A = 530 nm)

95

89
94 9 examples, 56 - 87%

Scheme21. Differentvisible lightmediated trifluoromethylations of alkend®:4
These findings from the Reiser group indicate that cofyaealyzed photoredox reactions cproceed

in an innersphere mechanism and therefore open up new reaction pathways for ATRA reactions

compared toother common photocatalysisvhere reactions proceed in their outer sphere.

Q
hV F3C_§_C|
_— [edr 0
o—(ézl—o [Cul 89
; CF, |
R [Cu ]—sozcn CF4
101
SOCl [Cu”]
[Cu'" . SOZCI R1
CF
R1J\/ 3 R1/\/CF3
100 1/\/CF3
98

Scheme22. Proposed innesphere mechanism for the trifluoromethylchlorosulfonylation of alkenes with
Cu(dap)Cl(50).188

The proposed reaction mechanism for the trifluoromethylchlorosulfonylation of alkenes starts with a

SET from the excited Cug¢Decies to the triflyl chlorid€89) to generate the Gfradical and the
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unstable SeClfragment that is stabilized by coordination &aCu(l3species96. The Ciradical adds

to the alkene97 to generate the radica®8. There are now two possible pathways for the product
formation: the Cu(IBspecies96 can either transfer its SGI ligandto the radical98 (via 99) or the
radical 98 could bind to the Cu(HBomplex96 to form a Cu(lljntermediate 100 which canthen
undergo reductive elimination to the produt01(scheme 22488

In recent years, the Reiser group alsteveloped and used some copperdmplexes as
photocatalysts like Cu(dap)}C102)®” (figure 2)or [Cu(dmp)CI]CI(113).88

In 2018, the oxeazidation of vinyl arene$04 was reported using the copperfdpmplex Cu(dap)&l
(102) (scheme23). Spectroscopic analysis confirmed the formation maaabridged Cu(IHlimer with
<max=525 nml®” In 1962 Kochi showed that copperdhloride undergoes homolytic cleavage of the
CuCl bond under UV light irradiation to generate coppectiloride anda Cl radicaf? Based on this
observation, it was proposed that the abkadged Cu(llcomplex can undergwisible lightinduced
homolysis (VLIH) to generate an azide radical.

Other unigue transformations of copper photocatalysts involved the AER&ion of perfluoroalkyl
iodides106 with styrenes and phenylacetylend&97. While ATRA reactions of perfluoroalky! iodides
and olefins have been reported with common rutheniuand iridiumbased photocatalyst¥! as well

as organic dye$¥ the reaction of styrenes has never been successful under these conditions. The
unique character of the copper catalyst with its ability to involve irsmitere cycles and
Cu(llBintermediates was attributed to the successtiis transformation’®d Cu(dap)Gl(102) was also
shown to be very effective for the chlorosulfonylation of olef6@°@ and the ATRA reaction of
iodoform (111)*4 (scheme?23). In both cases common photocatalysts were not effective and

inner-sphere mebanisms of coppespecies were proposed.

OMe

OMe

Figure 2The copper(Ilcomplex Cu(dap)&(102) developed by Reisat al 7
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Reiser 2018:
Cu(dap)Cl, (1.0 mol%) o
u(da .0 mo
TMSN;  + R, it : N3\HJ\Ar
MeCN, rt, air
103 104 LED (A =530 nm) R
105
28 examples, 10 - 85%
Reiser 2018:
/ Cu(dap),CI (1.0 mol% I
R/I N = (dap).Cl ( o) n
f R MeCN, rt, < R
106 107 LED (A =530 nm) 108
29 examples, 40 - 93%
Rei 2019:
eiser Cu(dap)Cl, (1.0 mol%)
O Na,COj3 (1.0 equiv. o o0 Cl
RI-S-CI + R GaRALLN LN
i MeCN, rt, R!” R?
LED (A = 530 nm)
109 59 110
50 examples, 37 - 99%
Reiser 2020:
Cu(dap)Cl, (1.0 mol% [
CHI; + DR P | ? LHe A
MeOH, rt, 2 R
11 8 LED (1 = 530 nm)

112
23 examples, 61 - 97%

Scheme23. Coppercatalyzed ATRA reactions and related transformations developed by Readf 9294

Recently, direct evidence for thasible lightinduced homolysis (VLIH) of [Cu(da@)CI(113) was
published by Reiser and Castellano. Static spectroscopic investigations, ultrafast transient absorption
and electron paramagnetic resonance (EPR) spin experiments showed that homolytic bond cleavage
of the CuCl bond occurs under blue light irradiafio =427 or 470 nm). This cleavage corresponds

to a CI'h Cu(ll) ligando-metal chargdransfer (LMCT) and leads to the formation of the
copper(l}yspecies [Cu(dmglCl(114) and a Cl radical (scherad).®¥
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VLIH

113

Scheme24. Visible lightnduced homolysis (VLIH) of [Cu(da@}Ci113).°%

As these examples have showrisible lightmediated photoredox catalysis using transitioretal
complexes or organic photocatalysts can be widely used for atom transfer Iraditiions and led to

the discovery of various new ATRA reactih¥!

But visible lightphotoredox catalysis can also be applied to AT&#&ted processes. Photocatalytic
atom transfer radical cyclizatisfATRC) are challenging because the quenching cycle of the catalyst
can lead to the formation of reduced products and therefore the hatofyectionalities can be lost.
Neverthelessin 2013 Yaet al. have shown that the oxidative quenching cycldaafir(ppy) (49) can

be used for the intermolecular [3 + 2] ATRC reactiondinfethyl2-(iodomethyl)cyclopropane
1,1-dicarboxylatg115) with olefins116to generate cyclopentane/cyclopentene derivatiigds’ under

mild conditions. For unactivated alkenes the use of Zn(£&d)ewisicid was needed. (schern2é).[*d
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fac-Ir(ppy)s (1.0 mol%)
CO,Me Zn(OAc), (2.5 equiv.) MeO,C

. DIPEA (1. iv. MeO,C
M602C + %\R ( 0 eqU|V=) 2
|

DCM/H,0 (4:1) |
40 °C, 14 W CFL R

115 116 17
24 examples, 13 - 92%

Selected examples:

MeO,C MeO,C MeO,C
M602C MeOZC MeOZC
I | I
O'Bu T™S 0
118, 85% 119, 92% 120, 88%
2.6:1 7.3:1 27:1
MeO,C MeO,C MeO,C
MeOzC MeOZC MeOzC
[ I
Ph
121, 86% 122, 83% 123, 41%

Scheme25. Visible lightmediated ATRC afimethyt2-(iodomethyl) cyclopropand,l-dicarboxylate(115) and
olefins116.°8

Since thenvarious catalytic systems have been applied for ATRC to afford a number-gjstegnd®

In 2012, the Hawker group could demonstrate tfet-Ir(ppy) (49) can be used for the atom transfer
radical polymerization (ATRP) of methyl methacry(af5) with ethyl-" -bromophenylacetat€124) as
initiator. Only ppm amounts of catalyst were needed to perform a living radical polymerization that

allows for excellent spatial and temporal control over the ckgriowth process (schen6).[d

fac-Ir(ppy)s

EtOZC\rBr JJ\ (0.005 mol%) EtOC Br
+ > n
Ph MeO,C DMF, rt Ph CO,Me
50 W CFL
124 125 126

Scheme26. Visible lighimediated ATRP ofiethyl methacrylat€125) with ethylh -bromophenylacetat€124) as
initiator.[209

In photoredoxcatalyzed ATRA reactions of olefithe generation of a carbocation plays an important

role. This intermediate is usually trapped by the halide that is formed in the mechanism of a typical
ATRA reactiorbut trapping by numerous other nucleophiles added to the reaction is also plausible.
This way, multicomponent ATRA reactions could give access to a large variety of vicinal difunctionalized
molecules. Even though these multicomponent reactions do not give a perfect atom economy

anymore, the ability to synthesize hagfunctionalized componds in a single step is of great interest.
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In 2012 the work group of Masson developed a threemponent oxyalkylation reaction usingiaible
light mediated ATRA approach. The reaction of enecarbani&t@with diethyl bromomalonatg127)
and alcohold29was performed using [Ir(ppydtbbpy)]Pkas photocatalyst in a reductive quenching
cycle with BN as sacrificial electron donor. In the reactiarmalonate radical is formed which then
adds to the enecarbamat&28 The resulting radical is oxidizeg b Ir(ll)species to generatera
iminium-ion which is trapped by the alcohol to vyield ial f { & f icaib@rRidoether 130
(scheme27).1204

0 [lr(ppy)z(dtbbfy)]PFe 0
CO,Et . R1JLNH . RYOH Et3(l\11.?2.r80elcﬁ,|)iv.) _ R1J]\NH CO,Et
EtO,C~ "Br R27X 3 zgwbr;’l_ R*0 re T CO,Et
127 128R 129 1§0

10 examples, 45 - 99%

Selected examples:

o) 0
J - M 9
BnO” “NH CO,Et BuO” “NH CO,Et
MeO” “NH CO,Et
EtO CO,Et EtO CO,Et
EtO CO,Et
OTBDPS
131, 99% 132, 84% .
3:1 1:1 133, 62%
o)
J\ NV o AcHN OEtCO,Et
BnO”~ "NH CO,Et A NN c 2
0~ ONH CO,Et
EtO CO,Et COEt
2 EtO CO,Et
134, 92% 135, 45% 136, 74%

1:1 1:1 1:1
Scheme27. Visible light mediated three-component ATRA reactioof enecarbamatesl28 with diethyl
bromomalonate(127) and alcoholg 29,104

Using this method of threeomponent photoredoscatalyzed ATRA reactions, a plethora of interesting
transformations like oxytrifluoromethylations fo styrene§®@ and enecarbamatgd®® the
hydroxytrifluoromethylation ~ of  styrengd®®  hydrotrifluoromethylation of  alkeng8%
aminotrifluoromethylatiort'®d or carbotrifluoromethylatioh®? were achieved.

Going even one step further, Massenal.could demonstrate a foucomponent ATRA reaction using
visible lightmediated photocatalysis. The azidoalkoxytrifluoromethylation of alkenes was achieved
using Ru(bpylPR): & LIK2 G2 O G f & & ((137) \va¥ Gs¥kad @r@liEal MdiBde BIfcy (i
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was trapped by an alkent39 and the formed carbocation was trapped with a carbonyl compound
138 which then got attacked by an azid®3 Overal]l a sequence of G, CO- and GN-bond

formations was achieved in orstep to generate highly functionalized compounds (sch@g)e'°d

N3
Ru(bpy)s(PFe) 1
O 0 R (5.0 m30|%)6 ’ o)TRFé
©) + J]\ + J\/RS + TMSNj; - >
o S R1 R2 R3 DCM, rt, R3 CF3
\ 4
BF, CFs blue LEDs R RS
137 138 139 103 140

23 examples, 20 - 77%

Selected examples:

N3 )Ni)\ N3
o)\ o) o\
O 1. T L, @

141, 74% 142, 68%

0,
56:44 50:50 143, 52%

NE

o)N% o$ o

> CF, /©)i
CF4 Cl CF3

144, 50% 145, 51%

0,
92:8 52:48 146, 44%

Scheme28. Visible lighmediatedfour-component ATRA reactiasf alkenesl39¢ A 1 K ! YSY2 (1B®& NXBI 38
carbonyl compound&38and TMShI(103).108

With the reinvigoration ofvisible lightmediated photoredox catalysis, ATRA chemistry has been
developed into a powerful tool for the difunctionalization of alkenes and alkynes. ATRA reactions
developed in the middle of the #0century usually required harsh conditions, hazardous or toxic
reagents and suffered from poor selectivity. With photoredox catalysis, ATRA reactions can now be
performed under mild conditions with high selectivity and good catalytic efficiency. The unique
properties of photocatalysts originating from various compoundss#s such as organic dyes,
semiconductors and most importantly transitionetal complexes of iridium, copper and ruthenium
have led to new ways to perform highly efficient and ambitious ATRA transformations. ATRA processes
are highly atorreconomical and wh its ability to create complex structures in one step they have the

potential to become a usefuhethod for the synthesis of natural products and pharmaceuti€4ls.
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B Main Part
1. Visiblelight mediated allylation reactions withallylsilanes

1.1 Literature background

The introduction of the allyl functionality into organic molecules plays an important role due to its
various further useful transformationsuch asdihydroxylation, epoxidation, ozonolysis, olefin
metathesis and moreThe allylation of organohalides is one of these powerful tools for intrindtlee

allyl functiorality.’®® There are many reagents that can be used for the allylati@nGC bond
formation such as allyl halidg$? allyl boranes and boronat&s! or allyl Grignard&*2 Anotherpotent
allylation reagent is allyl tributyltifil48) which can be used for the allylatiasf organohalides by
radical initiationvia azobisisobutyronitrile (AIBN),4Btor under photochemical conditiofi$3

In 2012 the Reiser group showed that the copper photocatalyst Cugda(50) is able to catalyze the
allylation of varioud' -halo carbonyl compound447 with allyl tributyltin (148) as allylating reagent

under visible lightrradiation (scheme29)."4

@) (0]
1 X Cu(dap),Cl (1.0 mol%) 1 /
R\)KARZ + /\/S“Bus > R R?

| | MeCN, rt,4-15h | |

L LED (1 = 530 nm) DN
147 148 149
X =ClI, Br 12 examples, up to 89%

Scheme29. Visible lightmediated allylation ofi -halo carbonyls147with allyl tributyltin (148).l74

Since then, a variety of approaches for photoredaxalyzed allylations have been establistédin
2017 Leonorét al.showed that allyBRK(151) can be used as allylating agent for electrophilic radicals
generated from bromomalonates and benzylbromides under visible light using eof) Yas

photocatalyst (scheme 3.3

eosin Y (2.0 mol%)

15\2 E.c  DIPEA (2.0 equiv.) 1 R?
R + NP3 R
LED (% = 530 nm)
150 151 152

11 examples, up to 70%

Scheme30. Visible lightmediated allyation ofh -halo carbonyls150with allyFBRK (151).119

Already in 2012, the Reiser group tried to look for more ecologically benign alternatives to allyl
tributyltin as allylating reagent. It was shown thaltyltrimethylsilane(159) can also be used for the

visible light mediated allylation using Cu(d#}iY50) as catalyst but only one example was met with
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succes$¥ Shortly after, the Gouverneur group used more complex allylsilan&8 in
photoredoxOl G t 8T SR G NA Ff dz2 NR YS { K& {1540 As?2 CEsourag Aandk ¢ 2 3y
Ru(bpy)Ck (46) as catalyst (scheme 319

FFs
TMS |\O Ru(bpy)3Cl5 (5.0 mol%) CF4
B +
R(\/\Rz MeOH, rt, 24 h R1vR2
O 14 W light bulb
155
153 1.8 equiv.

13 examples, up to 83%
154

Scheme31. Visible lighimediatedtrifluoromethylation of allylsilane453¢ A (1 K ¢ 2 3 y(858.89 NB I ISy i

The Reiser group also tried to expand the allylation reaction using allylsild&vewith the new
copper(l}bisisonitrile complex Cu(dpp)(binc)B&nd could show in three examples that diethyl

bromomalonatesl56can also be used in this reaction (schemg$2

o o Cu(dpp)(binc)BF4
M ) (1.0 mol%) Rgif\
+ R%/\/TMS >
EtO e OEt MeCN, rt, 24 h EtO,C 0
r 3.0 equiv. LED (i = 455 nm) R2
156 157 158
R'=H, Me R2=H, Me 3 examples, 64 - 82%

Scheme32. Visible lightmediated allylation of -halo carbonyls156with allylsilanes157.11
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1.2 Visible lightmediated allylations of' -halo carbonyls

So, it was shown that allylsilanes carfant be used in photoredegatalyzed allylation reactions but
only on few selected exampl&4:1*? Therefore this reaction was further explored by finding the best
catalysts and conditions while expanding the scope of the allylsilanaeghohalides and
h-halo carbonyls Furthermore, investigation into other radical sources were carriedAsifa starting
point for the investigation of the photoredesatalyzed allylation using allylsilanes the reaction of

diethyl 2bromomalonate(127) andallyltrimethylsilang(159) was chosen (table 1).

Tablel. Optimization of the reaction adiethyl 2bromomalonate(127) and allyltrimethylsilang159).

CO,Et . s [PC] (0.5 mol%) CO,Et
EtO,C~ "Br 3.0 oquiv. solvent, rt EtO,C X
127 159 160
Entry Catalyst Light Solvent Time Yield

1 Cu(dap)Gl 530 nm MeCN 40 h 75%
20 Cu(dap)Gl 530 nm MeCN 40 h 74%

3 Cu(dap)Gl 530 nm MeCN 24 h 55%

4 - 530 nm MeCN 40 h -

5 Cu(dap)Gl - MeCN 40 h -

6 Cu(dap)Gl 455 nm MeCN 40 h 60%
70! Cu(dap)Gl 530 nm MeCN 40 h 62%
8lcl Cudap)d 455 nm MeCN 40 h 55%

9 Cu(dap)Gl 530 nm DMF 40 h 32%
10 Cu(dap)Gl 530 nm DMF/HO (1:4) 40 h 34%
11 Cu(dap)Gl 530 nm DCM 40 h -
12 Cu(dap)Cl 530 nm MeCN 40 h 68%
13 Cu(binc)(dpp)BF 455 nm MeCN 40 h 57%
14 Ru(bpy3Chb 455 nm MeCN 40 h 48%
15 fac-Ir(ppy) 455 nm MeCN 24 h 93%
16 IrfdF(CBppyk 455 nm MeCN 24h 91%

(dtbbpy)PE

Standard reaction condition427 (0.5 mmol),159 (1.5 mmol), photocatalyst (0.5 mol%), solvent (1 mk), N
atmosphere, rt!31.0 mol% of photocatalysfl2.0 equiv.of 159, [F11.0equiv.of N&CQ was added.
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The reaction 0127with three equivalents of the allylsilarib9using 0.5 mol% of the newly discovered
copper(Ilcomplex Cu(dap)gll02®ldzy RSNJ INBSYy f AIKG ANNI RALBOAZY 06<
in good yield of 75% after 40 h.

Increasing the catalyst loading to 1.0 mol% did not benefit the reaction (entry 2). Changing the solvent
FNBY aS/b (2 20§KSNI 02 YY?2 yiiceaseditie S/iRlds {edtfie®@ § 1.4 | f & 2
Surprisingly, the reaction did not proceed at all in DCM (entry 11). When the light source was changed

G2 of dzS f A 3d yieldl decréased  BO%y(eritby 6). Trying to lower the amours6f

from three totwo equivalents also gave lower yields, indicating that an excess @ifllfisilanel59is

necessary. The addition of the base.B@, which was previously shown to improve some
Cu(dap)Gicatalyzed reaction® did however give a reduced yield of 55% (entry 8). Control
experiments revealed that both the catalyst and light irradiation are necessary for the reaction (entry

4 &5).

Comparing these results with some wedtablished catalysts shows that the coppecmplex
Cu(dap)Cl(50) and the coppetbisisonitrile complexCu(binc)(dpp)BFE*7 give lower yields than the
new copper(Iicomplex Cu(dap)&(102) (entries 12 & 13). The rutheniwmasedcatalyst Ru(bpyCh
(46) also only gives the product in 48% di€entry 14). Employing common iridivbased catalysts
such asfac-Ir(ppy) (49) and Irf[dF(CE)ppyk(dtbbpy)PEnot only raised the yield to 91% and 93%,
respectively, but also lowered the reaction times from 40 to 24 h. Therefacdr(ppy) (49) seems

to be the best catalyst for these transformations.
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With these optimized reaction conditions at hand, the substrate scope was expanded using some more

carbohalides bearing two electremithdrawing groups and some substituted allylsilarsshéme 33).

R' fac-Ir(ppy)s (0.5 mol%) R" R?
EWG-

R2
: >  EWG
EWG~ “Br /‘\/TMS MeCN, rt, 24 - 44 h EWG>|\/§

LED (A = 455 nm)

3.0 equiv.
CO,Et s CO,Et
Et0,C” “Br ~ Etozc)\/\
160, 24 h, 93%
127 159 [Cu(dap)Cl, 75%]
CO,Et EtO,C
2.) )\/TMS )\/g
Et0,C” “Br EtO,C
162, 24 h, 78%
127 161 [Cu(dap)Cl, 62%]
CO,Et Bh Et0,C  Ph
3.)
Et0,C” “Br %I\/TMS EtOZCM
164, 24 h, 92%
127 163 [Cu(dap)Cl, 68%]
EtO,C CO,Et Et0,C CO,Et
4)) /\/TMS
Br X
166, 24 h, 72%
165 159 [Cu(dap)Cl, 48%]
o o Os__Ph
5) PhMPh ANTMS 0 N
Br Ph
168, 44 h, 42%
167 159 [Cu(dap)Cl, 9%]

Scheme33. Substratescope of different carbohalides and allylsilanes; Comparison betfieeein(ppy) (49) and

Cu(dap)Gi102).
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All reactions were performed with bottac-Ir(ppy) (49) at blue light irradiation andCu(dap)G(102)

at green light irradiation to get a good comparison of these two metaled catalysts in these
reactions. Whertrimethyl(2-methylallyl)silang(161) was reacted withl27, the product162 with a
methylsubstituted allyigroup was obtained in good vyield (78%singfac-Ir(ppy) (49), while the
coppercatalyzed reaction gave lower yields (entry 2). Using an allylsilane with a phenyl substituent
163in the same position gave excellent results (92%) with the iridium catalyst @ntGhanging to
diethyl 2bromo-2-methylmalonatg(165) gave the producl66in good yield (entryl) but considerably
lower than without the additional methydubstituent (entry 1) indicating that an increased steric
hinderance at the radical center and its bet&tabilization could affect the reaction. When the ester
moieties were replaced by benzoyl grouj&/ (entry 5) the yield dropped drastically (42%), especially

in the case of Cu(dap)C102)(9%). This can be explained by a dehalogenation of the starteyial

167 followed by a favored ketenol tautomerization to form(2-3-hydroxy1,3-diphenylprop2-
enlone(169 6 KA OK A& &iGlFoAt Al SR -sydtent (sthe®d&3d): Iyf casehof the2 y 2 dz3
iridium-catalyzed reaction only 5% of this sipmduct were observed while in the case of copper 75%

were received, explaining the low yield of the desired product.

o 0 Os_Ph ’
ph)K(U\Ph . /\/TMS fac-Ir(ppy)s (0.5 mol%) o N o 0
Br 3.0 equiv. MeCN, rt, 44 h h PhMPh
LED () = 455 nm) Ph
167 159
168, 42% 169, 5%

[Cu(dap)Cl, 9%] [Cu(dap)Cl, 75%]

via
O S o
Ph I Ph PhMPh
170 169

Scheme34. Reaction oR-bromo-1,3-diphenylpropanel,3-dione (167) and allyltrimethylsilang159); formation
of sideproduct169.

30



B Main Part

Next, some halides that only bear one electwithdrawing group were used for the allylation
(scheme 35).

R? fac-l 1.0 mol? R2
Ry\ N /\/TMS ac-Ir(ppy)s (1.0 mol%) - Ry\/\
EWG X ) MeCN, rt, 44 - 48 h EWG N
3.0 equiv. LED (% = 455 nm)
X =Cl, Br 159
O 0
X _
1.) _~_-TMS
X = Br, 173, 48 h, 56%
X = Br, 171 _ 7 ’ ]
X = Cl, 172 159 X =Cl, 173,48 h, 72%
[Cu(dap)Cl, 0%]
O 0
2.) X _~_TMS >
X = Br, 176, 44 h, 64%
X =Br, 174 - on : :
X = Cl, 175 159 X =Cl, 176, 48 h, 28%

[Cu(dap)Cl, 0%]

0] 0]
3) _~_-TMS
B =
BnO)K/ r BI’IO)W

178,44 h, 76%
[Cu(dap)Cl, 0%]

177 159

Unsuccessful activation of:

F
- . CO,Et o
G L
F F O2N

F

179

124 180 181

Scheme35. Substrate scope of differefit-halo carbonyls; unsuccessful substrates

These compounds are more difflcto activate, therefore the catalyst loading had to be increased to

1 mol% to achieve full conversion of the starting materials and longer reaction times were necessary.
With 2-bromoacetophenone(171), the allylated productl73 was obtained in 56%ield (entry 1).
Surprisingly, the reaction did not proceed with Cu(dap(®l2) even though this compound has been

used in coppecatalyzed ATRA reactiobsfore”® Interestingly, when the bromine was replaced by
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chlorine the same product73was obtan in even higher yield of 72%. This would not be expected
since the chloride should be a lot harder to activate but in literature the same counterintuitive
reactivity was also observed when the allylation was performed using tributylalid48) and
Cu(aap)Cl (50).% ¢ K Sbromo- I Y Rchlbro-derivative of ltetralone were synthesizedl{4 and

175) and the outcome of the reaction showed that in this case the bromo compound gave more than
twice the yieldof 176thanthe chloro compound (entry 2). Thidontrary to entry 1, but also again in
accordance with what was reported in literature for these two compoufis. K Sy {brigrSo- b
esterl77was used the product78was obtain in good yield of 76% (entry 3).

¢NBEAY3I (G2 SELI YR (K Shalé cabeényichihpduSds shored.dBe limitS 8f2his R b
reaction. Activation of the electredeficient bromebenzene derivativd79was not possible with the
iridium-catalyst. Ehyl 2-bromo-2-phenylacetate(124) which seems to be a suitable substrate to
generate a radical in benzylic position did however not undergo the allylation. Instedg
decomposition of the starting material was observed. The eleetteiicient 4nitrobenzyl bromide

(180) which was already @sl in ATRA related procesEé%also did not give the desired product and
instead only partial consumption of the starting material was observed giving rise to the dimerization
product of the generated radical in traces. This has been observed for Qufttap)G (102 and
fac-Ir(ppyk(49).In the case of the perfluorinated iodidé81both catalysts only gave traces of product.
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1.3 Visible lightmediated allylations ofsulfonyl chlorides

The generation of sulfuradicals has beedeveloped as a useful tool in the formation of various
GSbonds!*™¥ In the Reiser group, sulfonyl chlorides were already used for various
photoredoxcatalyzed processé¥:*12? Sulfones are a very important compound class which can be
found amongstvarious biologically active molecules and drugs and are used in many useful
reactionsi*?d Especially allyl sulfones have been used in organic chemistry for a variety of
transformations’’?d Therefore, it was tested if this approach for the photochemadbilation would

also be feasible for sulfonyl chlorides. With that, a new a synthetic route for useful allyl sulfones under

very mild conditions starting from benign and abundant starting materials could be accomplished.

As a starting point for this investigation, the reaction of tosyl chlo(i®?) and allyltrimethylsilane

(159 in MeCN was screened (table 2).

Table2. Optimization of the reaction absyl chloride(182) and allyltrimethylsilang€159).

O\\S/CI [PC] (0.5 mol%) O\\S/\/ O\\s/\ﬁms
N+ TMS > \ + \
b T A MeCN, rt /©/ 0 /©/ 0 ¢
3.0 equiv.
182 159 183 184
Entry  Catalyst  Additives Work-up Light  Time Yield Yield
183 184
1 Cu(dap)Gl - - 530nm 48h 53% -
2 Cu(dap)Cl - - 530nm 48h 46% -
3 fac-Ir(ppyk - - 455nm 48h 28% -
4 Cu(dap)Gl - - 530 nm 48 h 18% 599
5 Cu(dap)al - KOH (4 equiv.) inB at rt 530nm 48h 71% -
6 Cu(dap)al - NaF (2 equiv.) ing@ at50°C 530nm 48h 75% -
7 Cu(dap)Cl - NaF (2 equiv.) in at50 °C 530 nm 48 h 68% -
8 fac-lr(ppyk - NaF (2 equiv.) ing at50°C  455nm 48h 3% -

9  Cu(dap)Gl NaCQ  NaF (equiv)inHOat50°C 530nm 18h 90% -

(1 equiv)

10  Cu(dap)Gl KHPQ NaF (2 equiv.) in#@® at50°C 530nm 26h 77% -
(1equiv.)

11  Cu(dap)Gl NaCQ - 530nm 18 h 29% 63%!
(1equiv.)
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12 faclr(ppyr NaCQ NaF (2 equiv.) ind® at50°C 455nm 18 h 57% -

(Lequiv.)

13 - NaCQ NaF (2 equiv.) in® at50 °C 530 nm 48 h - -
(Lequiv.)

14 Cu(dap)Gl  NaCQ NaF (2 equiv.) inJ@ at 50 °C - 48 h - -
(Lequiv.)

[ElYield determined using 1,3ffimethoxybenzene as internal NM&fandard.

The reaction only gave moderate yields of 53% and 46% when the two copper catalysts
Cu(dap)Gl(102 and Cu(dapftl (50) (entry 1 & 2) were used. The yield was even lower with
fac-Ir(ppy) (49) which only gave 28% (entry 3). During the reaction, a second product was observed
on the TLC and in the crude NMR this side product was found to be the actual ATRA pBsduct
However, this compound could not be isolated by column chromatography. Theréfe yield of the
allylated productl83 and the ATRA produdi84 were determined by adding 1,3fimethoxybenze

as internal standard to the crude mixture and subjecting it to NMR spectroscopy (entry 4). That way, a
yield of 18% for product83 and 59%for the ATRA product84were found. This is surprising since

the isolated yield of the reaction after column chromatography gives a higher yield of 53%. This
indicates that during the chromatography the ATRA prodi# actually undergoes elimination to
form the allylated produc183. The combined NMR yields of both products in entry 4 would add up to

a total of 77%. This means that conversion of the ATRA prdsto the allylated productl83
undergoes with a loss of about 24%. To avoid thatas tesed if this elimination could be achieved
before purification to avoid loss of product. Adding an aqueous solution of KOH after irradiation was
complete and letting it stir at room temperature for an additional hour led to an increase of received
allylatedproduct183to 71%. Since silicon atoms are known to form bonds with fluorine rather easily
it was also checked if NaF could also be able to eliminate the TMS group from the ATRAX8dduct

In case of NaF, the reaction temperature had to be increas&dttC to get full elimination but with

this method a yield of 75% could be achieved which is almost the maximum of the yield that would be
possible after the photoreaction (entry 6). During the investigation of this readtiamms found in the
Reiser goup that addition of inorganic bases, such as®@, to photoreactions of sulfonyl chlorides

with copper catalysts can lead to much higher yi¢il#And in fact, the addition of one equivalent of
NaCQ to the photoreaction not only increased the yi¢tdl90% but also drastically lowers the reaction
time to 18 h (entry 9). Usingl{PQ as the base did not have a great effect on the yield but also lowered
the reaction time (entry 10). With these improved conditions the yielddofr(ppy)(49) also rog to

57% and the reaction time decreased but the copper catalyst was still the best catalyst for this reaction.

If the yields oft83and the ATRA produdi84 are determined again with the addition of p&Q via
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internal NMR standard, 29% of the allyl compout®B and 63% of the ATRA produt84 were
observed (entry 11). Comparing this to the reaction without the base shows that there is an overall
much higher combined yield of 92% compared to 77% but also tie lvatween both compounds is
shifted to the allylation side, indicating that the base already partially facilitates the elimination
(Scheme 3p

— \ ~
29%@
Cu(dap)Cl, b
o . (0.5 mol%) 183 90%(r)\1 F (2.0 squiv)
. . aF (2.0 equiv.
Na,CO5 (1.0 equiv.)| (v, [
S\\ . /\/TMS 2CO3 ( q ) (b)Y|e|d dete'rmlned by NMR MeCN/H,0 (1:1)
0 MeCN, rt, 18 h | ®Isolated yield 60°C, 1h
3.0 equiv. LED (A =530 nm) ,
182 159 2
s\\/\(\TMS
L . O cl
63%@

184

Scheme36. Comparison of isolated yield 483 with and without workup with NaF Observation of ATRA
product 184 prior to workup.

With the optimized conditions at handhe scope of sulfonyl chlorides and allylsilanes was now
explored (scheme 37). Sevegra-substituted aryl sulfonyl chlorides we tested with very good
yields. As expected, electramithdrawing substituents such as nitrand fluoregroups worked very
well. More surprisinglythe sulfonyl chloridel91 with an electrondonating methoxygroup gave the
best results with an almost guéitative yield of 98%. Going fromara- to ortho-substitution of the
methyl and nitro-group, a rather big decline of yields from 90% to 75% and 86% to 62% is seen which
might show that increased steric effects could hinder the reaction. This is eventheocase for the
reaction of 2mesitylenesulfonyl chlorid€203), which has two methyfroups inortho-position. The
reaction of this compound only gave the prod@fi4in 11% yield. The same can be seen when the
perfluorinated benzenesulfonyl chloridd1was used which also only gave 45% of the pro@d&
Methanesulfonyl chlorid05 can also be successfully applied demonstrating that the reaction is not

limited to aryl sulfonyl chlorides but also works with alkyl sulfonyl chlorides.
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1.) Cu(dap)Cl, (0.5 mol%)
Na,CO3 (1.0 equiv.), MeCN, rt

_Cl R? 18 - 24 h, LED (A = 530 nm) 0
S A s - Y
R™ 0 2.) NaF (2.0 equiv.) Ry 2
3.0 equiv. MeCN/H,0 (1:1),60 °C, 1 h

O\\s _cl O\\s A~ O\\S/ .
\\ \ W\ W\
R R R R

R = Me, 183, 18 h, 90%

R = Me, 182 _ ;
R = NO,, 185 ;Tr,:g S°1a;:' ‘;i T] 936/0"/ R=Me, 193 R =Me, 194, 20 h, 75%
R=H, 187 R=H 1258 2"”] 8(')0/ ° R =NO,, 195 R = NO,, 196, 24 h, 62%
R=F, 189 RS PO R=Br,197 R =Br, 198,24 h, 90%
R=OMe 191 R=F 190,20 h, 90%
- ’ R = OMe, 192, 20 h, 98%
F o F o
(0] O cl
\\S/CI S/\/ e \\S/ E \\S/\/
(@) \ O \\ \\
P ° 1 ° ° 7
N N F F F F
H H F F
200, 19 h, 81% 201 202, 20 h, 45%
o} o}
el N o) o)
S\\ S\\ \\S/Cl \\S/\/
O e \ e \S
204,23 h, 11% 205 206, 24 h, 57%
o} o}
» _ClI \
\S\ \S\/Y
/©/ 0 T™MS /©/ 0
182 161 207, 20 h, 69%
o}
\\S/Cl Ph /\’/
)ij S A _ms )ij ;
182 163 208, 23 h, 65%

Scheme37. Substrate scope of differesulfonyl chlorides and allylsilarniea) no workup with NaF necessary.

Pleasingly, the substituted allyl sulfon&81 and 163 also gave good results even though the yields
were noticeably lower than with59. Surprisingly, in the case of the phenyl substituted siteé&no
ATRA product was detected on TLC and in the crude NMR therefore the additionaipweith NaF
was not necessary. In an attempt to test if this reaction could be scalethemllylation of tosyl

chloride (182) was performed on a 5 mmol scale. All reagents and solvents were increased tenfold
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and the reaction carried out in a bigger flask (figure 3). Only the light source was the same as in the
0.5mmol reaction. Probably due to that fact that the light integsitas not increased, irradiation for
46 h was necessary to achieve full conversion. The outcome of the reaction was equally successful as

on small scale with 90% yield and 0.89 g of the prod88tobtained in a ongot process.

Figure3. Photochemical ig-scale setup synthesis of-(allylsulfonyB4-methylbenzeng183).

37



B Main Part

1.4 Visible lightmediated allylations ofN-chloro-amines

In recent years, the generation dfl-centered radicals has become a very powerful tool in
photoredoxcatalyzedsynthesig!?¥ For example, protectetl-chloro amine209can be used in ATRA
processes to achievd-chloroamination of vinyl arene®7.'>4 In the Reiser group, it was shown that
these reactions can also even be outperformed with copper photocatalyestpecially for

electrondeficient arene8? (scheme 38

fac-Ir(ppy)s or

R? Cu(dap),Cl (1.0 mol%) cl R?
RITX + _N. 2 - 1J\/N\ 2
Cl ’/S\RS DCE, rt,6 h R ’/S\R3
LED (A =455 nm) 0]
97 210
1.5 equiv.
209 22 examples, up to 83% (fac-Ir(ppy)s)

21 examples, up to 98% (Cu(dap),Cl)

Scheme38. N-chloroamination of olefin®7 with N-chloro-amines209 andfac-Ir(ppy)%™*?4 or Cu(dap)Glit?3

These promising results initiated further research into whetRexentered radicals could also be used
for a new mild approach towards the allylation of amines and amides. Studies began by investigating

the reaction ofN-chloro-N-methyk4-nitrobenzenesulfonamid€11) (table 3).

Table 3. Optimization of the reaction ofN-chloro-N-methyl4-nitrobenzenesulfonamide (211) and
allyltrimethylsilang(159).

0 ,L 1.) [PC] (0.5 mol%) o |

Yo N~ DL NN
: 'S\b cl o, TS MeCN, rt R : S\b X
02N 3.0 equiv. OZN
211 159 212
Entry Catalyst Light Time Yield
1 Cu(dap)Gl 530 nm 40 h 52%
2 fac-Ir(ppyk 455nm 40 h 50%
36 Cu(dap)cl 530 nm 18 h 77%
4 - 455 nm 40 h 36%

[8l1.0equiv.of N&CQ was added; 2.@quiv.of NaF in 1 mL of#® was added after irradiation and heated to
60 °C for 1 h.

Fortunately, allylation was achieved in moderate yields with both Cu(dafd@@ (entry 1) and
fac-Ir(ppy) (49) (entry 2) in 40 h. Applying the optimized reaction conditions from the reaction with

sulfonyl chlorides and copper catalysts also improvexitield to 77% and decreased to reaction time
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to 18 h in this case (entry 3). It is known that these compounds can already be activated by visible
light*?412% so an according control experiment was performed as well. Under blue light irradiation

0 =455 nm) without any catalyst for 40 h, the prodi&t2was obtained in 36% yield (entry 4).

With these conditions at hand was tested if the reaction also proceeds for differdlathloro amines.
Going from the strong electrowithdrawing nosyigroup in211to the tosyl protected amin@13there

is already a yield drop to only 49% (scheme 39).

1.) Cu(dap)Cl, (0.5 mol%)

O\\ ,L Na,COs3 (1.0 equiv.), MeCN, rt o} l\ll
PAARN - N
SCC L _T™s LED (> =530nm) 8; X
0 _ 2.) NaF (2.0 equiv.) 0
R 3.0 equiv MeCN/H,0 (1:1) R
R = NO,, 211 150 60°C,1h R =NO,, 212, 18 h, 77%
R = Me, 213 R = Me, 214, 20 h, 49%

Scheme39. allylation of two differentN-chloro-amines211and213under optimized conditions

To see if this method was really suited as an alternative approach towards the allylation of amines
small selection o-chloro amides wsprobed. In case of thi¥-chloro amide15and216no product
formation was observed. Insteadnly dehalogenation to the corresponding amides was seen. The
same was the case for the chlederivative of the artificial sweetener saccharil7. As for

N-chlorosuccinimid€218), the desired product was obtained but only in trace amounts (sché®e

1.) Cu(dap)Cl, (0.5 mol%)
Na,CO3 (1.0 equiv.), MeCN, rt

R S LED (2 = 530 nm) R
| + /\/TM |
NJ = N~
EWG™cl 3.0 equiv. 2.) NaF (2.0 equiv.) EWG X
159 MeCN/H,0 (1:1), 60 °C, 1 h
0
O /@ o /@ 0
| | S\
Cl Cl O// \O S
215 216 217 218

Scheme40. Unsuccessful allylation of differebtchloro-amides

Therefore, this method is not suited for the allylation of amides and amares an alternative

approach towards their synthesis could not be achieved.
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1.5 Proposed mechanism

Regarding the mechanism of this reaction, the observation of the ATRA product in case of sulfonyl
chlorides indicates that the reaction proceeds under adgipATRA reaction mechanism (scheme 41).
Initially, visible light is absorbed by the photocatalyst [R@jich then undergoes SET to the radical
precursor219. The radica220and a halide anion are formed, and the radical adds to the unactivated
alkene forming the intermediate221 The oxidized form of the catalyst [PC€Ean now oxidize the
radical intermediate221to the cationic specie®22while the catalyst [PCis regenerated, closing the
oxidative quenching cycle. Two different pathways can now be considered for the @2#Mhe
halide could trap the positive charge to form the rather unstable ATRA pr&f4tvhich can be
transformed to the allyl produc225 by elimination of the halosilane-KMS223. This was the main
pathway for the reaction of sulfonyl chlorides and was also observed in case Nfdhiwro amines
211 and 213 In the second possible pathway, the cationic intermediag? directly undergos
desilylation to the produc®?25. In case of thé -halo carbonycompounds this seems to be the main

pathway since the ATRA intermediate was not observed.

X-TMS
223
V;isg;ﬁlte EWG™ X
% ) 225
X desilylation
X—TMS
® ™S 223
. NN
n
[PC] oxidative [PC]" EWG 229
EWG™ X qguenching X
cycle - ™S
219 \—>X EWG/\)\/
224
[PCI™! ATRA
. ™S radical chain
X" EWG” EWG™ —
220 /\/TMS 221
PN ~°
159 EWG X EWG
219 220

Scheme4l. Proposed reaction mechanism for the visible light nagefil allylation reaction

For this reaction it can also be assumed that a radical chain mechanism is feasible. Here, the radical
intermediate221directly abstracts a halide radical from the starting mate2iedto generate the ATRA
product 224 and a newradical220, which then undergoes a radical chain. The ATRA pr@&fiis

then again desilylated to the final allyl substr&25 (scheme 41
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Another possible explanation for the formation of the ATRA intermed2té¢ could be that the
allylated produc25could again react in an ATRA reaction withhlaéosilane XrMS223. To rule out
this possibility, a control experiment was performed in which the allylsulfi8fawas reacted with
fresh TMSQR26) under the standed reaction conditions. Fortunately, no reaction took place and the

ATRA produc227was not observed (scheme ¥2
o Cu(dap)Cl, 0.5 mol%) o
Yo NF Na,COj; (1.0 equiv.) “
2y + TMSCI - s\g\ﬁms
MeCN, rt, 24 h Cl

LED (% = 530 nm)
183 226 227

Schemed2. Unsuccessful ATRA reaction between allylsulfbi@and TMSGR26).

1.6 Conclusion

In summaryit was shown that allylsilanes can be applied in photoredox catalyzed allylations. They can
be seen as a viable alternative to other commonly used reagents due to their bench stability and
accessibility. Cu(dap}€102) was shown to be a potent catalyst for the photoredox catalyzed allylation

of various sulfonyl chlorides whereg-Ir(ppy) (49) was the best choice for the allylation ofhalo
carbonylcompounds. TwadN-chloro-amines were used for this transformation all, but a broad
utilization of this compound class could not be established. During this investigation it was discovered
that an ATRA product was formed during this reaction which was only observed in some cases due to

its poor stability.

41



B Main Part

2. Visible lightmediated ATRA reactions with vinylsilanes Access to and utilization of

h -haloalkylsilanes
2.1 Literature background and attempts towards photochemical vinylation

During the investigation of the photoredavatalyzed allylations using d#iifanes (see chaptet) the

idea came up to use vinylsilanes in the same fashion to make vinyl sulfones or to generate substituted
vinyl compoundia G-C bond formation. Vinyl sulfones and its derivatives are widely used in organic
and medicinal chemisyr as valuable building block8¥® Furthermore, thereare already some

photoredoxcatalyzed methods known to generate vinyl compoufitls.

For example, Leonost al. reported the vinylation of electrorwithdrawing halocarbon compounds
like malonatesor p-nitrobenzyl bromides with vinyBRK reagents using eosin (1) as the

photocatalyst undevwisible lightirradiation (scheme3).1113

BF;K eosin Y (2.0 mol%) R2 RS
1 R? rs  DIPEA (2.0 equiv.) RUL
RUL P RS MeOH,rt EWG}\H\R“
EWG™ “Br 4 ’ 3
R LED (A = 530 nm) R
150 228 229

20 examples, up to 90%
Scheme43. Visible lightmediated vinylation of electrophilic radicdts?

The goal was to seevfylsilanes could also be used as a cheap and chemically benign alternative for

the photoredoxcatalyzed vinylation of electrophilic radicals.
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Tostart of the investigation, the reaction of bromomalondt27 and vinyltrimethylsilan€230) using

fac-Ir(ppy) (49) under the established reaction conditions (see chaft@ was performed.

EtOZC Br
EtO,C T™S
231, 88%
fac-Ir(ppy)s °
.
EtO,C~ “Br MeCN, rt, 17 h !
1:8eauv ) ED (1 = 455 nm) |
127 230 |
; EtO,C

ey Etozc)\/

232, not observed
Schemed4. Visible lighimediated ATRA reaction between dietlybmomalonate(127) and vinyltrimethylsilane
(230). Vinylation pathway not observed.
Surprisinglythe formation of the vinyksubstituted product232was notobserved. Instead, only the
ATRA produck3l1 was isolated in good yield of 88% (schem#). In the photoredoxcatalyzed
allylation discussed in chaptér3, the ATRA product was only seen asuastableintermediate and
Ay Ol &ah8locazbdnswas neverobserved. Therefore, it seems that for the reaction with

vinyltrimethylsilang230) the ATRA product is much more stable.

To test this, the vinyl silarZ80was also reacted with tosyl chlorid&82) using Cu(dap)&L02) as the
catalyst under the estdished reaction conditions (chapté&r3). Again, only the ATRA prod@33was
isolated in 74% vyield. The vinyl sulf@@was not observedscheme 45)As previously discussed, for
the photoredoxcatalyzed allylation of sulfonyl chlorides, it was necgssa treat the reaction with
NaF toperform eliminaion on theremaining ATRA product in order to obtain the allylated product in

good yield.
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0
N ™S
> O cI

233, 74%

NaF (2.0 equiv.)
o Cu(dap)Cl; (0.5 mol%)| MeCN/H,O (1:1) Q

% -Cl Na,COs (1.0 equi o S
2CO3 (1.0 equiv.) 60°C,1h \
S\\ + /\TMS ------- YA > \O
o MeCN, rt, 16 h

1.5 equiv. LED (A = 530 nm)

182 230 234, not observed
KOH (5.0 equiv.)
MeCN/H,0 (1:1) o)
it 1h \\S\\/\/TMS
- %
235, 76%

Schemedb. Visible lightmediated ATRA reaction between tosyl chlor{@82) and vinyltrimethylsilan€230) and
elimination of HCI. Vinylation pathway not observed.

In the same fashion, the reaction mixture of the reaction here was also treated with an aqueous
solution of NaF and stirred for an additional hour in a-poé process But no elimination to the vinyl

sulfone234could be seen. Insteathe ATRA produ@33remained.

In case of the photochemical allylation of vinyl sulfones, KOH wasalptoyedto eliminate the
silykgroup. Thereforeit wasalso tried to achieve the desilylation283by adding an aqueous solution
of KOH after the photoreaction. But instead, HCI was eliminated Brdirgethyl(2-tosylvinyl)silane
(2395 was isolated in 76% yield (schedis).

So, it has been shown that a plhehemical vinylation using vinyl silane is not feasible but instead it
can be used for atom transfer radical additions (ATRA I RAy 3 (2 @ifaibdikylslayies.S NB & (0 A
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HPH [/ 2YY2Yy &adyl kh8dcakylsilaneS i K2Ra 27F h

There are various wayse access this group of compound€ The most common way to generate
& A Y LJialSalkylsilanes is by direct radical halogenation of alkylsilanes. Probably the most important
compound in this clasézhloromethyl)trimethylsilan€237), is produced from tetramethylsilan@36)
and elemental clorine (schemet6).*29
Me,Si v TMS.__Cl

236 237

Scheme46. Direct chlorination of tetramethylsilan@36).1124

Direct bromination is also feasible using elemental bromine or other bromine ragbicates such as

NBS and radical starters (sche#aig.[**9

0 O
NPT, NBS, (PhCOz)OE NPT,
CCly, reflux Br
TMS TMS
238 239

Schemed?. Direct bromination using NBSY

h y £ &hlofo- I y Rbromoalkylsilanes can be accessed by this method. For the preparation of
hfluoro-2 NA 2 R2F f {&8faAflySa GKS oS ahydroxyalkyl&langs likedt ist K S
shown in the reaction of -firimethylsilyl)hexanl-ol (2400 with methyl(triphenoxy)phosphonium

iodide (schemd8).[31

OH I

_—_—
TMS T™MS

240 241

Scheme48. Synthesis off -iodoalkylsilane$31

There are few reports on atom transfer radical additions onto vinylsileeatingto the formation of
h-haloalkylsilane&33 For instance, the radical derived from benzyl brom{@42) can be added to
vinyltrimethylsilane(230) through radical initiation by Fe(C£nd HMPA to give the produ243in
low yield of 27% at 140 {€cheme 49)*3
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Fe(CO)s (10.0 mol%)

TMS
Br HMPA (30.0 mol%
©/\ . /\TMS ( o) . ©/\/Y
140°C, 2 h Br

excess

242 230 243, 27%

Scheme49. Fe(CQ)catalyzed ATRA reaction of benzyl brom(@é2) and vinyltrimethylsilang230).[*33

In 1977 Calast al. discovered that CuCl is also suitable for the ATRA reaction of methanesulfonyl
chloride (205 and benzenesulfonyl chloridg187) with vinyltrimethylsilane (230) at high
temperaturesP ¢ KHorosilanes244 and 245 could be received in good yield of 70% and 74%
(schemes0).[*34

Q 0 Q
e CuCl (1.0 mol%) A ™S

ST+ A Tus - g

R DCM/MeCN (10:1) R
0 Cl
230

R = Me, 205 R = Me, 244, 140 °C, 4 h, 70%
R = Ph, 187 R = Ph, 245, 130 °C, 10 h, 74%

Schemes0. CuCkatalyzed ATRA reaction sfifonyl chloridesnd vinyltrimethylsilang230).134

H @ ehaldalkylsilanes in organic synthesis

¢KS Yz2al Oz2nhdloakysilages @e used in organic synthesis is by their transformation into
h-metalated silanes. These can then react with a variety of electrophiles. Probably the most important
reactionusingthis methodology is the Peterson Gledtion. In 1968 Peterson described for the first

G AYS SBillcarbanions can be reacted with ketones or aldehydes to access functionalized
alkenes!®* Since then, the Peterson Olefination and related processes have become a strong tool for

the synhesis of substituted alkené§5131

The Peterson Olefination proceedm i KS NB I O GsllyRcgrbagidie46-wjth ah aldehyde or
ketone247. The carbanion is mostly generated from Grignard reagents or dirgatatenation*3 In
the reaction, K S -hyidroxysilyl intermediate248a and 248 are formed. These can now be
transformed either into thecis or trans-alkenes24% or 24% depending on whether the reaction is

treated with acid or base (schend).
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4
RsSi R® R
:_p4 Base R!
> R1\ R3
R? OH R2
SiR; o) 248a 249a

RTO™R2 R "R*

3
246 247 RSi  R' . pase _,
- =R T R,
R* OH R2
248b 249b

Schemebl. General pathway of the Peterson olefinatid#!

Therefore, it is possible to stereoselectively form both isomers in this reaction. When
carbanionstabilizing groups are present 846, the alkenes can be obtained directly. This
stereoselectity is one of the important features of the Peterson olefinatiorakingit a viable
alternative for the Wittig reaction’*® Another advantage over the Wittig reaction is that the
by-products of the Peterson olefination are mostly volatile disiloxaneswbamn be easily removed,

in contrary to the triphenylphosphine oxide in the Wittig reacti&i.

Probably the most important substrate in the Peterson olefination is the commercially available
(trimethylsilyl)methylmagnesium chlorid@50) which can be wsd to generate terminal alkenezb2
from aldehydes or ketoneB38F F 0 SNJ 6 & A O SHydroWalkylsilan®21 (schenib2)it R S i

o] H*/H,0 1 KH
T™MS _MgCl  + | 2, TMS@(R BALIG JL
R" "R? HO R? R" "R
250 138 251 252

Schemeb2. Peterson olefination of (trimethylsilylymethylmagnesium chloi{@g&0) with aldehydes and ketones
138139

DNA Ay NR NBI 3 Shaibaikylsape@B3¢68 &so BeNdadfed tvith acid chlorid2sA. The
F 2 NI Rebosilanes255 are then again useful compounds for stereoselective Petesdoanation

reactions (schem&3).[39
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R3
K A
R1
: R3M
SiMe,Ph
JC\I . ﬁ\ 1.) Mg, Et,0 1 R? 256 257a
R" “SiMe,Ph R2 Sc| 2.) CuBry-SMe, R 5
R2
253 254 255 TsOH
L ~ “R3
R1
257b

Schem&s3d { G SNB2 &St SOG A IS -halodikySindegsy acid Ehlorklg@b4and Brgan@rtallic

compounds256.139
Ly 20§ KSNI AYLR NIy Ghaldaikyisia@e®5B the dukl€oghilic2stibstitution of the
halide (scheme54). A wide variety of nucleophiles such as amines, azides, iodine, ammonia,

phosphorus ylides or diethphosphonacetate are eligiblé&?

Cl Nu” Nu
—_—
R" “SiR, R1J\SiR3
258 259

Schemeb4. Nucleophilic halide substitutioof h -haloalkylsilane258.

More recently, Fuandeg 2 NJ S NB RhaldaRyshane®d asha new class of electrophiles for

the enantioconvergent substitution reaction of racemic alkyl electrophiles with carbon nucleophiles.
They were able to perform enantioselective cr@3® dzLJ Ay 3 NI | haldalRysitane®68 (i 6 S Sy
and alkylzinc reages 261 using nickel and chiral pybox ligaridgo provide chiral organosilane62

(schemesb).[*44

NiBr-glyme (10.0 mol%)

Br x alkyl?
L* (13. 19 alky
PY +  alkyl?-ZnBr (13.0 mol%) :
R3Si7™ Talkyl! DMA, rt RSI7 alkyl!
1.5 equiv.
261 | .
racemic o) N/ o ee up to 94%
N N—
Bu L* “iBu

Scheme55. Nickelmediated enantioselective cros32 dzLJt A-WaBalk@sfane®60 and alkylzinc reagents
2610141
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Chiral organosilanes are very interesting compounds in medicinal chemistry due to improved
pharmacological properties such as lipophilicity or potency by replacement of carbon with 8ifcon.

¢ K Shalbsilanes260 were prepared by reaction of chlorosiles 263 with elemental lithium and
FRRAGAZY 2F | f-RédgsiRu$e®64 vRich WerdNdifen treated with bromine in

presence of PRand imidazole (schem&).[*43

Br, (1.5 equiv.)

1.) Li (2.3 equiv.) OH PPh; (1.5 equiv.) Br
, THF, Ar, rt, 16 h imidazole (1.5 equiv.) )\
R3SiCl Ry alkyl! ~ ReSIT Talkyl!
2) O 3 y DCM, 0°C > rt, 16 h 8
263 264 260
alkyl'’™ "H

THF, -78 °C, 16 h
Schemes6d { 8 y (i Kh8ldsifade26DWah hydroxysilaneg64.141
& &adl ( ShalodikplsBa@ies Ean be used for a variety of useful transformations. However, their
FLILXE AOFGA2Y A& fAYAGSR 08 G KS-hahIYRiNedokedinvbIER &8 Y
highlyreactive chemicals or very harsh reaction conditions. Therefore, mostly only simple molecules

can be synthesize@nd functional groups are often not toleratéd®
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2.4 Atom transfer radical additions with vinyltrimethylsilane

For those reasns the establisiment of the photoredoxcatalyzed ATRA reaction of various
electrophiic radicals with vinyltrimethylsilareewas studied, potentially leaditig a new, synthetically
useful method for the formation of -haloalkylsilanes. Further investigation into the applications of

i K S &&oalkylsilanes asalso conducted.

Investigation started fosome more carbohalides bearing two or more electmithdrawing groups
(schemes7).

2 fac-Ir 0.5 mol% 2
RyR\ + ZTMS (PPY)3 ( o)‘ RU
EWG™ “Br 1.5 equiv. MeCN, rt, 17 - 24 h EWG TMS
230 LED ( = 455 nm)

ji\OzEt EtO,C  Br EtO,C CO,Et Etozw
EtO,C” “Br EtOzC)\)\TMS %Br EtO,C T™MS

231,17 h, 88%/°- | 97%NMR

127 165 265, 23 h, 54%/5°- | 63%NMR
5 mmol scale: 94%/4/ ° °
cB Br
r4 B
rsC ™S
266 267, 24 h, 80%"° | 89%NMR

Scheme57. Visible lightY SRA I G SR | ¢ w thalokdbbn® &nkl gingltriethyldilan@30); [a] isolation
viakugelrohr distillation

It was found that the isolated yields of these reactions were around 10% lower than the actual yield of
the photoreaction as confirmedria NMR spectroscopy with 1,3timethoxybenze as internal
standard. It seems that during column chromatograptggradaton of some productook placedue

to the fact that thecompoundsmight still be somewhat unstable. Several attempts to change the
chromatography conditions to different solvents and stationary phases such as aluminum oxide did
not give better results. loase of the already discussed reaction of diethyl bromomalo(i2@) with
vinyltrimethylsilang230), which initially gave 88% after irradiation with blue light for 17 h in presence
of 0.5 mol% ofac-Ir(ppy} (49), the yield determinedvia NMR standard &s almost quantitative at
97%. Thisreaction could be performedat a 5 mmol scale and instead of purification by column
chromatography kugelrohr distillationwas usedto obtain the product in excellent yield of 94%
corresponding toabout 1.6 g of pure mduct. The problem ofproduct lossduring purification

therefore could be overcome hysingdistillationas purification method
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Changing the substrate to a compound with an additional meginglip 165 at the radical center the
yield droppedto 54% isolated yield and an observed NMR vyield of 63%. This might be explained by the
increased steric demand around the radical. Using temaibmethane(266) for the ATRA reaction

gave goodsolatedyield of 80%with 89%determined by NMPRrior to purification.

With this information at handit wasa ¢ A ( O K-8aR® caiib@nyl tompounds that only possess one

electronwithdrawing group. As a nuel substrate2-bromoacetophenongl71) was choserftable 4)

Table 4. Screening and optimization of the ATRA reaction betw@dmromoacetophenone(171) and
vinyltrimethylsilang(230).

0 fac-Ir(ppy) o)
ac-ir
Br ., _~rus PPY)s ™S
MeCN, rt, B
230 LED (1 = 455 nm) r
171 268
Entry Catalystloading  Equivalents o230 Additive Time Yield
1 0.5 mol% 15 - 48 h Traces
2 1.0 mol% 15 - 48 h 8%
3 1.0 mol% 3.0 - 48 h 149%HMR
4 1.0 mol% 3.0 K:HPO4 (kequiv) 22 h 67% / 70%8VF
5 1.0 mol% 15 K:HPO4 (Bquiv) 24 h 5404 MR
6 2.0 mol% 3.0 K:HPO4 (Bquiv) 22h 69%'MR

However, under the conditions that were successful for diethyl bromomalofi&®, only traces of

the product268were found (entry 1). Increasing the cataW@ading to 1 mol% gave 8% isolated yield
and the use of thee equivalents of thevinylsilane230 only 14% of the product according to NMR
analysisAs it has previously been shown that the addition of inorganic basesthadptimize similar
reactions one equivalent of F|HlPQwas addedThis raisel the yield to 67% while also reducing the
reaction time to 22 h (entry 4). Interestinglthe yield determined by NMR analysis only déer
slightly from the isolated yield. The excess of vingylsilane230is still needed to get that amount of
product entry 5). An additional increase in catalsading does not improve the reaction (entry 6).
Unfortunately, the produc268also contained some traces of its dehalogenated form which could not

be removed by column chromatography.
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Again, upscalingwvas peformedon this reactiorona 5 mmol scale. The reaction was performed twice
and purifiedboth by kugelrohr distillation an@dnce bycolumn chromatography. In both cases the
product was obtained in 52% yield and both times impurities of the dehalogenateghound

remainedpresent.

A change to Zhloroacetophenon€l72) gave moderate yields of 46% and reaction times of 68 h were
ySO0Saal NB chlorasimie27a Iyf casefoidenzyHromoacetate(177), moderate yield of
57%were obtained after 68 h. Interestingly, in all these cases no substantial differeneecbpt
purified yields and determinationiainternal NMR standard were seen (sche&8. This is in contrast

to what was observed in the reaction of carbohalides bearing two or more elegtithlrawing
groups (schemé&7), where degradationof productswas observedduring purification. Itis possible

that the higher electrorwithdrawing character destabilizes these compounds.

fac-Ir(ppy)s (1.0 mol%)
R? TS K,HPO, (1.0 equiv.) RZ2 X

R1 + R1
EWG;\X 3.0 equiv. MeCN, rt, 22 - 68 h EWG*)\TMS
LED (. = 455 nm)

X =Cl, Br 230

O O O O
Br TMS Cl TMS
Br Cl

269, 22 h, 67%/% | 70%NMR

171 . 172 270, 68 h, 46%'S° / 47%NMR
5 mmol scale: 48 h, 52%"S°- ’ , 46% %
0
B BnO
BnO)K/ r n
Br
177 271, 68 h, 57%'% | 57%NMR

Schemes8. Visible lighty SRA I G SR | ¢ w-halobdfbbn@isi ah@whylta@niethylsilan@30).

Next, the approach towards sulfonyl chlorides thatsestablished for the photocatalyzed allylation
(see chapter 1.3)as testedor the ATRA reaction with vinyltrimethylsilaf@30) as trapping reagent
(scheme 5% Pleasinglythe reactionwas successful from the ggb with a low catalystoading of
0.5mol% ofCu(dap)Gl(102) and addition of NgCQ. In case of benzenesulfonyl chlorifie87) and

tosyl chloride(182) good yields of 72% and 74% were obtained and NMR studies showed that prior to
purification even 91% of product were present. So aghigre was groblem with degradation during

column chromatography, buit was possibleto overcome this by wgcaling tke reaction of
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benzeresulfonyl chloride (187). On a 5 mmol scale the produ2®5 was purified by kugelrohr

distillation and a yield of 94%as obtainedaccounting for 1.3 g of pure product

Cu(dap)Cl, (0.5 mol%)

o\\ cl /\TMs Na,CO3 (1.0 equiv.) O\\S/YTMS
/S/ + . > P
R, 1:5 equiv. MeCN, rt, 16 h R" % ¢
230 LED (A = 530 nm)

™S O al Q ™S
@ A A2 St 94
\_s \_s

245, 72%/0- | 919%,NMR

272 273 0, iso./ o/, NMR
5 mmol scale: 94%/4  89% 90%
T™S e} o}
\Y /Cl A\ TMS
\\/Y /S\\ /S\\/Y
0 O c¢i
233, 74%/° | 91%NMR 205 244, 18%/0- [ 19%NMR

Schemeb9. Visible lighimediated ATRA reaction of sulfonyl chlorides and vinyltrimethylIsi28@; [a] isolation

viakugelrohr distillation

Applying this method for the heterocyclic sulfonyl chlori@@2 gave good yield of 89% and
interestingly, the yield determined by NMaalysisdid not show any discrepancy which implies a
higher stability of the compoun®73. Same can be said about the reaction of methanesulfonyl chloride
(205 where the isolated and NMR vyield are also similar. However, the reaction only gave poor yield of
18%

The next step was to try if this method is also suitable for the ATRA reaction of sulfonyl chlorides with
ethynyltrimethylsilane (274). By this additionthe production ofh-chloro-silylalkeneswould be
feasiblewhich could be interesting compounds for cragsipling reactions. The reaction of tosyl
chloride(182) with ethynyltrimethylsilang274) under the established Cu(dapyChtalyzed conditions
however did not give any reaction and no proddgéwas found $chemes0).

0 Cu(dap)Cl, (0.5 mol%)
Y5 -Cl Na,COs (1.0 equiv.)

TMS
S\\O + %TMS . . _ \\/Y
MeCN, rt, 48 h

1.5 equiv. LED (A =530 nm)
182 274

Scheme50. Failedvisible lightmediated ATRA reaction of tosyl chlorid82) and ethynyltrimethylsilan€274).
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2.5 Applications of photoredoxcatalytically ¥ 2 NJY -adbalkylsilanes
2.5.1 @-trimethyl(2-tosylvinyl)silane as synthon for acetylene in cycloaddition reactions

Inthe initial studies on this ATRA reactibmwasfound that if the produc®33is treated with KOH after
the photoreaction elimination of HCltakes placeto form (B-trimethyl(2tosylvinyl)silane(235)
(schemesl).

1.) Cu(dap)Cl, (0.5 mol%)
Na,CO3 (1.0 equiv.),

o) MeCN, rt, 16 h e)

\__CI _ W\ /\/TMS

S\b . /\TMS LED (A =530 nm) R S\b

) 2.) KOH (5.0 equiv.)
1.5 equiv.
MeCN/H50 (1:1)
182 230 rt, 1 h 235, 76%

Schemebl. Visible lightmediated ATRA reaction of tosyl chloride32) and vinyltrimethylsilang230) followed
by elimination to the vinylsilan235.

Similar compoundsand especially B)-trimethyl(2-(phenylsulfonyl)vinyl)silan€278), are known in
literature as potent synthosfor acetylene(277) in cycloaddition reaction8#3 Acetylene(277) is not
suitable for most [4 + 2] cycloadditions due to its low dienophilic character and high explosive nature
under high pressureB-trimethyl(2-(phenylsulfonyl)vinyl)silang78) is an elegant alternative for this
since it combines the reactivities of vinldsied'*4 and vinylsulfoné$*¥ and is therefore well suited

for [4 + 2] cycloadditions. Another advantage is that the doddadad can be reintroduced very ebs

0 € -elimination of the adduct®279 with fluoride-anion sources under mild conditions. Thaay,

formal cycloaddition product280of acetylenecan be obtained. (schen&®).['4d

~ H 4 +2) H
R
Rn{ + H / n H
276

277 280

Scheme62. (B)-trimethyl(2-(phenylsulfonyl)vinyl)silang278) as synthon for the [4 + 2] cycloaddition of

acetylene.
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This method has been usedliterature forexample inthe formal 9,16addition of acetylend277) to
anthracene(281). (B-trimethyl(2-(phenylsulfonyl)vinyl)silan€78) reacts with anthraceng281) to
give the adduc282 in excellent yield. This addu@B2 is then easily transformed into the formal
acetylene addition product283 by elimination with tetran-butylammonium fluoride (TBAF)
(schemes3).[*47

O SO,Ph
N R _TMS 2
. \S\\/\/ TMS
0 toluene O O
160 °C, 7 d
281 278 282, 98%
SO,Ph
T™S 2 TBAF /‘
O O toluene O O
rt, 1 h
282 283, 84%

Schemes3. Cycloaddition of)-trimethyl(2-(phenylsulfonyl)vinyl)silan@78) with anthraceng281) followed by
elimination with TBABE4"

The bestknown method to synthesize this compouB@8was published by Grigg al. The synthesis
starts with sodium benzenesulfinaf284), trimethylvinylsilang230) and two equivalents of iodine at
0 °C followed by elimination with NEb yield 72% of thé=Isomer which can be separated from the

also formedz-Isomer by column chromatography (sche6).[**3

(g 1.) 12 (2.(C)) fgug}){ MeOH O\\S/\/TMS
Ol o s O
s P s
2.0 equiv. U 278, 72% (0.86 g)
284 (+ 9% Z'Isomer)

Schemes4. Synthesis offj-trimethyl(2-(phenylsulfonyl)vinyl)silan@78) by Grigget al.*43

Usingthe new photoredoxcatalyzed method, the reaction of benzenesulfonyl chloriii87) and
trimethylvinylsilang230) could be scaled um presence of 0.5 mol%f Cu(dap)G(102) and 0.3equiv.
of NaCQ to a 5 mmol scale (schen®).
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1.) Cu(dap)Cl, (0.5 mol%)
Na,CO3 (0.3 equiv.),
0 MeCN, rt, 48 h o
%! LED (% = 530 nm) \\S\/\/TMS

S\b + ZOTMs Y
) 2.) KOH (5.0 equiv.)
1.5 equiv.

MeCN/H,O (1:1)
182 230 it 1h 278, 91% (1.1 g)

Scheme65. Onepot synthesis of B)-trimethyl(2-(phenylsulfonyl)vinyl)silan€278) via photoredoxcatalyzed
ATRA reaction followed by elimination.

Irradiation with three green LEDs for 48 h (figdjefollowed by addition of an aqueous solution of
KCH and one additional hour of stirring produced the desired compdi#&in very good yield of 91%
in a onepot synthesis. This strategy brings advantages because it is a catalyzed reaatimm
temperature that does not require an excess of iodine andkoa gives better yield and

diastereoselectivitcompared to the method reportetly Grigget al.*43

Figure4. Big-scale seup for the onepot synthesis off)-trimethyl(2-(phenylsulfonyl)vinyl)silang78).
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2.5.2 Peterson Olefination

o

Next up,it was examined if yogould I LILJX & -Kak&kislands to Peterson olefination type
chemistry. Thereforethe formation ofthe Grignardof the ATRA produ@78was testedby addition
of magnesiunfollowed byreaction withbenzaldehyd€285) to get the mixture of two diastereomers
2 T dhidBoxysilane86 (schemess6).

Mg (1.1 equiv.)

OH
T|\/|S 0 BrMBr 0,
\\/Y H (0.1 equiv.) S\\
O TMmS
THF, rt
285 286

Schemes6. Attempted Grignard formation &#78and addition of benzaldehyd@85).

These isomer&86a and286b then should be able to either be transferred into theor Z-Alkene287a
and287b by addition of base or acid (scher@é).

Ph
TMS H H
ZaPh Base N
H\“ —_—
PhSO, OH PhSO;
286a 287a
Acid
+ H
TMS  Ph H -
ﬁH Base j)\Ph
H" —
PhSO, OH PhSO;
286b 287b

Scheme67. Potential transformation of diastereomeB86a and 286b into E and Z-Alkenes287a and 287b.

Addition of Mg in dry THF however did not lead to the formation of the Grignard. Activating the
magnesium flakes in an ultrasonic bath and addition of 10 mol% editf@mopropane did not give

the desired reaction. Even heating tmeixture at reflux conditionsfor several hours brought no
consumption of the magnesium and the addition of Benzaldel{#88) did not lead to any reaction.

It wasalso tried to form the Grignard for the bromo compouriiil and 269 (scheme68). For those
reagents it would also be possible to assume that intramolecular cyclization to form cyclobutanes could
occur. However, again no formation of Grignard reager®3 and 289 were observed when
h-haloalkylsilane&31and269were treated with activated Mg in dry THF. No consumption of Mg took
place and addition of benzaldehyd@85 did not result in any formation of new compounds
(schemes8).
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Mg (1.1 equiv.)

EtO,C  Br Br” " Br EtO,C  MgBr
(0.1 equiv.)
EtO,C T™MS - EtO,C T™MS
THF, rt 288
231 not formed

Mg (1.1 equiv.)

0 Br™ " "Br 0
™S (0.1 equiv.) T™MS
Br THF, rt MgBr
289
269 not formed

Schemes8. Unsuccessful formation of Grignard reags 288 and 289.

2.5.3 Formation of silybubstituted cyclopropanes andteps towards their ringopening

In 2012 Stephensoret al. published the photoredoxatalyzed ATRA reaction of various carbohalides

to olefins. In this work they could also show that it is possible to transform the ATRA pa&dubtat

is derived from diethyl bromomalonat@27) and hexs-en-1-ol (290) into the cyclopropane293. This
is possible since the malonate moiety has an acidic prdtoftposition that can be deprotonated
easily and the carbanio292then undergoes intramolecular cyclization to form the cycloprop29@

(schemes9) [

Ir[(dF(CF3)ppy)2(dtbbpy)]PFe

(0.01 mol%), LiBr (2.0 equiv.) HO CO,Et
EtOZC\(COZEt N M\OH -
Br DMF/Hz_O, rt, 24 h Br COzEt
LED (A = 455 nm)
127 290 291, 97%
HO CO,Et CsCO3 CO,Et OH
\/\/\(\( 2 EtO,C 2
Br CO,Et DMF, 100 °C, 12 h
291 via (\ 293, 94%
R ©_CO,Et
(Br CO,Et
292

Scheme69. ATRA reaction of diethyl bromomalondti27) and hex5-en-1-ol (290) followed by intramolecular

cyclization”®
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The vision was tdransferthe | ¢ w! LINP RdzOG & GKI G LI PésBichanto | y
silylcyclopropanes in a similar approach. That ivaguld bepossibleto establish a new easy synthetic
route to access this interesting compound class. Silylcyclopro28fdsave gained iterest in organic
chemistry since the late 1976%¥ and have since been used in a variety usfeful synthetic
transformations?*d The synthesis of silylcyclopropan@94 usually involves the insertion of
silykcarbenes299, originatingfrom compounds such as (trimethylsilyl)diazomethane (TMSERFN

or more complex diazo compound8” into olefins 8. Other methods involveyclopropanation of
vinylsilanes296*°3 and nore recently, the hydrosylilation of cyclopropen287 has also gthered

some attention (schem@0).[*>3

Rnﬁ + HSIR,

297 H 298
R_R R'>—SiR; R._SiR;
> 204 Ny
295 / \ 299
+ +
:\ —
SiRs R
296 8

Schemer 0. Different synthetic pathways towards silylcyclopropagéd.

The investigation startedwith the ATRA reaction of diethyl bromomalonat€l27) and
vinyltrimethylsilane (230) and whether the resulting product could be transformed into the
cyclopropane300. Inthis case, DBWvas showrto be the suitablebasefor this transformation.The
cyclopopane300could be synthesizeith 80% yieldszia photoreaction followed by addition of DBU in
a onepot synthesis. Uyscaling was also successful @mkven higher yield of 86%asachieved on a

5 mmol scale giving 1d.of the pure producB800(schemerl).

1.) fac-Ir(ppy)s (1.0 mol%) £ ¢ co,Et

CO,Et MeCN, rt, 24 h
. ZOTMS LED (% = 455 nm)
Et0,C~ “Br , ——> T™S
1.5 equiv. 2.) DBU (3.0 equiv.) 300 80%
127 230 MeCN., rt, 1h 5 mmol scale:

86% (1.1 g)

Scheme71. Onepot synthesis of the cyclopropari®00 by photoredoxcatalyzed ATRA reaction followed by
baseinduced cyclization.
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When tryingto apply this onepot synthesis with bromoacetophenong171), only formation of a
complex reaction mixture was observed from which no cyclopropddé& could be isolated

(schemer?2).

o 1.) fac-Ir(ppy)s (1.0 mol%)

. 0]
KoHPO, (1.0 equiv.), MeCN
Br /\ 2 4
* 77 TMS 29 h, LED (n = 455 nm) Ph)lw, ~TMS
3.0 equiv.
2.) DBU (3.0 equiv.)
171 230 MeCN, rt, 6 h 301

Scheme72. Unsuccessful onpot synthesis of the cyclopropargd1

However,when the purified ATRA produ@69 wastreated with DBl a clean reaction to form the
cyclopropane301 in 97% yieldwas observed The reaction is diastereoselective and only the

trans-lsome 301wasformed (schemé&’3).

o) o)
TMS  pBU (3.0 equiv.) Ph)L,,,VTMS
Br MeCN, rt, 5h
269 301, 97%

Schemer3. Baseinduced cyclization dl69into the cyclopropan80L1

This demonstratethat it is possible to form silylcyclopropanes starting from carbohalides that have

an acidic proton oithe same carbon atom as the halide.

It was now time to study if these cyclopropanes can be used for further transformations. For a long
time, chemists have used the risgrain of cyclopropaness an activation moddor organic
transformations. Especially if cyclopropar8&2 contain functiaal groups that are electredonating
(D=Donor) and groups that are electramthdrawing (A = Acceptor), the rirgpening leads to
1,3-dipole intermediates303 which are stabilized. These cyclopropanes are called daoceptor

cyclgropanes (DAycloprganes) (schemg4).[*54

ﬁ Lewis acid D Ry A

D A ® O
302 303
D = Donor 1,3-dipole
A = Acceptor

Schemer4. Lewis acid induced rirgpening of DAcyclopropane303[*54
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In recent years, these B&yclopropanes have been used in a plethora of transformations. The most
common ones incluglthe trapping of the 1,3lipole with electrophiles, nucleophiles or in dipolar
cycloadditions (schem@gs).[154.15%
electrophilic nucleophilic dipolar
trapping trapping cycloaddition

D~ A

® O

303

1,3-dipole
Dv\(A DY\(A
E Nu E

Pl e

Nu H X=Y
Scheme7s. Different reaction pathways for the opening of doraeceptorcyclopropanes303[154

It was of interesto see if the cyclopropang00, synthesizedhroughthis new onepot approach could

also be used in similar fashion as-Bslopropane. With two ethyl esterthe cyclopropane300 has

the typicalacceptorsubstituents already present. However, a silane cannot be described as a typical
donor. Butit could be posible thatregularring-opening occurs to form the 1@ipole intermediate

305, nevertheless On the other hand, it couldisod S | & & dzY' S Reffetfofithie silicda itom

could lead to ringppening by cleavage of the otherx@bond to form the 1;8lipole 304. (schemer6).

¢tKS OFNDB2O0FGA2Yy Ay (GKA& Ol asS g-efeet. R 6S LINA Y| NB

@
Qo | Lovisad | SN-COEL Lowisaia | THS G 00
™ CO,Et CO,E
CO,Et
304 300 305

Schemer6. Differentpossiblering-opening pathways for cyclopropar380.

¢ K Seffectof siliconhas been useih various ringopeningtransformationsof silylmethyisubstituted
cyclopropanes$!®® For example the opening and rearrangement of cyclopropa&8@ into
dihydrofurane308. The secondary carbocation in the intermedi@@A & & G I 6 A teffectdB 0 &

thereby ringopening favored (schemnig?).l*57
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BuPh,Si
COR TiCl
tBuPhZSi/\A/ _ M COR
COR DCM 0/
306 R
via 308
©_COR
fBuPhZSi/\@/\( R = Me, OMe
COR
307

Schemer7. Lewis acid induced rirgpening and rearrangement of silylmetksdibstituted cyclopropane
306.1157

Investigation into the ringopening of silylcyclopropanesas sarted with cyclopropane300 asthe
model substrate. Opening the ring with Sc(@&f Lewis acid and trapping thesulting1,3-dipole

with benzaldehyd€284) would give a substituted tetrahydrofurane. Again, it could be assumed that
two possible 1,3lipole intermediatescan be¥ 2 NI S R ®-effiect of th& Slané is sufficient to
stabilize the carbocatiom intermediate 304 it should give the tetrahydrofuran309 as product. In
case of the intermediat805, thetetrahydrofurane310would be formed Stirring the mixture in DCM
with 5 mol% of Sc(OTfs catalyst however did not lead to any product formation. No conversion of

the cyclopropane800was observedschemer8).

0
EtO0,C. CO,Et H E10,C okt PEtozc CO,Et
A + Sc(0TH), (5.0 mol%) Phﬁi or
> TMS o)
™S DCM, tt, 19 h 0
3.0 equiv. ™S
300 284 309 310

Scheme78. Unsuccessful Lewis adittluced ringopeningof 300and trapping with benzaldehyd@84).

The rext step was to try to open the ring with AJ@k the Lewis acid at higher loading of 8cuiv.In
this caseconversion of the cyclopropar&0was observedhut no reaction with benzaldehyd@84)
occurred and formation of tetrahydrofurane derivativegs not seen Instead the ringopened
chlorine compound 311 was isolated in 37% yield (scheri@). This indicates that the 1-dipole
intermediate305is being formed andonsecutivelyrapped with chloride from AlglAccordingly, this
suggestsi K &ffelct of silicon is not strong enough to stabilire primary carbocation and therefore
form the 1,3dipole 304. It is not clear why the 1;8ipole 305 does not undergo a reaction with
benzaldehyd€284). Presumably, due to the unstable and shiwed nature of this intermediat805,
reaction with the #ready bound AlGls preferred
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0
EtO,C_ CO,Et H EtO,C  Cl
K * AICI; (0.5 equiv.)
EtO,C TMS
™S 3.0 equiv. DCM, rt, 48 h 2
300 284 311, 37%

Scheme79. Ringopening of cyclopropan800with AICS.

Apart from aldehydes trapping of the 1,3dipole intermediate 305 with dimethyl
acetylenedicarboxylat€312) in a dipolar cycloadditiowas also testedThis would give access to the
highly substituted cyclopenten813. First, the reaction under microwave conditions at 200 °C for
30min without any solvenwas performedout not reaction was observed. Next, stirring in DCM with
0.5 equiv. of AIC4 gave the same result as before. No formation of the prodi3 took place but
instead the ringopened chlorine derivativ811 was isolatedn 34%yield. Again, the intermediat
1,3-dipole 305 did not undergo reaction with the dienophil@l2 andwasinstead rapidly trappedy

Ct (schemeg0).

_ EtO,C  Cl
AICI5 (0.5 equiv.)
>~  EtO,C T™S
DCM, rt, 48 h
311, 34%
EtO,C_ CO,Et CO,Me
ZS + / I
T™S MeO,C :
1.2 equiv. ' EtO,C CO,Et
300 312 5
I COzMe
. e TMs
MW, 200 °C
0.5 h COQMe

313, no conversion

SchemeB0. Reaction of cyclopropar200with dimethyl acetylenedicarboxylat@12).
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2.6 Conclusion and outlook

In summary,it was shown that, instead of a photochemical vinylation, vinyltrimethylsila{30)
undergoes atom transfer radical addition reactions with various radical precursors. Witla thesv
a ey i K $aloalkylsildhBsdas SstatfiighédFoil K S

Sl ae YR O02y@SyAasyi

sulfonyl chlorides the copperomplex Cu(dap)£(102) was the photocatalyst of choice, whereas for
carbohalides, fac-Ir(ppyls (49) gave the best yieldslt was also show that some of these
h-haloalkylsilanes can be easily transformed into silylcyclopropdineas not possibléo utilize these
silylcyclopropaes for transformations similar to those of doracceptor cyclopropanes yet. Further
investigation into better reaction conditions need to benducted The introduction of additional

substituents to the cyclopropane rirgi4could help to deliver betteresults by better stabilization of

intermediates315Y | { A y 3 dzé@effect af SilangK(She@d).

Lewis Acid

CO,Et — >

™S
CO,Et

314

SchemeB1. Substituted cyclopropane&l4could lead to more stable 1;@pole intermediates315.

In addition,it was shownthat with this synthetic route (B)-trimethyl(2-(phenylsulfonyl)vinyl)silane

(278), a compound that can be used as a synthon for acetylene in various reaatimuld, be

syrthesizedon a gramscale in excellent yields.

R

TMS

®
©_CO,Et
CO,Et
315
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3. Synthesis of cyclicamino acidsviavisible lightmediated ATRA reactions and cyclizations
3.1 Cyclic GABAnalogs

Inspired by the successful 1i¢$clization of ATRA products to formsilylcyclopropanes
(seechapter2.5.3) it was tested whether this strategy can also be applied towards the synthesis of
other useful cyclopropanes. An easy retrosynthetic route towards thmino acid and GAB#&nalog
(#)-TAMP (319 was envisioned this wa (scheme 82). The synthesis would start frax@nzyl
2-bromoacetate(177) andtert-butyl allylcarbamat€316), both of which have previously been used in
ATRA reactions but never in combination. The resulting ATRA pr@iuttwould then be
diastereoselectiely cyclized to form the cyclopropaBé8. Deprotection of the Bogroup and benzyl
ester should be straight forwaréf® By variation of -halo esters and substituted allyl carbamates it

could be possible to synthesize derivatives of these interesting ¢yafiano acids.

Deprotection Base
HO,C” Moy BnO,C” i MNogoe — > 8 W
319
(£)-TAMP 318 317
GABA-analog
\U/ ATRA
HOzC\/\/NHZ O
H
320 Br N.
GABA BnOJ\/ Z " Boc
177 316

SchemeB2. Proposed etrosynthesis of the GAB&nalog (xTAMP(319).

Aminobutyric aad (GABA)320) is the most important inhibitory neurotransmitter in the central
nervous systems of vertebrates. The two major classes of GABA receptors which are bound by GABA
(320) are GABAand GABAreceptors. GAB&receptors are neurotransmitter gatddn channels that

release Clions. GABAreceptors belong to the family of -@otein coupled receptors and are

connected to the release of fons**?
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In 1972, the GABAnalog £)-TAMP(319) was synthesized for the first time by Ivanskii and Maksimov
via cyclopropanation of acrylonitril§321) with ethyl 2diazoacetate(322). The resultingrans- and
ciscyanoesters323 and 324 were separated and then hydrogenated with Raney nickel followed b
saponification of the ester to achievet{TAMP (319 and the cisisomer ¢)-CAMP (325
(schemes3) 169

ZCN T ’\'lkz — A + A

CO,Et EtO,C CN EtO,C CN
321 322 323 324

l l
| !

A,, NH, + A/NH
HO,C o2 HO,C 2

319 325
(+)-TAMP (+)-CAMP

SchemeB3. First synthesisf the GABAanalog (JTAMP(319).[1¢9

Paulini and Reil3ig published an improved synthesis involving the cyclopropanatidsilgfated
allylamines which also gisa mixture of both diastereomer$34 (+} TAMP(319), (+)CAMP(325) and
other strained GABAnalogs have been developed to betigmderstand and study GABA receptors
and their potency to bind to those receptors have been well stuélfdt has been shown that
(x}TAMP(319) has much higher potency towards many GAB# receptors & subclass of GARA
receptors formerly classifiedas GABAreceptors)'®d Enantioselective synthesis of (FAMP and
(-)-TAMP have also been achieved, as asthiral resolution of racemic (AJ/AMP(319)%4 and their

pharmacology at the GAR#ho receptorhas beerstudied!!3
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3.2Visible lightmediated ATRA reactions @ért-butyl allylcarbamate

Investigation started with the reaction dfenzyl 2bromoacetate(177) as radical precursor and

tert-butyl allylcarbamat€316) as trapping reagent (table 5).

Table5. Optimization of the ATRA reactiari benzyl 2bromoacetate(177) andtert-butyl allylcarbamatg316).

LBr + H\/\ —>[PC] B )OK/Y .Boc
BnO Boc” X solvent no H
2.0 equiv. rt Br
177 316 317
Entry  Catalyst Light Additive Solvent Time Yield
1 Cu(dap)Gl 530 nm - MeCN 48 h  no conversion
(12 mol%)
2 Cu(dap)Gl 530 nm LiBr (2 equiv.) MeCN 48 h  no conversion
(12 mol%)
3 fac-lr(ppys 455 nm - MeCN 48 h 55%
(1 mol%)
4 facr(ppys 455 nm KHPQ (1 equiv.) MeCN 18 h 73%
(1 mol%)
5 facr(ppys 455 nm KHPQ (1 equiv.) DCM 16 h 72%
(1 mol%)
6  faclr(ppys 455nm KHPQ (lequiv) DMF/HO (1:1) 16 h 80%
(1 mol%)
7 - 455 nm KHPQ(1 equiv.) DMF/HO (1:1) 24 h  no conversion
8 fac-Ir(ppy) - K:HPQ (1 equiv) DMF/HO (1:1) 24 h  noconversion
(1 mol%)
9l facIr(ppys 455 nm K:HPQ (0.5 DMF/HO (1:1) 24h 56%
(0.5 mol%) equiv.)

[a] 5 mmol scale

When Cu(dap)e(102) was used as catalyst under green light irradiation in MeCN no reaction was
observed (entry 1). Adding LiBr as weak Lewis acid for the activation of the c&fbtmyhcilitate
radical formation 0f317 was also not successful (entry 2). Switching to itiddum-based catalyst
fac-Ir(ppy) (49) and irradiation with blue light, the ATRA prod@dt7 was received in 55% vyield after

48 h (entry 3). As it was shown previously (chapter th@)activation ofh-halo carbonyl compounds
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under these conditions cabe improved by addition of the inorganic basgHRQ. With additional

base the reaction time could be reduced to 18 h while the yield rose to 73% (entry 4). Changing the
solvent to DCM did not improve the reaction further (entry 5). With a solvent mixafiieMF and

water (1:1) the best results were achieved and prodBtY was isolated in 80% after 16 h (entry 6).
Control experiments showed that both catalyst and light are needed for this reaction (entry 7 & 8). It
was again possible to tgrale the reactin to a 5 mmol scale with a reduced cataligsding of
0.5mol% and reduced amount of the base to achieve a yield of 56% which gave more than 1 g of

product (entry 9).

Inspired by these results, expansion of the scope to mebeomo esters was tested (seme 84).

o fac-Ir(ppy)s (1.0 mol%) o
H KoHPOy4 (1.0 equiv.) )K(\(\
Br . N - _.Boc
ROJ\R( Boc” X DMF/H,0 (1:1),1t, 16 -24h <O I N
LED (. = 455 nm r
1.5 equiv. 316 ( )
o (@] (0] (0]
.B Br _.Boc
e Bnow N EtOJ\( EtO)WN
BnO H H
Br Me Me Br
177 317,16 h, 80% 326 327,24 h, 74%
5 mmol scale: 56%!// 5 mmol scale: 63%!//
(0] 0] (@] 0]
Br _Boc
EtOJ\( EtO)W N EtOJ\( Br Eto)K(\ﬁN’BOC
CO,Et Et0,C  Br F F g M
329, 24 h, 53%
[b] ’ ’
127 61,22 h, 76% 328 dr=1.4:1
(0] 0]
B _B
Ph Ph Br
124 330,24 h, 0%

SchemeB4. Substrate scope df-halo esters in the ATRA reaction wight-butyl allylcarbamaté316).
[a] 0.5mol% of catalyst and 0.5 equiv. aHPQ were used[b] no kHPQ was usedreaction wagperformed
in MeCN.

With ethyl 2bromopropanoate(326), the product 327 was obtained in good vyield of 74% after
irradiation for 24 h. Since two stereocenters are formed in this reaction a mixture of two diastereomers
was received but thdiastereomeric ratio could not be determined. The reaction was also successfully
up-scaled to 5 mmol and 63% of prod827 were isolated. In case of diethyl bromomalon#17),

no addition of KHPQ was needed and the best result of 76% was obtained eCM. In case of
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ethyl 2-bromo-2-fluoroacetate (328) a mixture of diastereomers was isolated in 53% vyield and a
diastereomeric ratio of 1.4:1 was determined. Wty 2-bromo-2-phenylacetatg124) no formation

of the ATRA produ@30was seen, instead opddecomposition of the starting material took place.

3.3 Cyclization reactions

With these compounds at hand, the next step was to perform the firadeced 1,3cyclization to form

the cyclopropane moiety. Screening for some different bases and conditiotisef ATRA addu@17

was performed (table 6). Stirring the compouBdi7in a mixture of MeCN and water for 20 h with

3 equiv. of KOH no formation of the cyclopropa®i8 could be detected, instead partial cleavage of

the ester takes place while the rest the starting material decomposes (entry 1). In order to rule out
water from being partially responsible for these side reactions the solvent system was changed to DMF
but the results remained unchanged (entry 2). Using DBU as base in MeCN the forofation

h  >unsaturated esteB31was observed. The formation of this compounds can be explained by the
elimination of HBr followed by isomerization of the doublend (entry 3). With a weaker base like

CsCQ no conversion of the starting material could be seen. Same was the case igeNBt 4 & 5).

Table6. Base screening for the cyclization of ATRA pro@aigtinto cyclopropane318.

o o)

B”O)WQ/BOC = BnOzCA ""/H\Boc ' BnO)W”/BOC
Br
317 318 331
Entry Base Solvent Time Yield
1 KOH (3 equiv.) MeCN/HO (1:1) 20 h Ester cleavage + decompositic
2 KOH (3 equiv.) DMF 20 h Ester cleavage + decompositic
3 DBU (3 equiv.) MeCN 20 h 37%331+ decomposition
4 CsCQ (1.1 equiv.) DMF 20 h no conversion
5 NE&(2 equiv.) MeCN 20 h no conversion
6 KOBuU (3 equiv.) THF 4h decomposition

Pleasingly, in case of the compou6il bearing two ester functionalities, addition of DBU lead to a
clean transformation into the cyclopropang32 after only 1 h in 94% vyield (scheme 85). The
deprotonaion of the h-GH seems to be strongly favored over the elimination of HBr making this

reaction feasible.
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i . Et0,C. CO,Et
_Boc  DBU (3.0 equiv.)
= ” MeCN, rt, 1 h H
Et0,C  Br eCN, rt, “Boc
332, 94%

61 (71% in 2 steps)

SchemeB5. Cyclization 061 using DBU to form the cyclopropaB82

The reaction was also performed in a gmet process where DBU was added after the photoreaction
and the product was obtained in 69% yield (compared to 71% in 2 steps) and therefore making this

process clearly favorable (scheme 86).

1.) fac-Ir(ppy)s

Q 5 H (1.0 mol%), MeCN, rt, EtO,C_ CO,Et
;
A= H
EtO)K( " BN 22hLED (1 =455nm) &N\
CO,Et 2.) DBU (3.0 equiv.), rt, 1 h Boc
1.5 equiv. 316 332, 69%
127

SchemeB6. Onepot ATRA reaction df27and316followed by cyclization with DBU to form the cyclopropane
332

It was assumed that thé -substituted esters327 and 329 would also undergo ringlosure by
deprotonation with DBU but again HBr elimination followed byriedzation was the only observed
pathway. In case of the fluorsubstituted compoun®29, the alkene334was even isolated in good
yield of 72% (schem@7).

0 DBU (3.0 equiv.) 0
.0 equiv.
Boc Boc
. yZ .
EtO)WN MeCN, tt, 16 h Eto)WH
Me Br Me
327 333, 38%
o] 0]
_B DBU (3.0 equiv. ,
EtO)WN oc ( QUIV)= EtO)WN Boc
Egr N MeCN, rt, 16 h F H
329 334, 72%

SchemeB7. Elimination of HBr fron8327 and 329followed by isomeration.

These results indicate that if only one electraithdrawing ester group is presenthe proton in
h-position may not be acidic enough to undergo the desired cyclization. InstefgheEelimination

of HBr is favored over cyclizationtirese cases.
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3.4 Conclusion

In summaryit was shown thatert-butyl allylcarbamatg316) can be used in ATRA reactions with
differenth -bromo estersfac-Ir(ppy) (49) was the best catalyst for these transformatiopaiowing to
perform some reactionsroa 5 mmol scale. Successful cyclization of one of these compounds to
generate a cyclic-amino acid derivative was achieved and even the development of gpohprocess

for this reaction was feasible. Unfortunately, the target molecule T&MP (319) coud not be
synthesized using this method and only showed elimination followed by isomerization under these
conditions. Similar results were observed for the other ATRA products. Further investigation is required
to find suitable cyclization conditions fdndse substrates and the scope of these reactions needs to

be explored in future studies.
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4. Visible lightmediated ATRA reactions with oxabicyclic alkenes
4.1 7Oxanorbornane derivatives in nature and organic synthesis

The 7Foxabicyclo[2.2.1]heptane {@xanorbornane) ring systerf835) and its derivatives are bicyclic

structures bearing an oxygen bridgehead. This scaffold can be found in a large variety of natural
products and biologically active systems such agihdde (336). This compound with an odor similar

to camphor is found in many plants and used in perfuiigsnd is also one of the components of

tequilal'®? Or cantharidin(337)®¥ dza SR Ay @Sa A Ol y (i a I-epixialrap¥ngegez ( S N1JIS
(339),1%9 the diterpenoid dactylomelo{340),:"% the carotenoid pigment cucurbitaxanthin 839

found in red paprikd™® or even potential potent drugs for prostate cancer treatment such as

BMS641988(341)[*73just to name a few (figure 5).

BOW{ ;
4

HN
//S\\
341 336 337
BMS-641988 1,4-cineole cantharidin
0 Br
)
0]
’ 7 A L
HO™: 335
340 — 338
dactylomelol 3',6'-epoxyaurapentene

OH

339
cucurbitaxanthin A

Figureb. Selected examples of molecules containing thex@bicyclo[2.2.1]heptan35) subunit.

Over the years, numerous synthetic strategies have been developed for the synthesis of natural
products bearing this suburit’¥ One of the easiest ways to gain access to such molecules in the lab

is through the Diel#\lder reaction (DA reaction) of furans and various dienophiles. In fact, one of the
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first examples that Diels and Alder published back in 1929 was the reaction 0{34@ with maleic

anhydride(343) to generate the 7oxanorbornene344(scheme 8874

o]

0]
0)
R
o — Y
o)
342 343 344

SchemeB8. DielsAlder reaction of furar{342) and maleic anhydrid¢343).[174

Its advantages lie in its ease of execution &mgh regie and stereoselectivity and the intraand
inter-molecular DA reaction of furans has been widely used for the formatioro@BBicyclic systems

and their further transformation&-’®

In contrast to many othef4 + 2] cycloadditions with commattienes such as cyclopentadie(845)
where theendoadduct346is usually the preferred product, the Digddder reaction of furans often
shows a strong preference for thexoadduct 344b (scheme 89). While the formation of the
endoadduct 344ais slightlykinetically favored, its low thermodynamic stability leads to a rapid
retro-DA reaction which in the end favors the formation of the thermodynamically more stable
exo-adduct344ht78

0
0 o ©
E\>+ooo—/ . 5
0 U @ 7
o}
342 343 O

344a 344b
endo exo
(kinetically favored) (thermodynamically

favored)
O
O
D0 — KA
@]

346
endo
(kinetically favored)

Scheme89. Comparison of the DA reaction of furg®42) and cyclopentadieng345) with maleic anhydride
(343). RetroDA reaction oB44aleads to the formation of thexo-adduct344h[*8

In addition to that, 7oxanorbonane derivatives can also be widely used athstic intermediates and

have been utilized for the synthesis of a plethora of highly functionalized moleé{fiékhese
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transformations often involve the cleavage of the ethereal bridgehead eithiarLewis acid
induction[*"8 acid induced'’¥ under use of strong basé¥ or reductive condition§®3 Furthermore,
7-oxanorbornenes have shown to be versatile building blocks for the synthesis of various polymers and
macromolecule$t® 1t is also possible to obtain substascer this kind of chemistry from renewable
bio-mass. Furaif342) and maleic anhydrid€343) for example can be obtained from furfufdf and

their DielsAlder AdducB44was used for a renewable production of phthalic anhydHég.
4.2 ATRA reactionwith 7-oxanorbornenes

The main goal for this project was to see if simptex@anorbornenes derived from renewable resources
could serve as trapping reagents in photoreda@alyzed ATRA reactions. Special attention was given
to their sterec and regiesekectivity and whether the highly functionalized resulting¥anorbornanes
could further be transformedia ring-opening strategies.t8dies begarwith the synthesis of some
simpleoxabicyclohexenes. This class of compounds is easily accessible [4 + 2] cycloaddition of
furans and dienophiles. The cycloaddition of fur@42) with maleic anhydridg(343) proceeded
smoothly atroom temperatureto afford the oxabicyclohexeng4in almost quantitative yield which
can then be easily transformed in the methyl estg47 (scheme90).*®3 Due to the reversibility of

cycloadditions of furans the thermodynamically favoesaradduct is formed exclusively.

0]
@)
[+ o=x%0 . o _HOL _ wmeoc§
0 \V\:/V/ Et,0, rt / MeOH, reflux MeOzC\z\b
2d 0] 2h
342 343 - —

Scheme90. DielsAlder reaction of fura (342 and maleic anhydridé343) followed by esterification with
methanol.

The DielsAlder reaction of furan(342) and 2methylfuran (348) with N-phenylmaleimide(349) also
proceeds smoothly to again exclusively give géxe-adducts350 and 351 in good yield at elevated

temperatures (scheme 919

Ph Ph. O
J5 JRIT S AP———
o v THF, reflux /
R —_
6h 0] R
342, R=H 349 350, R = H, 69%
348, R = Me 351, R = Me, 68%

Scheme9l. DielsAlder reaction of furarf342) and 2methylfuran(348) with N-phenylmakimide (349).
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With these compounds at hand, the best reaction conditions for the ATRA reaosony
diethyl 2-bromomalonate(127) and dimethyl7-oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylate(347)
as model substrates were screened (table 7).

Table7. Optimization of the reaction dliethyl 2bromomalonate(127) anddimethyl7-oxabicyclo[2.2.1]hept
5-ene-2,3-dicarboxylate(347).

Me0,C_ . )C\OzEt _IPCl Me0,C_ MeO,C._ GOt
MeOzC\l\b Br~ “CO,Et T MeO,C “CO.Et " MeO,C CO,Et
347 2.01(-:-2q7uiv. 352a 352b
Entry Catalyst Light Solvent Time Yield dr
(352a352h)
1 Cu(dapyClI (1 mol%) 530 nm MeCN 48 h 54% 1.7:1
2 Cu(dap)Cl (1 mol%) 530 nm DCM 48h 33% 1.6:1
3 Cu(dap)Cl (1 mol%) 530 nm DMF/HO (1:1) 24h 73% 1.6:1
41 Cu(dap)Cl (1 mol%) 530nm DMF/HO (1:1) 24h 62% 1.7:1
5 Cu(dap)ClI (2 mol%) 530 nm DMF/HO (1:1) 24h 71% 1.8:1
6 Ru(bpy)Ch (1 mol%) 455nm DMF/HO (1:11) 24h 61% 1.7:1
7 fac-Ir(ppy) (1 mol%) 455 nm DMF/HO (1:1) 24h 68% 1.6:1
8 Cu(dap)Cl (1 mol%) - DMF/HO (1:1) 48h - -
9 - 530 nm DMF/HO (1:1) 48h - -

[a] 1.5 equiv. ofl27was used

With Cu(dap)CI(50) as photocatalyst under green light irradiation in MeCN with two equivalents of
diethyl 2bromomalonate(127), a mixture of two diastereomers was formed in 54% yield after 48
hours (entry 1). The ratio of the two diastereomers was found to be 1.7:1 and the major diastereomer
was identified as the isome852a bearing both the malonate moiety as well as the bromine i
exoposition. In the minor diastereomé&52bthe malonate is set iexo-position while the bromine is

in endoposition. Using DCM as the solvent, the products were received in 33% in a diastereomeric
ratio of 1:6:1 with theexoendoproduct being the majr isomer again (entry 2). Changing to a very
polar solvent mixture of DMF and water (1:1) reduced the reaction time to 24 h while increasing the
yield to 73% while maintaining the diastereomeric ratio (entry 3). Reducing the equivalefitttofi
2-bromomalonate (127) to 1.5 also reduced the obtained product to 62% (entry 4). An increased
catalystloading of 2 mol% did not give better results (entry 5). Employing the ruthebased
catalystRu(bpy3Ck (46) and the iridiumcatalystfac-Ir(ppy) (49) under blue light irradiation also gave
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the products in good yield of 61% and 68&spectively, but could not match the best yields achieved
with the coppetcatalyst (entries 6 and 7). Contrekperiments without light and without catalyst did

not give any product formation (entrigsand 9).

With the optimized conditions at hand, déflent radical precursors for the ATRA reactiouliofethyl
7-oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylatg(347) were tested (scheme 92).

o}
Me0,C_ < « Cu(dap),Cl (1.0 mol%) MMSOCZC R
+ R’ > €0s
MeOzC\i\b DMF/H,O (1:1), rt, 24 - 48 h
1.1-20 LED (A =530 nm) X
347 equiv.
CO,Et
CBr4 C8F17|
Br~ “CO,Et
127 266 181
e) COzEt Me()zC Q CBr MeOZC Q C.F
MeO,C MeO,C ’ MeO,C s
MeOZC Br COzEt
Br |
352,24 h, 73% 353, 48 h, 79% 354,48 h, 24%
dr=1.6:1 dr=13.5:1 dr=1:0

Unsuccesfull compounds:

171 180

Scheme 92.ATRA reaction of different carbohalides and dimeffrpixabicyclo[2.2.Hept-5-ene-2,3-
dicarboxylate(347). [a] reaction performed in DCM; 1.1 equiv.286wasused.

As already mentioned, the reaction afiethyl 2bromomalonate (127) gave a mixture of two
diastereomers in 73% yield with tlexoexcisomer352ain slight excess. When tetrabromomethane
(266) was useda diastereomeric mixture of both isomers was received in 79% yield. Interestingly, the
major diastereomer in this case was tb&oendocompound353b which was obtained in a large
excess over thexo-exoisomer353a(dr = 13.5:1). This can be explained by the much bigger steric
demand of the CBigroupcompared to the malonate moiety in compou882 Generally, addition to

the exoposition should be favored to avoid any d@&xial interaction (schem93) However,the

CBg group inexo-position is very bulky and the addition of brominesiko-position would lead to even
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bigger strain andor that not favored. In case &524 the two ester moieties can be turned away and
therefore leave enough spader the addition of bromine making this the preferred addition. When
the perfluorinated iodine g7 (181) was used as radical precursonly 24% of the produ@54were
isolated but in this caseonly theexocendaisomer was observed. This can be explained by the much
higher steric demand of iodine compared to bromine thus making an attack of iodee-position
impossible due to the high steric repulsion with the perfluorinated alkyl chain. It was also tried to
achieve the ATRA reactions ebfbmoacetophenongl71) and 4nitrobenzyl bromidg180), both of

which previously have been used in Cu(dgpjatalyzed ATRA reactidffg'® but no formation of

productswasobserved.
Br
MeO,C Q Br MeO,C O CBr
3
MeO,C a5 Br Ve MeOZC\?\?/
H)(Br
353a 353b

1,3-diaxial interaction

Scheme93. 1,3-diaxial interaction and steric repulsion in tegoendo andexo-exoisomer of353,

Encouraged by these resultshe influence of substituentsn the oxabicyclohexene on the
regioselectivity of the additionf the radical and the influence on texo-endcadditionwas analyzed
Therefore ATRA reactions were performed widrmethyl2-phenyt3a,4,7,7atetrahydro-1H-4,7-
epoxyisoindolel,3(2H)-dione (351) originating from the Diel#\lder reaction of Znethylfuran (348)
and N-phenylmaleimide(349) to determine the influence the metigroup has on these reactions
(schemed4).
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0 o
Ph Q Ph Q
N X Cu(dap),Cl (1.0 mol%) N R
. o
5 / R DMF/H,0 (1:1), 1t, 48 - 72 h
15-20 LED (% = 530 nm) © X
351 equiv.
CO,Et
CBI"4 C8F17|
Br COzEt
127 266 181
o) 0
o)
Ph 0 CO,Et Ph. 0 Ph. o)
\N N CBI’3 N C8F17
CO,Et
Br 2
o o
0 Br |
355,72 h, 50% 356, 48 h, 45% 357,48 h, 11%
dr=2.6:1 dr = 3:1 dr=1:0

Scheme94. ATRA reaction of different carbohddis and 4methyl-2-phenyt3a,4,7,7atetrahydro-1H-4,7-
epoxyisoindolel,3(2H)-dione (351).

In the reaction ofdiethyl 2bromomalonate (127) the products were isolated in 50% yield in a
diastereomeric ratio of 2.6:1. Due to the lack of symmaetryhis molecule, attack of the radical is
possible atboth carbonsof the double bond o351 giving potentially two different regicisomers

I RRAGAZY 2y dpsion@lthemehyigrauiis observed. Ay 2

explanation for thiscould be the lesser steric hinderance at that position but also the fact that the

Neverthelss,2 y f &

%

radical358 that is formed idetter stabilized by the hypeonjugation of the neighboring methgroup

(scheme9bs).
0]
Ph o
“N R
O [ ]
358

2 (@)

Ph\N . Re favored

7 O

(e} (@)
351 L, Phy .
R

(e)
359

not favored

Schemed5. Possible radical intermediates formed in the ATRA reactighméthyl2-phenyt3a,4,7,7a
tetrahydro-1H-4,7-epoxyisoindolel,3(2H)-dione (351).
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Interestingly, the diastereomeric ratio is shifted even more towardseakeexoproduct. In case of
the reaction withdimethyl7-oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylatg347) (scheme 92)adr of
1.6:1 was observed whereas here it was 2férlproduct 355. This indicates that the methgroup is
disfavoring the attack of the bromine @ndo-position. Even stronger evidence for this can be seen in
the reactionwith tetrabromomethane(266) where adr of 3:1 0f356 was isolated in 45% vyield after
48 h.In comparison to the reaction with dimethytoxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylate
(347) (scheme 92) the ratio is shifted from 13.5:1 to 3:1 making the attack owrrtlde-position still

the favored one but not to an overwhelming degraeymore In case of &7 (181) only a yield of
11% of357 could be obtained but agaexclusivelyone diastereomer was observed showing that even
the blocking of theendoposition by the methybroup cannot force the big iodine atom into the

exo-position.

Since the reactions with the perfluorinated iodih81did not give satisfying results, different reaction
conditions were looked intin orderto achieve better yields. In 2013tephensoret al. published the
ATRA reaction of perfluorinated iodines makiruse of the reductive quenching cycle of
Ru(bpy)Ck (46) with sodium ascorbate as reductafif. Applyingthese conditions tehe ATRA reaction

of 7-oxanorbornenes improved thgields drasticallyscheme 8).

') Ru(bpy)3Cl, (1.0 mol%) 0
% CgF 17l sodium ascorbate (0.6 equiv.) CgFq7
+
/ 181 MeCN/MeOH (4:3),rt,2-3h
R 1.5 equiv. LED (1 = 455 nm) R
) 0
MeO,C_ ¢ Ph<\ i Ph\ N
MeOzC\l\b / /
0] O
347 350 351
Me0,C_ 7o 7o
el Ph. Ph.
Meozc\zb/CSF17 ;&b/CgF17 j@?/cgz»ﬂ
| O )
| |
354, 2 h, 80% 360,3h,61% 357,3h,79%
dr=1.0 dar=1:0 ar=1:0

Scheme96. ATRA reaction gierfluorooctyl iodide(181) and different oxabicyclohexenes using Ru(ky@h)
When employing 1 mol% of Ru(bg®) (46) as the catalyst under blue light irradiation, sodium
ascorbate (0.6 equiv.) as the sacrificial reductant and Ma®Ebsolvent 80% of354was generated

from the reaction of dimethyV-oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylate(347) in only 2 hours.

79



B Main Part

For the oxabicyclohexanes derived from the cycloaddition Wighenylmaleimidg349), the products
360and 357 were received in 61% and 79% after 3 hours. In all three cases ordyxdlendoisomers
were observed. The very short reaction times are a strong indicator that a radicalprbaizgation

plays an important part in the reaction mechanism.

Inspired by thesgromising resultsthe use ofoxabicyclohexenes as trapping reagents for different
radicals in other photoredogatalyzed reactiongas tested In the Reiser grouipwasdiscovered that
h-chloro cinnamates can be used to generate vinyl radicals that eamapped with enolate&”
Trying to use dimethyl-oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylatg347) as a trapping reagent for
the vinyl radical generated from ethy){2-chloro-3-phenylacrylatg361) however did not lead to any
formation of the product362 and no conversion of the oxabicyclohexeBd7 was observed

(scheme97).

o) i fac-Ir 1.0 mol% o) O OEt
MeO,C . cto cl ac-Ir(ppy)z (1.0 mo 0)= MeO,C
Meozc\l\b | DMF, 1t 48 h MeO,C N
Ph LED (A = 455 nm) Ph
347 361 362

Scheme97. Attempted trapping of the vinyl radical generated fr@61 with the oxabicycloheane 347.

Another topic of interesexplored bythe Reiser Group is the decarboxylatior\sifiydroxyphtalimide
esters to generate and trap carbon radicé®d. It was attemptedto generate a nucleophilic
4-methoxybenzyl radical from the redeactive ester363 under reductive quenching conditions and
trap it with oxabicyclohexen847 but no product formation and starting material conversion was

observed (scheme8).

I[dF(CF3)ppyl2
(dtbbpy)PFg
(1.0 mol%)
Hantzsch ester o
o ONPht (1 5 equiv.) MeOzC
MeO2C /" MeO © DCM, t, 48 h oM
347 363 LED (1 = 455 nm) 364 ©

Schemed8. Attempted trapping of the benzyl radical generated fr888 with the oxabicyclohexeng47.

At last, a diazonium saBB65 was used to generate an aryl radical to see if trapping with the

oxabicyclohexen847would occur but again no reaction took plasetlfeme 99).

80



B Main Part

N2BF4 Ru(bpy)sCl,

(1.0 mol%) o

0
MeO,C . MeO,C
MeO,C / DMF, rt, 48 h MeO,C
OMe LED (1 = 455 nm)
347 365 366

OMe

Scheme99. Attempted trapping of the aryl radical generated fr@65 with the oxabicyclohexend47.

These experiments showed that trapping of rather nucleophilic radicals is not feasible with these
oxabicyclohexenes. Nucleophilic radicals are typically trapped with elegoon olefines while
electrophilic radicals are usually trapped with electmich or urractivated olefins indicating that

oxabicyclohexenes can be attributedttwe latter ofthese dasses.

4.3 Testing different ringppening strategies

With several substituted oxabicyclohexanes at hand, further transformation of these compounds into
interesting molecules was investigated. Especially the opening of the oxygen bridgehead was of
interest since it could give access to a variety of highly substituted cyclohexenols or even aromatic
compounds. The most common method to achieve this ethereal bridge opening is eithayrdaavis

acidinduced!*®d

Investigation started with the perfluortagged oxabicyclohexang54. Acidinduced bridge opening
could potentially lead to a cyclohexanol akin 367 but under these acidic conditiongurther

elimination of water and iodine could also be considered to generate the 8&8€Table 8).

Table8. Attempted ringopening of Zoxanorbornane354under acidic conditions.

OH
(0]
M902C CgF17 Acid MeOZC C8F17 MeOZC C8F17
MeO,C — x> +
| MeO,C ) MeO,C
354 367 368
Entry Acid Solvent Temperature  Time Observation

1 HCI (0.5 M) THF rt 24 h no conversion
2 TsOH (3 equiv.) THF rt 12 h no conversion
3 TFA (®quiv.) DCM rt 24 h no conversion
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However, wher354 was treated with diluted HCI in THF at rt for 24 h no conversion of the starting
material was observed (entry 1). Changing to a strong acid sugtofisenesulfonic acid (entry 2) or

even a large excess of TFA (entry 3) did also not lead to any comveirsiee oxabicyclohexangs4.

Next, the feasibility of ringpening facilitated by Lewis acids followed by quenching with water to
generate cyclohexan@69was tested (table 9). Using three equivalent8&f OEtin diethyl ether at

¢ 78 °C for 1.5 h ftowed by quenching with water at 0 °C did not lead to any conversion of the
perfluoro-tagged oxabicyclohexargb4 (entry 1). Stirring in DCM did also not give any reaction as well
as performing the reaction at room temperature for 24 h (entry 3). Evetyaqpthe very strong Lewis

acid AIClin an excess of 5 equivalents did mptethe desired results.
Table9. Attempted ringopening of Zoxanorbornane354with Lewis acids.

1. Lewis acid OH

o}
MeO,C MeO,C CgF
CeF 2. H,0 2 817
Meo2c\zb/ 8h 17 2
MeO,C )

OH
354 369
Entry Lewis acid Solvent Temperature  Time Observation
1 BFR-OE%(3 equiv) OEt -78°CA 0°C 15h no conversion
2 BR-OE% (3 equiv) DCM -78°CA 0°C 3h no conversion
3 BFR-OE%(3 equiv) DCM rt 24 h no conversion
4 AICE (5 equiv.) DCM 0°CA 1t 25h no conversion

When compared to literature, many of these acwhd Lewis acithduced ringopenings involve
oxabicyclic systems that bear substituents at the oxygen bridgehead. For example, Yethsda
opened the 7oxabicyclohexane70, having a methybubstituent atthe bridgehead, with AcOTs
leading to cyclohexen872(scheme 100):%%

OAc
(0] OAc
M MeO,C
e0,C AcOTs 2 H* MeO,C
MeO,C "> | MeO,C_/® 7 .
MeOQC
370 371 372, 100%

Schemel00. Ringopening of Zoxanorbornane370after Yamadat al.%d
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Since these reactions involve a cationic intermediate, having substituents at this position should favor
the reaction. The methygroup in the intermediat@71stabilizes the positive charge whereas without

its presence only a much less stable secondatiprtavould be present.

Therefore, it was investigated if one of the ATRA products that bears a nsethstituent would be
more prone to successfully undergo ringening. The oxabicyclic syste387 was chosen for this
investigation to see if under acidoonditions or use of Lewis acids the prod®at3 or even the

aromatic compound74could be obtained (table 10).

Table10. Attempted ringopening of Zoxanorbornane357 with acids and Lewis acids.

O 0 OR o)
Ph. 0 oF Acid CsF17 CgF17
N 8717 %> Ph—N +  Ph—N
|
° I O O
357 373, R=H, Ac 374
7 OH
Ph.
L e
0]
I
376
Entry Acid Solvent Temperature  Time Observation
1 TsOH3 equiv.) Ethyl acetate rt 72 h no conversion
2 TFA(20 equiv.) Ethyl acetate rt 72 h no conversion
3 HCI (conc.) Ethyl acetate rt 72 h no conversion
4 TsOH3 equiv.) THF rt 72 h no conversion
5 AcOH(90%)(48 equiv.) - rt 72 h no conversion
6 TsOHS3 equiv.) Ethyl acetate 77 °C 16 h no conversion
7 HCI(10 equiv.) iPrOH 82 °C 17 h no conversion
8 AcO, BEDEL (5 equiv.) Toluene 0°C 16 h no conversion
9 TsOHS3 equiv.)AcO (20  Ethyl acetate 77 °C 20 h no conversion

equiv.)
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The compound was stirred in ethyl acetate with TsOH, TFA ancebi@ctivelyfor 72 hours but even

the use of large excess of acid did not lead to conversion (ent3¢sThe reaction also did not proceed

in THF using TsOH as acid (entry 4) or even using acetic acid as the solvent (entry 5). Even under reflux
conditions in ethyhcetate (entry 6 and 9) dPrOH the starting material did not react. Utilization of

the Lewis acid B®DEbin combination with acetic anhydride was also unsuccessful (entry 8).

Finally, it was analyzed if the same results also applydranorbornanesvithout the perfluorotag
to rule out any unwanted interactions. Therefore, the compousisb was tested under reflux
conditions in ethyl acetate with three equivalents pftoluenesulfonic acid in presence of acetic

anhydride but again no transformatiorf the starting material was observed (scheme 101).

O ot ToOH@EOequv) QA TOE
Ph<y Ac,0 CO,Et
CO,Et Ph—N
5 Br EA, reflux Br
20 h o
355 377

Schemel0l Attempted ringopening of355with TsOH under reflux conditions.

These results show that under acidic conditions or the use of even strong Lewis acidsy-tpening

of the 7-oxabicyclic systems that were derivatized through photoredatalyzed ATRA reactions could

not be achieved. Earlier studies on this topic (master thesis) to perforrogaging using bases were

also not successfli?¥ This may led to the conclusion that these rirgystems generatedia ATRA
reactions seem to be way more stable than originally expected. One possible explanation for this could
be that through the ATRA reaction even more electwathdrawing groups are introduced imtthe
molecule. The ringpening under acidic conditions includes a cationic intermediate which could be
disfavored by the various electramithdrawing groups in the molecule. Another explanation could be
the strong 1,2diaxial interactions that might appe in the final products or the intermediates during

these reactions.
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4.4 Conclusion

In summary, it was shown that-akanorbornenes can be used as trapping reagents in
photoredoxcatalyzed ATRA reactions. Cu(d&p}50) was shown to be an effective catalyst for these
transformations, whereas Ru(bp®k (46) was the best choice for perfluorinated iodines. It was shown
that bulky radicals and halides prefer to addeko-endoconfiguration while smaller substrates favor
exoexa Regieselectivity can additionally be tuned by introduction of substituents inte t
7-oxanorbornenes. However, riagpening of these ATRA products could not be achieved and the

reasons for their unexpected stability have yet to be deterrdine
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C Summary

C Summary

This thesis begins with a short overview over the development of atom transfeatadidition (ATRA)
reactions and related processes as an important and atom efficient tool in organic synthesis. After a
brief introduction into the history and photophysics of photoredox catalysis, the development of

visiblelight mediated ATRA processeger the last 15 years is discussed.

¢ KS O KJisinlélighNmediated allylation reactions with allylsilases RSa ONA 6 Sa (G KS dzi !
and benchstable allylsilanes as trapping reagents in photoredatalyzed allylation reactions. It was

shown tha fac-Ir(ppy} (49) acts as an effective catalyst for the generation of carbon radicals from
halocarbons and'-halo carbonyls and their utilization in allylations with allylsilanes. Using the
copper(llcomplex Cu(dap)€l1(102), the allylation of various udfonyl chlorides and some
N-chloro-amines was achieved. It was discovered that the generation of the ATRArsitlect plays

an important role in this reaction. After optimization by addition ot@Gl@ to protect the catalyst, and

NaF to eliminate the APRsideproduct in a onepot process, excellent yields could be achieved under

mild reaction conditions even on a 5 mmol scale.

¢ KS OKVislhglightinediated ATRA reactions with vinylsilameAccess to and utilization of
h-haloalkylsilanes RS f & @A (0K ( R38as tzpdng edgentdii pfididredaatallyzgdS
ATRA reactions to generate interestingpaloalkylsilanesThe general obstacles and limitations of the
synthesis of' -haloalkylsilanesas well as their gpications are briefly discussed. Making use of the
oxidative quenching cycle ofac-Ir(ppy): (49), the synthesis of some -haloalkylsilanesfrom
halocarbons and vinylsilar#80was achieved while Cu(dap)C02) was used for sulfonyl chlorides.
These -haloalkylsilanesvere then utilized for a new improved synthesis of the important acetylene
synthon (B-trimethyl(2-tosylvinyl)silang278) and a novel cyclization strategy to gain access to silyl

substituted cyclopropanes.

¢ KS F2ft 2 gSynthasioOdydicLamsolacidyiavisiblelight mediated ATRA reactions and
cyclizatons LINRLI2&ASa | O2y@SyASy( layfdbg §-RMREBIYamly G KS A A
derivatives by making use of photoredoatalyzed ATRA reactions and bas#uced cyclization.

Several ATRA reactions usteg-butyl allylcarbamatg316) were achieved usinfac-Ir(ppy) (49) as
photocatalyst. Cyclization was successful to generatgchc' -amino acidn a onepot synthesis while

suitable reaction conditions were not found fa){TAMP(319) and other derivatives.

¢ KS FAyY I\Msibl@ight madisleNIATRA reactions with oxabicyclic alkénesfirties previous

work from my master thesis. The synthesis of easily availablaiiorbornene ringsystems and their
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C Summary

use as trapping reagents in photoredoatalyzed ATRA reactions is explored. Making use of
Cu(dapyCI(50) and the reductive quenching dgcof Ru(bpyCk (46), several halocarbons were
successfully added to-@xanorbonenes. The regi@and diastereoselectivity of these reactions were
briefly discussed and various riogening strategies were applied, however with no meaningful

results.
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D Zusammenfassung

Zu Beginn der vorliegendenbfit wird ein kurzer Uberblick tiber die Entwicklung vaom Transfer
Radikal Addition (ATRA) Reaktionen und verwandter Prozesse als wichtige und atomeffiziente
Methoden der organischen Synthese gegebeNach einer kurzen geschichtlichen und
photophysikalischen Einfihrung in died®oredoxkatalyse werden die Fortschritte in ATRA &ssen

mit sichtbarem Lichin denletzten 15 Jahnmediskutiert.

LY YI+Rasot & tA3IKG YSRAFGSR FftetldAzy NBIFOGAzZY
stabilen und ungefahrlichen Allylsilanen als Abfangreagenzien in photoredoxkatalysierten
Allylierungsreaktionen beschriebeBs wurde gezeigt, datsc-Ir(ppy) (49) ein dfizienter Katalysator

fur die Erzeugung von Kohlenstoffradikalen aus Halogenkohlenwasserstoffen und
h-HalogenCarbonylverbindungen und deren Verwendung fir die Allylierung mit Allylsilanen ist. Indem

man den Kupfer(HKomplex Cu(dap)Gl (102) verwendete, konnte man die Allylierung vieler
Sulfonylchloride und einiger wenigdkChloramine durchfiihren. Man hat hersgefunden, dass die

Erzeugung des ATRA Nebenprodukts eine wichtige Rolle bei dieser Reaktion spielt. Durch Zugabe von
NaCQ konnte der Katalysator geschitzt werden und mit NaF das ATRA Nebenprodukt eliminiert
werden und somit die Reaktion optimiert. Dadbrkonnten hervorragende Ausbeuten selbst in einem

5 mmol MaB3stab in einer Eintopfreaktion unter milden Bedingungen erzielt werden.

Das KapitetVisible light mediated ATRA reactions with vinylsilagesccess to and utilization of
hKl £ 21 f 1 & fchsktiptIsighSnditéder Swiendung von VinylsilaB0 als Abfangreagenz in
photoredoxkatalysierten ATRA Reaktionen und der dadurch ermdglichten Synthese interessanter
h-Halogenalkylsilane. Zudem wird kurz auf die allgemeinen Schwierigkeiten und Hindemiigse b
Herstellung vorh -Halogenalkylsilaneingegangen, sowie deren Verwendung besprochen. Indem
man den oxidativen Quenchzyklus vofaclr(ppyr (49) verwendet, konnte man einige
h-Halogenalkylsilane aus Halogenkohlenwasserstoffen und Vinyls#a@ herstellen. Fir
Sulfonylchloride wurde hingegen erne@t(dap)GIl(102) benutzt. Diesé -Halogenalkylsilaneiurden
anschlielend in einer neuen, verbesserten Synthese des wichtigen AeSiyi¢hons
(B-trimethyl(2-tosylvinyl)silan (278) verwendet und durch eine neuartige Zyklisierungsstrategie

konnten silyisubstituierte Cyclopropane erhalten werden.

Im folgenden KapitalSynthesis of cyclicamino acidssia visible light mediated ATRA reactions and
OOt AT FliA2yaé¢ 4 ANR zwedkyaBige ySentrdsaroutd daNdbaS GARISY

(£} TAMP(319) und dessen Derivate vorgeschlagen. Dabei wirde man sich die Kombination einer
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photoredoxkatalysierten ATRA Reiakt gefolgt von einer baseninduzierten Zyklisierung zu Nutze
machen. Mehrere ATRA Reaktionen ratt-butyl Allylcarbamat(316) und fac-Ir(ppy) (49) als
Photokatalysator waren erfolgreich. Die Zyklisierung zu einer zykliseAerinosaure konnte inieer
Eintopfreaktion erzielt werden, wohingegen keine passenden Reaktionsbedingungen gefunden

wurden um(x}TAMP(319) und seine restlichen Derivate herzustellen.

Das letzte KapiteVisible light mediated ATRAG I OG A2y &8 6AGK 2ElF 6A 080t A0

meiner Masterarbeit. Die Synthese von leicht zuganglichébxanorbornerRingsystemen und deren

Verwendung als Abfangreagenzien in photoredoxkatalysierten ATRA Reaktionen wurde untersucht.

Durch denGebrauch vorCu(dap)Cl(50) und Ru(bpyCL (46) in seinem reduktiven Quenchzyklus,
konnten mehrere Halogenkohlenwasserstoffe af®xXanorbornene addiert werden. Die Regimd
Diastereoselektivitat dieser Reaktionen wurde kurz diskutiert und mehrere Ringgsstrategien

wurden angewendet, jedoch ohne bereits zufriedenstellende Ergebnisse zu liefern.
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E Experimental part

1. General information

All chemicals were used as received or purified according to Purification of Common Laboratory
Chemical$'®3 Gassware was dried in an oven at 90 °C or flame dried prior to use. All reactions under
N-atmosphere were performed using Schlenk techniques. The blue light irradiation was performed
using OSRAM Oslon SSI 80 LDa®QYR | [mQ 5485 nink Green light irradiation was performed

using CREEYP [ 9 5 amax® 920- 53k nm). Analytical thin layer chromatography was performed

on Merck TLC aluminum sheets silica gel 60 F 254. Reactions were monitored by TLC and visualized by
a shot-wave UV lamp and stained with a solution of KMn@anillin or ninhydrin. Column flash
chromatography was performed using Merck flash silica gel 60 (Q.04163 mm). The melting points

were measured on an OptiMelt MPA 100 (uncorrected). IR spectrosomBsurements were
performed on an Agilent Gary 630 FTIR spectrometer equipped with a Diamond Single Reflection
Accessory. NMR spectra were recorded on Bruker Avance 300 and Bruker Avance 400 spectrometers.
Chemical shifts fotHb aw 6 SNB NB Lizshér &iion) rélative to dhedsignal of CP&l
7.26ppm. Chemical shiftsféfGb aw ¢ SNB NBLRZ2 NI SR & + OLJI NIa LISNI
signal of the CDgtriplet at 77 ppm. Coupling constants J are given in Hertz (Hz). The following
notations indicate the multiplicity of the signals: s = singlet, brs = broad singlet, d = doublet,
dd =doublet of a doublet, ddd = doublet of a doublet of a doublet, ddt = doublet of a doublet of a
triplet, dq = doublet of a quartet, dtd = doublet of apiet of a doublett = triplet, td = triplet of a
doublet, tt = triplet of a tripletq = quartet,qd = quartet of a doublefjuint = quintet, sept = septet,

and m = multiplet. Mass spectra were recorded at the Central Analytical Laboratory at the Deartm

of Chemistry of the University of Regensburg on a Varian MAT 311A, Finnigan MAT 95, Thermogquest
Finnigan TSQ 7000 or Agilent Technologies 6540 UHD AccurateNI&ssI(C/MS. The yields reported

are referred to the isolated compounds unless otherwisdestaNMR yields were determined using

1,3,5trimethoxybenzene as internal standard
1.1 Synthesis of literature known compounds and reagents

The following compounds were synthesized according to the reported literature procedures. The
spectral data were iragreement with the data reported: Cu(da@) (50),.'4 Cu(dap)Gl (102,
Cu(binc)(dpp)BE£H*1  Ir[dF(CE)ppyk(dtbbpy)PE!**d  2-bromo-1,3-diphenylpropanel,3-dione
(167),*°4 2-bromo-3,4-dihydronaphthalerl (2H)-one (174),["4 2-chloro-3,4-dihydronaphthalenl (2H)-

one (175),"4 trimethyl(2-phenylallyl)silang163),:*3 N-chloro-N-methyl4-nitrobenzenesulfonamide
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(211,124 N-chloro-N,4-dimethylbenzenesulfonamide (213),1*24  N-chloro-N-phenylbenzamide
(215),11%8  N-chloro-N-phenylacetamide(216),1°9 tert-butyl allylcarbamate(316),*°7 dimethy}7-
oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylate  (347),189  2-pheny}3a,4,7,7atetrahydro-1H-4,7-
epoxyisoindolel,3(2H)-dione (350),[1%8 4-methyl2-phenyt3a,4,7,7atetrahydro-1H-4,7-
epoxyisoindolel,3(H)-dione  (351),11%8  ethyl @-2-chloro-3-phenylacrylate  (361),1*¢7
1,3-dioxoisoindolin2-yl 2-(4-methoxyphenyl)acetat¢363)%9,

2. Visiblelight mediated allylations of'-halo carbonyls
General procedurésRA

A 5 mL flamearied Schlenk tube equipped with a magnetic stirring bar was charged with the
carbohalide(0.50 mmol,1.0 equiv), fac-Ir(ppy} (49) (2.50 umol or 5.0pumol, 0.5 mol%or 1.0 mol%

and dry MeCN (1 mL). The flask was sealed with a plastic screw cap and the mixture degassed using

the freezepump-thaw method (3 cycles). Undék atmosphere allyltrimethylsilane(159) (171.4 mg,

240.0yuL, 1.% mmol, 3.0equiv) was added and the plastscrew cap replaced by another screw cap

with a Teflon sealed inlet for a quartz glass rod. A4high g SNJ [ 95 o6< I npp YYU0 &l
top of the quartz glass rod. After irradiation for 248 h the LED was removetie solvent removed

in vacucandthe residue was purified by colunalromatography(silica, hexanes / EA).
Diethyl 2-allylmalonate (160)

CO,Et

EtO,C X

Following general proceduré&PA using diethyl Zbromomalonate (127) (119.5 mg, 8® uL,
0.50 mmol, 1.0 equiv), allyltrimethylsilane(159 (171.4 mg,240.0 L, 1.® mmol, 3.0 equiv),
fac-Ir(ppyk (49) (1.6 mg, 2.6 pmol, 0.5 mol%and dry MeCN (1 mifter irradiation for 2 h gavel60
(92.9 mg, 0.46 mmol, 93%) as colorless liquid after flash chromatography purification (silica, hexanes

| EA, 15:1).

R (hexanes / EA, 5:1): 0.53Staining KMnQ (UV active). 'H-NMR (400 MHz, CD#gi
Ly (ppm)=5.78(ddt, J= 17.0, 10.2, 6.8 Hz, 1H), 54%.03 (m, 2H), 4.2¢ 4.16 (m, 4H), 3.42 (dd,
J=9.6, 5.5 Hz, 1H), 2.64 @,= 7.2 Hz, 2H), 1.26 @= 7.1 Hz, 6HGNMR (101 MHz, CD§i
Lc(ppm)=168.93, 134.11, 117.51, 61.40, 51.68, 32.83, 14R% Y S I (i ¥: 298%, 0987, 1730,
1644, 1446, 1371, 1334, 1267, 1234, 1152, 1033, 921, BB S(ESI):exact mass calculated for
GioHi604 [M+NHy]*: m/z 218.1387 found:m/z 218.1382
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Diethyl 2-(2-methylallyl)malonate(162)

EtOZ)C\/K
EtO,C
Following general procedur&PA using diethyl Zbromomalonate (127) (119.5 mg,85.0 L,
0.50 mmol, 1.0 equiv), trimethyl(2methylallyl)silane (161) (192.4 mg, 260.0 yL, 1.% mmol,
3.0equiv), fac-Ir(ppyk (49) (1.6 mg, 2.50 umol, 0.5 mol%)and dry MeCN (1 mlafter irradiation for

24 h gavel62(83.4 mg, 0.38nmol, 78%) as colorless liquid after flash chromatography purification
(silica, hexanes / EA, 100:1).

R (hexanes / EA, 5:1): 0.56taining KMnQ (UV active)!H-NMR (300 MHz, CDgi1 4 (ppm) = 4.74
(d,J=17.9 Hz, 2H), 4.224.14 (m, 4H), 3.6¢ 3.52 (m, 1H), 2.60 (d= 7.8 Hz, 2H), 1.74 (s, 3H), 1.25

(t, J= 7.1 Hz, 6H}*GNMR (75 MHz, CD&i Y (ppm) = 170.46, 143.03, 113.60, 62.74, 51.85, 37.81,
23.62,15.40IR0 Yy S | (' 298% 29¥1, 1730, 1651, 1446, 1372, 1334, 1223, 1148, 1029, 895, 857,
693.LRMSESI): exact mass calculated feiHsOs [M]": m/z 215.1283, foundm/z 215.1338.

Diethyl 2-(2-phenylallyl)malonate 164)

EtO,C  Ph

EtO,C

Following general procedur&PRA using diethyl Zbromomalonate (127) (119.5 mg, 8® uL,

0.50 mmol, 1.0 equiv), trimethyl(2phenylallyl)silane(163)** (285.5 mg,310.0 yL, 1.®% mmol,
3.0equiv), fac-Ir(ppy} (49) (1.6 mg, 2.8 umol, 0.5 mol%and dry MeCN (1 mlafter irradiation for

24 h gavel64 (127.2mg, 0.46 mmol, 92%) as yellow liquid after flash chromatography purification
(silica, hexanes / EA, 20:1).

R (hexanes / EA, 5:1): 0.51Staining KMnQ (UV actie). 'H-NMR (400 MHz, CD¢i

L (ppm)=7.37¢ 7.25 (m, 5H), 5.28 (d= 0.4 Hz, 1H), 5.11 (@ 1.1 Hz, 1H), 4.%64.10 (m, 4H), 3.47

(dd,J= 9.7, 5.6 Hz, 1H), 3.10 (dd&; 7.7, 0.8 Hz, 2H), 1.21t 7.1 Hz, 6H)*CNMR(101 MHz, CDi

Lc(ppm) =169.01, 144.88, 140.05, 128.46, 127.80, 126.31, 114.81, 61.43, 50.98, 34.5/R14c@8.

A k &)¥3056, 2982, 1730, 1633, 1446, 1368, 1331, 1264, 1230, 1148, 1096, 1033, 906, 857, 779, 701.
HRMSESI): exact mass calc@dtfor GeHo0Os [M+H]": m/z 277.1434, foundm/z 277.1438.
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Diethyl 2-allyl-2-methylmalonate (L66)

EtO,C CO,Et
A

Following general procedut@RA using diethyl Zoromo-2-methylmalonate(165) (126.5 mg, 9% uL,
0.50 mmol, 1.0 equiv), allyltrimethylsilane(159) (171.4 mg,240.0 pL, 1. mmol, 3.0 equiv),
fac-Ir(ppy} (49) (3.3 mg, 5.0 umol, 1.0 mol%ind dry MeCN (1 migfter irradiation for 24 h gav&66
(76.9mg, 0.36mmol, 72%) as colorless liquid affeash chromatography purification (silica, hexanes
/ EA, 10:1).

R (hexanes / EA, 5:1): 0.67Staining KMnQ (UV active). 'H-NMR (300 MHz, CD¢i
Ly (ppm)=5.76¢ 5.57 (m, 1H), 5.12 5.07 (m, 1H), 5.05 (s, 1H), 448.12 (m, 4H), 2.58 (dd= 7.4,
1.0 Hz, 2H), 1.36 (s, 3H), 1.22 (d¢,9.9, 4.3 Hz, 6HGNMR (75 MHz, CD&l Y (ppm) = 170.91,
131.64, 118.05, 60.21, 52.40, 39.01, 18.69, 13R4 Yy S I (-5: 298%, @9¥1, 1730, 1640, 1450,
1379, 1293, 1241, 1204, 1148, 1107, 1021, 921, BRMS(ESI): exact mass calculated feHzO,
[M+H]": m/z 215.1278, foundm/z 215.1277.

2-allyl-1,3-diphenylpropanel,3-dione (168

Os__Ph
B

Ph
Following general procedu®RA using 2bromo-1,3-diphenylpropanel ,3-dione(167)1**4 (151.6 mg,
0.50 mmol, 1.0 equiv), allyltrimethylsilane(159 (171.4 mg,240.0 yL, 1. mmol, 3.0 equiv),
fac-Ir(ppy) (49) (3.3 mg, 5.0 umol, 1.0 mol%ind dry MeCN (1 mbjfter irradiation for 44 h gav&68

(55.9mg, 021 mmol,42%) as yellow solidfter flash chromatography purification (silica, hexanes / EA,
40:1).

R (hexanes / EA, 5:1): 0.44Staining vanillin (UV active).!H-NMR (300 MHz, CD#Ii

Ly (ppm)=7.99¢ 7.92 (m, 4H), 7.6§7.53 (m, 2H), 7.487.41 (m, 4H), 5.87 (ddi= 17.0, 10.1, 6.8z,

1H), 5.29 (tJ= 6.7 Hz, 1H), 5.10 (d# 17.1, 1.5 Hz, 1H), 5.02 (ddd; 10.1, 2.6, 1.1 Hz, 1H), 2.87 (it,
J= 6.8, 1.2 Hz, 2HY*GNMR (75 MHz, CD@i Yc (ppm) = 195.54, 136.03, 135.11, 133.57, 128.92,
128.63, 117.27,56.84, 33.3R0 Y S I (i 3064 Z9¥4, 2915, 1692, 1666, 1595, 1446, 1331, 1271,
1234, 1208, 1003, 924, 846, 801, 760, @BRMS(ESI): exact mass calculated fasHO, [M+H]"

m/z 265.1223, found:m/z 265.1229.
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1-phenylpent4-en-1-one (173
O
©)‘\/\/
Following general procedu@RA using 2chloroacetophenongl72) (77.3 mg, 0.8 mmol, 1.0equiv),
allyltrimethylsilane (159 (171.4 mg,240.0 uL, 1. mmol, 3.0 equiv), facIr(ppyk (49 (3.3 mg,

5.0umol, 1.0mol%)and dry MeCN (1 mlafter irradiation for 48 h gav&73(57.3 mg, 0.36 mmol,

72%) as colorless liquid after flash chromatography purification (silica, hexanes / EA, 100:1).

R (hexanes / EA, 5:1): 0.71Staining vanillin (UV active).'H-NMR (300 MHz, CD#i

Ly (ppm)=8.04¢ 7.98 (M, 2H), 7.647.57 (m, 1H), 7.5¢7.47 (m, 2H), 5.95 (ddi= 16.8, 10.2, 6.5z,

1H), 5.13 (dgJ= 17.1, 1.6 Hz, 1H), 5.@85.03 (m, 1H), 3.1% 3.09 (m, 2H), 2.5@ 2.50 (m, 2H).
BGNMR(75 MHz, CD@ll ¥ (ppm) = 199.48, 137.34, 136.95, 133.05, 128.62, 128.06, 115.32, 37.76,
28.17.IR6 ¥y S I (i'3: 306% £Z9Y8, 2919, 1685, 1595, 1446, 1413, 1361, 1249, 1208, 999, 910, 746,
690. HRMSESI): exact mass calculated feiHzO [M+H]: m/z 161.0961, foundm/z 161.0960.

2-allyl-3,4-dihydronaphthalen1(2H)-one (L76)

)
(:é/\/
Following general procedur&RA using 2bromo-3,4-dihydronaphthalerl(2H)-one (1744 (112.5
mg, 0. mmol, 1.0equiv), allyltrimethylsilane(159) (171.4 mg,240 |L, 1.® mmol, 3.0equiv),
fac-Ir(ppyk (49) (3.3 mg, 5.0 umol, 1.0 mol%hd dry MeCN (1 miafter irradiation for 44 h gav&76

(59.6 mg, 0.32nmol, 64%) as colorless liquittex flash chromatography purification (silica, hexanes
| EA, 50:1).

R (hexanes / EA, 9:1): 0.58taining vanillin (UV active}H-NMR (400 MHz, CD&J Y, (ppm) = 8.05
(dd,J= 7.8, 1.0 Hz, 1H), 7.47 (ttk 7.5, 1.4 Hz, 1H), 7.31 J 7.6 Hz, 1H), 7.25 (d= 7.7 Hz, 1H),
5.92¢ 5.80 (m, 1H), 5.11 (ddd,= 11.1, 2.5, 1.3 Hz, 2H), 3.01 (d&; 7.7, 4.6 Hz, 2H), 2.77 (dddd,
J=10.9,6.1, 2.9, 1.3 Hz, 1H), 2.56 (d#kl12.8, 8.7, 4.5 Hz, 1H), 283.22 (m, 2H), 1.88 (ddi=13.4,
11.8, 7.8 Hz, 1H}3GNMR (101 MHz, CD§ Yc (ppm) = 199.48, 144.09, 136.25, 133.22, 132.55,
128.73, 127.50, 126.61, 116.85, 47.21, 34.07, 28.64, 2IR¥8Y S | (i 30vK 2930, 2863, 1681,
1599, 1484, 1357, 1279219, 1165, 995, 910, 775, 74#RMIEI): exact mass calculated fagtk,O
[M]*: m/z 186.1039, foundm/z 186.1039.
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Benzyl pent4-enoate (L78)

0]

Bno)w

Following general procedur&RA using benzyl bromoacetate (177) (114.5 mg, 0.6 mmol,
1.0equiv), allyltrimethylsilane(159) (171.4 mg,240 L, 1. mmol, 3.0equiv), fac-Ir(ppy) (49)
(3.3mg, 5.0 pmol, 1.0nol%) and dry MeCN (1 mL) after irradiation for 44 h gb¥@ (72.6 mg,

0.38mmol, 76%) as colorlefiguid after flash chromatography purification (silica, hexanes / EA, 40:1).

R (hexanes / EA, 5:1): 0.64Staining vanillin (UV active).'H-NMR (300 MHz, CDgi

Ly (ppm)=7.41¢ 7.33 (M, 5H), 5.84 (ddi= 16.4, 10.3, 6.2 Hz, 1H), 5.14 (s, 2H), §4D9 (m, 2H),
2.52¢ 2.39 (m, 4H)3GNMR (75 MHz, CD@ Y (ppm) = 172.91, 136.61, 136.00, 128.58, 128.25,
115.60, 66.25, 33.56, 28.81IR0 Yy S | (i 3084 &DY1, 2922, 1733, 1640, 1498, 1545, 1349, 1238,
1215, 1156, 992, 913, 842, 738, 6BIRMSEI):exact mass calculated foi£h40, [M]*: m/z 190.0988
found: m/z 190.0992

3. Visiblelight mediated allylations ofsulfonyl chlorides
General procedurésRB

A 5 mL flamalried Schlenk tube equipped with a magnetic stirring bar was charged with the sulfonyl
chloride or N-chloroamine (0.50 mmol, 1.0 equiv), NaCQ (53.0 mg 0.50 mmol, 1.0 equiv),
Cu(dap)Gl(102) (1.3mg, 250 umol, 0.5 mol%and dry MeCN (1 mL). The flask was sealed with a plastic
screw cap and the mixture degassed using the frgmmapthaw method (3 cycles). Under

N, atmosphere allyltrimethylsilane(159) (171.4 mg240.0uL, 1.% mmol, 3.0equiv) was added and

the plasticscrew cap replaced by another screw cap with a Teflon sealed inlet for a quartz glass rod. A
highll2 4 SNJ [ 95 6< I pon yYO gla GGl OKSR G2 GKS
18¢ 24 h the LED was removed, and a solution of M2 (mg, 10 mmol, 2.Cequiv.) in HO (1 mL)

was added and stirred for 1 h at 60. °“The solution was transferred to a separating funnel and
extracted with DCM (3 x 40L) and washed withJ® (30 mL). The combined organic layers were dried
over MgS@ the solvent removedh vacuoand the residue was purified by colunchromatography

(silica, hexanes / EA).
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1-(allylsulfonyl}4-methylbenzene 183

o]
\\S\\/\/
(0]

Following general procedur&RB using tosyl chloridg182) (95.3 mg, (60 mmol, 1.0 equiv),
allyltrimethylsilane(159) (171.4 mg240.0pL, 1. mmol, 3.0equiv), NaCQ (53.0 mg, 0.6 mmol,
1.0equiv), NaF (42.0 mg, 1.0 mmol, 2Quiv), Cu(dap)GI(102) (1.3 mg, 2.8 pmol, 0.5 mol%and
dry MeCN (1 mL) afterradiation for 18 hgave183(88.4 mg, 0.45 mmol, 90%) as a colorless liquid

after flash chromatography purification (silica, hexanes / EA, 15:1).

R (hexanes / EA, 5:1): 0.22Staining KMnQ (UV active). *H-NMR (300 MHz, CD#gi

Ly (ppm)=7.78¢ 7.72 (n, 2H), 7.34 (d)= 8.0 Hz, 2H), 5.79 (ddk= 17.5, 10.2, 7.4 Hz, 1H), 5.32 (dd,
J=10.1, 0.9 Hz, 1H), 5.15 (df= 17.1, 1.2 Hz, 1H), 3.79 (dbs 7.4, 0.8 Hz, 2H), 2.44 (s, 3H).
BGNMR(75MHz, CD@b Ye (ppm) = 144.77, 135.35, 129.70, 128.51, 124.80, 124.61, 60.95, 21.66.
IRG Y ST (5 29v4& £9Y9, 1595, 1495, 1424, 1316, 1286, 1241, 1200. 1141, 1081, 992, 939, 872,
809, 708 HRMSEI): exact mass calculated fag.0.S [M]: m/z 196.0553, foundm/z 196.0558.

Big scale

A 20 mL flamealried Schlenk tube equipped with a magnetic stirring bar was charged tostH
chloride (182) (953.2 mg, 5.0 mmol, 1.0equiv), NaCQ (529.9 mg, 5.0 mmol, 1.0 equiv),
Cu(dap)Gl(102) (13.2mg, 25.0 umol, 0.5nol%) and dry MeCN (10 mL). The flask was sealed with a
plastic screw cap and the mixture degassed using the frpamg-thaw method (3 cycles). Under

N2 atmosphere allyltrimethylsilane(159) (1.71g, 2.40mL, 150 mmol, 3.0equiv) was added and the
pladic screw cap replaced by another screw cap with a Teflon sealed inlet for a quartz glass rod. A
highLJ2 ¢ S NJ $5905nm)dwas attached to the top of the quartz glass (see figure 6)After
irradiation for46 h the LED wasremoved, and a solution dfaF(420.0mg, 10.0mmol, 2.0 equiv) in

H.O (10 mL) was added and stirred for 4t60 °CThe solution was transferred to a separating funnel
and extracted with DCM4(x 60 mL) and washed with® 60 mL) and brine0 mL). The combined
organic layers we dried over MgS©the solvent removedh vacuoand the residue was purified by
column chromatography (silica, hexanes / EA) to obtain183 (887.4 mg 4.52 mmol, 0%) as a

colorless oil.
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Figure6. Bigscale sewup for the synthesis df-(allylsulfony}4-methylbenzeng183).

1-(allylsulfonyl}4-nitrobenzene (86)

Y
s
O,N

Following general procedut®RB using 4nitrobenzenesulfonyl chloridél85) (110.8 mg, 0.6 mmol,
1.0equiv), allyltrimethylsilang159) (171.4 mg240.0puL, 1.% mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2equiv), Cu(dap)Gl(102) (1.3 mg, 2.8 umol,
0.5mol%)and dry MeCN (1 mL) after irradiatioorf24 hgavel86 (97.5 mg, 0.43 mmol, 86%) as a

yellow solid after flash chromatography purification (silica, hexanes / EA, 6:1).

R (hexanes / EA, 3:1): 0.31Staining KMnQ (UV active). *H-NMR (300 MHz, CD#$i

Ly (ppm)=8.41¢ 8.32 (m, 2H), 8.08 7.99 (m, 2H), 5.77 (ddfl= 17.4, 10.1, 7.4 Hz, 1H), 5.34 (dd,
J=10.1, 0.7 Hz, 1H), 5.12 (dik 17.1, 1.0 Hz, 1H), 3.84 (& 7.4 Hz, 2HFGNMR(75 MHz, CD§)l
Lc(ppm) = 150.90, 143.62, 130.13, 125.72, 124.26, 123.97, AR38Y S | (iY: 314% ED3IB, 2967,

2919, 2866, 1607, 1528, 1402, 1349, 1293, 1241, 1200, 1140, 1084, 1006, 951, 876, 727, 678.
HRMSES): exact mass calculated fosHeNO,S [M+H]: m/z 228.0325, foundm/z 228.037.
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(Allylsulfonyl)benzene 188)
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Following general procedut®@PRB using benzenesulfonyl chlorid&87) (88.3 mg, 640 uL, 0.50 mmol,
1.0 equiv), allyltrimethylsilang(159) (171.4 mg240.0puL, 1.% mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2Quiv), Cu(dap)GI(102) (1.3 mg, 2.8 pmol,
0.5mol%)and dry MeCN (1 mL) after irradiation for 24g&ave188 (72.8 mg, 0.40 mmol, 80%) as a

colorless liquid after flash chromatography pwdiion (silica, hexanes / EA, 10:1).

R (hexanes / EA, 5:1): 0.26Staining KMnQ (UV active). *H-NMR (300 MHz, CD#gi
Ly (ppm)=7.91¢ 7.83 (M, 2H), 7.687.61 (m, 1H), 7.607.50 (m, 2H), 5.79 (ddi= 17.3, 10.1, 7.8z,
1H), 5.33 (ddJ= 10.1, @B Hz, 1H), 5.14 (dg,= 17.1, 1.1 Hz, 1H), 3.81 (dbs 7.4, 0.9 Hz, 2H).
BGNMR(75 MHz, CDG ¥ (ppm) = 138.26, 133.79, 129.08, 128.51, 124.78, 124.63, AR 8%eat,

A k &)X3064, 2974, 2922, 1640, 1584, 1480, 1446, 1398, 1308, 1241, 1085, 992, 936, 872, 790,
686.HRMSEI): exact mass calculated feHEO.S [M]: m/z 182.0396, foundm/z 182.0395.

1-(allylsulfonyl)}4-fluorobenzene (90)

Following general procedut®RB using4-fluorobenzenesulfonyl chloride89) (97.3 mg, 0.6 mmol,
1.0equiv), allyltrimethylsilang(159) (171.4 mg240.0puL, 1. mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2eQuiv), Cu(dap)GI(102) (1.3 mg, 2.8 umol,
0.5mol%)and dry MeCN (1 mL) after irradiation for 2Qy&ve190 (92.6 mg, 0.46 mmol, 90%) as a

colorless liquid after flash chromatography purification (silica, hexanes / EA, 7:1).

R (hexanes / EA, 5:1): 0.28taining KMnQ (UV active)!H-NMR (400 MHz, CD@ Y; (ppm) = 7.87
(ddd,J= 8.0, 5.0, 2.5 Hz, 2H), 7.23.20 (m, 2H), 5.78 (ddi= 17.5, 10.1, 7.4 Hz, 1H), 5.34 (@d10.2,
0.7 Hz, 1H), 5.14 (dd= 17.1, 1.1 Hz, 1H), 3.80 {c 7.4 Hz, 2HFGNMR (101 MH, CDGb ¥ (ppm)
=131.52,131.39, 124.99, 124.60, 116.57, 116.27, 6*MMMR(376 MHz, CD@I ¥ (ppm) =103.86.
IRO Y S| (9 310% 8DY9, 2979, 2922, 1588, 1495, 1405, 1320, 1230, 1141, 1085, 9368839
HRMSESI): exact mass calculafed GH/FQS [M+H}: m/z 201.0386, foundm/z 201.0383.
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1-(allylsulfonyl}4-methoxybenzene 192

O\\S/\/
\
IOL
MeO

Following general procedur&RB using 4methoxybenzenesulfonyl chloridé191) (103.3 mg,
0.50 mmol, 1.0equiv), allyltrimethylsilang(159) (171.4 mg240.0uL, 1.9 mmol, 3.0equiv), NaCQ

(53.0 mg, 0.6 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2eQuiv), Cu(dap)Gl(102) (1.3 mg,
2.50 pmol, 0.5mol%)and dry MeCN (1 mL) after irradiation for 2@&ve192(103.6 mg, 0.49 mmol,

98%) as a colorless liquid after flash chromatography purification (silica, hexanes / EA, 7:1).

R (hexanes / EA, 3:1): 0.31Staining KMnQ (UV active). 'H-NMR (300 MHz, CD¢i

Ly (ppm)=7.82¢ 7.74 (m, 2H), 7.02 6.96 (m, 2H)5.78 (ddt,J= 17.5, 10.1, 7.4 Hz, 1H), 5.31 (dd,
J=10.2, 1.0 Hz, 1H), 5.14 (dtg 17.1, 1.2 Hz, 1H), 3.87 (s, 3H), 8.8075 (M, 2H)*GNMR(75 MHz,
CDGD ¥(ppm) = 163.76, 130.68, 129.90, 124.99, 124.49, 114.22, 61.15, B%%6Y. S | (1 30k OY
3015, 2974, 2844, 1595, 1498, 1461, 1293, 1260, 1133, 1088, 1021, 872, 83PRBEHESI): exact
mass calculated fori@.0sS [M+H}: m/z 213.0585 found:m/z213.0584

1-(allylsulfonyl)}2-methylbenzene 194)

(@)
\\S\ \/\/
@]

Following general procedu®PRB using 2methylbenzenesulfonyl chloridd93) (95.3 mg, 0.6 mmol,
1.0 equiv), allyltrimethylsilang159) (171.4 mg240.0uL, 1.® mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2quiv), Cu(dap)GI(102) (1.3 mg, 2.8 umol,
0.5mol%)and dry MeCN (1 migfter irradiation for 20 hgave194 (73.9 mg, 0.37 mmol, 75%) as a

colorless liquid after flash chromatography purification (silica, hexanes / EA, 7:1).

R (hexanes / EA, 5:1): 0.28taining KMnQ (UV active)*H-NMR(300 MHz, CD& Y, (ppm) = 7.94d,
J=7.9 Hz, 1H), 7.49 (t# 7.5 1.3 Hz, 1H), 7.33 (ddi 5.4, 3.1, 1.2 Hz, 2H), 588.66 (m, 1H), 5.33
¢5.11 (m, 2H), 3.84 (dz= 7.4 Hz, 2H), 2.69 (s, 3F-NMR(75 MHz, CDE ¥ (ppm) = 138.07, 136.47,
133.77,132.65, 130.78, 126.47, 124.62, 124.48, 60.07, ARG6®a]l = N:3@EB4; 3023, 2982, 2922,
1640, 1454, 1312, 1238, 1148, 1059, 992, 936, 872, 805, 757HROBSESI): exact mass calculated
for GoHiz0,S [M+H}: m/z 197.0631, foundm/z 197.0633.
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1-(allylsulfonyl}2-nitrobenzene (196)
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Following general procedut®RB using 2nitrobenzenesulfonyl chlorid€l95) (110.8 mg, 0.6 mmaol,
1.0equiv), allyltrimethylsilang(159) (171.4 mg240.0uL, 1. mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2eQuiv), Cu(dap)Gl(102) (1.3 mg, 2.8 pmol,
0.5mol%)and dry MeCN (1 mL) after irradiation for 24g#ve196 (70.8 mg, 0.31 mmol, 62%) as a

yellow solid after flash chromatography purification (silica, hexanes / EA, 5:1).

R (hexanes / EA, 3:1): @2 Staining KMnQ (UV active). *H-NMR (300 MHz, CD#gi

Ly (ppm)=8.08¢ 8.02 (m, 1H), 7.84 7.69 (m, 3H), 5.8&ldt, J= 17.5, 10.1, 7.5 Hz, 1H), 545.28

(m, 2H), 4.3k 4.25 (m, 2H)GNMR (75 MHz, CDlil Yc (ppm) = 134.87, 133.02, 132.28, 132.01,
125.87,124.88, 124.07,61.0R0 Yy S | (% 308% 309, 2993, 2914, 1595, 1536, 1420, 1357, 1320,
1241, 141, 1085, 992, 783, 69HRMS (ESI): exact mass calculated foHBIQS [M+H]:

m/z 228.0325, foundm/z 228.0328.

1-(allylsulfonyl)}2-bromobenzene {98)

\
(CLe
Br

Following general proceduréGRB using 2-bromobenzenesulfonyl chloridg197) (127.7 mg,
0.50 mmol, 1.0equiv), allyltrimethylsilang159) (171.4 mg240.0uL, 1.5 mmol, 3.0equiv), NaCQ
(53.0 mg, 0.6 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2eQuiv), Cu(dap)Gl(102) (1.3 mg,
2.50 pmol, 0.5mol%)and dry MeCN (1 mlafter irradiation for 24 h gav&98(117.6 mg, 0.45 mmol,

90%) as a colorless oil after flash chromatography purification (silica, hexanes / EA, 8:1).

R (hexanes / EA, 5:1): 0.28taining KMnQ (UV actie).*H-NMR (400 MHz, CD4@ Y; (ppm) = 8.07
(dd,J= 7.6, 2.0 Hz, 1H), 7.73 (dtk 7.6, 1.5 Hz, 1H), 7.497.41 (m, 2H), 5.72 (ddf= 17.5, 10.2,
7.4Hz, 1H), 5.28 5.19 (M, 2H), 4.16 (d= 7.4 Hz, 2HFFGNMR (101 MHz, CDI & (ppm) = 137.47,
135.32, 134.79, 132.64, 127.88, 125.04, 124.17, 120.75, SR16Y S | (Y: 308& 2082, 2922,
1640, 1573, 1424, 1252, 1316, 1144, 1021, 936, 872, HRRMS(ESI): exact mass calculated for
GHoBrGS [M+HY: m/z 260.9579, foundm/z 260.9579.
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N-(4-(allylsulfonyl)phenyl)acetamideZ00)
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Following general procedur&RB using 4acetamidobenzenesulfonyl chlorid€l99) (116.8 mg,
0.50 mmol, 1.0equiv), allyltrimethylsilang159) (171.4 mg240.0uL,1.50 mmol, 3.0equiv), NaCQ

(53.0 mg, 0.6 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2eQuiv), Cu(dap)GI(102) (1.3 mg,
2.50 pmol, 0.5 mol%gand dry MeCN (1 mL) after irradiation for 1g&ve200 (96.9 mg, 0.41 mmol,

81%) as a white solid after flash chromatography purification (silica, hexanes / EA, 2:1).

R (hexanes / EA, 1:2): 0.31Staining KMnQ (UV active). *H-NMR (400 MHz, CD#gi

Ly (ppM)=7.79¢ 7.75 (M, 2H), 7.72 (s, 1H), 7.69 J&,8.8 Hz, 2H), 5.77 (ddi= 17.5, 10.1, 7.4 Hz,
1H), 5.32 (ddJ= 10.2, 0.7 Hz, 1H), 5.14 (dts 17.1, 1.1 Hz, 1H), 3.78 (tk 7.4 Hz, 2H), 2.20 (d,
J=3.0Hz, 3H)’*GNMR (101 MHz, CD&J ¥ (ppm) = 168.84, 143.04, 132.75, 129.84, 124.87, 124.63,
119.19, 61.05, 24.7TR6 y S | ("% 335& &BY7, 3272, 3191, 3116, 3056, 2922, 1677, 1588, 1323,
1260, 1137, 1085, 872, 787, 70BRMS (ESI):exact mass calculated fori8:sNOsS [M+H]:

m/z 240.0689 found:m/z 240.0695

1-(allylsulfonyl}2,3,4,5,6pentafluorobenzene 202)

F o\ /
F \S\\/\/

F

Following general procedureGRB using 2,3,4,5entafluorobenzenesulfonyl chloridg201)
(133.3mg, 0. mmol, 1.0 equiv), allyltrimethylsilane(159 (171.4 mg,.240.0 pL, 1.3 mmol,
3.0equiv), NaCQ (53.0 mg, 0.6 mmol, 1.0 equiv), NaF (42.0 mg, 1.0 mmol, 2dnuiv),
Cu(dap)Gl(102) (1.3mg, 2.9 pmol, 0.5 mol%pand dry MeCN (1 migfter irradiation for 20 h gave
202 (61.6.6 mg, 0.23 mmol, 45%}F awhite solid after flash chromatography purification (silica,
hexanes / EA, 10:1).

R (hexanes / EA, 5:1): 0.23taining KMnQ (UV active)!H-NMR (300 MHz, CD4@ Y; (ppm) = 5.89
(ddt, J= 17.5, 10.1, 7.4 Hz, 1H), 5.44 (dd,10.1, 0.8 Hz, 1H), 5.30 (dd; 17.0, 1.0 Hz, 1H), 4.03 (d,
J=7.2 Hz, 2H)"®*GNMR (75 MHz, CD&i Yc (ppm) = 126.36, 123.40, 62.13 (aromatic carbons not
visible). 9-NMR (282 MHz, CD@ Yr (ppm) =-135.42 ¢ -135.65 (m),-143.13 (tt, J = 21.1,
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7.5Hz),-158.04¢ -158.49 (M)IR6 Y S I (Y 297& 292, 1640, 1495, 1398, 1353, 1293, 1245, 1148,
1088, 984, 950, 883, 813, 842, 779, 7TRRMS(ESI):exact mass calculated forlERO.S [M+H™:
m/z 273.0003 found:m/z 273.0003

2-(allylsulfonyl)1,3,5trimethylbenzene 04)

0]
\\S/\/
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Following general procedur&RB using 1,3,8rimethylbenzenesulfonyl chlorid¢203) (109.4 mg,
0.50 mmol, 1.0equiv), allyltrimethylsilane(159) (171.4 mg240.0uL, 1.5 mmol, 3.0equiv), NaCQ

(53.0 mg, 0.6 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2eQuiv), Cu(dap)GI(102) (1.3 mg,
2.50 umol, 0.5 mol%and dry MeCN (1 miafter irradiation for 23 h gav204 (12.6 mg, 0.06 mmol,

11%) as a white solid after flash chromatography purification (silica, hexanes / EA, 10:1).

R (hexanes / EA, 5:1): 0.48taining KMnQ (UV active)!H-NMR (300 MHz, CD& Y, (ppm) = 6.95
(s, 2H), 5.81 (ddfi= 17.5, 10.1, 7.4 Hz, 1H), 5.32Jd,10.1 Hz, 1H), 5.19 (dit 17.0, 1.2 Hz, 1H), 3.81
(d, J= 7.4 Hz, 2H), 2.65 (s, 6H), 2.30 (s, FBNMR (75 MHz, CD&i Ye (ppm) = 142.30, 139.23,
131.34, 131.11, 123.55, 123, 59.70, 22.05, 19.9R0 Yy S | (¥: 296% £9¥2, 2855, 1733, 1602,
1562, 1439, 1398, 1308, 1260, 1141, 1081, 1033, 943, 850HPB3SESl)exact mass calculated for
CioHisOoS [MEH ™ m/z 225.0944 found:m/z 225.0949

3-(methylsulfonyl)prop-1-ene 06)

o

Following general procedur@RB using methylsulfonyl chloridé€05) (57.3 mg, 39D uL, 0.5 mmol,
1.0equiv), allyltrimethylsilang159) (171.4 mg240.0pL, 1.9 mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2Quiv), Cu(dap)GI(102) (1.3 mg, 2.8 pmol,
0.5mol%)and dry MeCN (1 migfter irradiation for 24 h gav@06 (30.4 mg, 0.28 mmol, 57%) as a

colorless liquid after flash chromatography purification (silica, hexanes / EA, 4:1).

R (hexanes / EA, 3:1): 0.13taining KMnQ. *H-NMR (300 MHz, CD&@l Y (ppm) = 5.99 (ddt)= 17.6,
10.2, 7.4 Hz, 1H), 5.575.44 (m,2H), 3.7& 3.72 (m, 2H), 2.89 (8= 0.7 Hz, 3H}*GNMR (75 MHz,
CDGI ¥ (ppm) = 126.22, 125.61, 60.35, 39.880 y S | (i-5: 304% 930, 1640, 1423, 1290, 1245,
1200, 1129, 1081, 995, 939, 880, 7BRMS(ES): exact mass calculated forEO,S [MNH,]™
m/z 138.0583 found:m/z 138.0583
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1-methyl-4-((2-methylallyl)sulfonyl)benzene Z07)

Q

Following general procedur&RB using tosyl chloridg182) (95.3 mg, 0.8 mmol, 1.0 equiv),
trimethyl(2-methylallyl)silane(161) (192.4 mg,260.0 pl- 1.5 mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), NaF (42.0 mg, 1.0 mmol, 2Quiv), Cu(dap)GI(102) (1.3 mg, 2.8 pmol,
0.5mol%)and dry MeCN (1 migfter irradiation for 20 h gav207 (72.2 mg, 0.34 mmol, 69%) as a

colorless liquid after flash chromatography purification (silica, hexanes / EA, 10:1).

R (hexanes / EA, 5:1): 0.28taining KMnQ (UV active)H-NMR (400 MHz, CD{ Y, (ppm) =7.75

(d, J=8.2 Hz, 2H), 7.33 (d= 8.0 Hz, 2H), 5.045.00 (m, 1H), 4.69 (s, 1H), 3.74 (s, 2H), 2.44 (s, 3H),
1.86 (s, 3H*GNMR (101 MHz, CD$l Y (ppm) = 144.64, 135.52, 133.55, 129.62, 128.53, 120.66,
64.54, 22.73, 21.66R0 Y S | (i'9: 296& £29Y5, 178 1730, 1439, 1282, 1197, 1144, 1085, 1036,
913, 839, 708, 682HRMS(EI): exact mass calculated forikE40,S [M]: m/z 210.0709, found:
m/z 210.0707.

1-methyl-4-((2-phenylallyl)sulfonyl)benzene208)

foay:

Following general procedur&RB using tosyl chloridg182) (95.3 mg, 0.6 mmol, 1.0 equiv),
trimethyl(2-phenylallyl)silang163)1*°3 (285.5 mg310.0uL, 1.% mmol, 3.0equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), Cu(dap)GI(102) (1.3 mg, 2.6 umol, 0.5 mol%gand dry MeCN (1 ml3fter
irradiation for 23 h gav@08(88.0 mg, 0.32 mmol, 65%) as a white solid after flash chromatography

purification (silica, hexanes / EA, 10:1).

R (hexanes / EA, 5:1): 0.23taining KMnQ (UV active)!H-NMR (400MHz, CD@b Y; (ppm) = 7.66

(d, J= 8.2 Hz, 2H), 7.25 (di= 6.9, 4.5 Hz, 7H), 5.59 (s, 1H), 5.22 (s, 1H), 4.25 (s, 2H), 2.39 (s, 3H).
BBGNMR(101 MHz, CD@l ¥ (ppm) = 144.61, 138.92, 136.64, 135.51, 129.52, 128.71, 128.38, 127.95,
126.26, 121.7562.19, 21.60lR0 y S I (i"y: 308k 2933, 1625, 1495, 1446, 1402, 1312, 1245, 1133,
1174, 1085, 898, 809, 772, 6HRMSESI): exact mass calculated foHO,S [M+H}: m/z 273.0944,

found: m/z 273.0944.

102



E Experimental part

4. Visiblelight mediated allylations ofN-chloro-amines

N-allyl-N-methyl-4-nitrobenzenesulfonamidg212)

Following general procedur&PB using N-chloro-N-methylk4-nitrobenzenesulfonamideg211)*24
(125.3mg, 0. mmol, 1.0 equiv), allyltrimethylsilane(159) (171.4 mg,240.0 p, 1.3 mmol,
3.0equiv), NaCQ (53.0 mg, 0.6 mmol, 1.0 equiv), NaF (42.0 mg, 1.0 mmol, 2dnuiv),
Cu(dap)Gl(102) (1.3 mg, 2.6 umol, 0.5 mol%and dry MeCN (1 mlafter irradiation for 18 h gave
212(98.6 mg, 0.38 mmol, 77%) as yellow solid after flash chromatography purification (silica, hexanes
| EA, 7:1).

R (hexanes / EA, 5:1): 0.29Staining KMnQ (UV active). 'H-NMR (300 MHz, CD¢i

L (ppm)=8.37¢ 8.30 (m, 2H), 7.9¢ 7.91 (m, 2H), 5.7t 5.57 (m, 1H), 5.22 5.13 (m, 2H), 3.67
(d,J=6.3 Hz, 2H), 2.71 (s, 3FICNMR (75 MHz, CD&i ¥ (ppm) = 150.07, 143.81, 131.65, 128.56,
124.42,119.89, 52.99, 34.2R0 Y S I (i} 318 2056, 2922, 2851, 1644, 1607, 1528, 1446, 1398,
1342, 1305, 1208, 1163, 1126, 1062, 984, 936, 854, 828, 760HBB2SESI)exact mass calculated
for GoHi2N.0sS[M+H]*: m/z 247.0591 found:m/z 257.0593

N-allyl-N,4-dimethylbenzenesulfonamideZ14)

Following general procedureGRB using N-chloro-N,4-dimethylbenzenesulfonamide(213)*?4
(109.8mg, 0. mmol, 1.0 equiv), allyltrimethylsilane(159) (171.4 mg,240.0 pL, 1.3 mmol,
3.0equiv), NaCQ (53.0 mg, 0.6 mmol, 1.0 equiv), NaF (42.0 mg, 1.0 mmol, 2dnuiv),
Cu(dap)Gl(102) (1.3 mg, 2.6 umol, 0.5 mol%and dry MeCN (1 mlafter irradiation for 20 h gave
214(55.3 mg, 0.25 mmol, 49%) as yellow solid after flash chromatography purifi¢silioa, hexanes
/ EA, 10:1).

R (hexanes / EA, 5:1): 0.48taining KMnQ (UV active)H-NMR (400 MHz, CDG@I Y, (ppm) = 7.67
(d,J= 8.2 Hz, 2H), 7.32 (@z 8.0 Hz, 2H), 5.71 (ddt= 16.2, 9.8, 6.3 Hz, 1H), 5.19 (ddd,12.5, 3.1,
1.4 Hz, 2H)3.62 (d,J = 6.3 Hz, 2H), 2.66 (s, 3H), 2.43 (s, 3M)NMR (101 MHz, CDgi
Lc(ppm)=143.40, 134.52, 132.65, 129.70, 127.52, 119.11, 53.08, 34.22, R&BY. S I (7x 306% OY
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3015, 2967, 2922, 1644, 1599, 1495 1454, 1334, 1204, 1156, 9889913, 816, 753-HRMS(ESI):
exact mass calculated for:6sNGS [M+H}: m/z 226.0896, foundm/z 226.0898.

5. Atom transfer radical additions with vinyltrimethylsilane
General procedurésRC

A 5 mL flamaried Schlenk tube equipped withraagnetic stirring bar was charged with the carbo

halide (0.50 mmol,1.0 equiv), fac-Ir(ppy) (49) (1.6 mg 2.50 pmol, 0.5 mol%and dry MeCN (1 mL).

The flask was sealed with a plastic screw cap and the mixture degassed using thetmreezbaw

method (3 cycles). Undé\, atmosphere vinyltrimethylsilane(230) (75.2 mg,110.0 (L, 0.75mmol,

1.5equiv) was added and the plasticrew cap replaced by another screw cap with a Teflon sealed

inlet for a quartz glassrod. Ahigdi2 6 SNJ [ 95 o6< T npp YYO o6& FdaGFk OKS
rod. After irradiation for 17 24 h the LED was removed, and the solvent evaporatedicw. The

residue was purified by column chromatographifi¢a, hexanes / BA
Diethyl 2-(2-bromo-2-(trimethylsilyl)ethyl)malonate 31)

Et02C Br

EtO,C ™S

Following general procedur&RC using diethyl Zoromomalonate (127) (119.5 mg, 0.8 mmol,
1.0equiv), vinyltrimethylsilane(230) (75.2 mg,110.0 (L, 0.75 mmol, 1.®quiv), fac-lr(ppy} (49)
(2.6mg, 2. pmol, 0.5 mol%) and dry MeCN (1 mL) after irradiation for 17 h g8¥€149.7 mg,
0.44mmol, 88%) as a colorlessuid after flash chromatography purification (silica, hexanes / EA,
10:1).

R (hexanes / EA, 5:1): 0.56Staining KMnQ (UV active). 'H-NMR (400 MHz, CD$i
Ly (ppm)=4.28¢ 4.17 (m, 4H), 3.88 (dd= 11.0, 3.3 Hz, 1H), 3.21 (de; 13.1, 2.1 Hz, 1H), 2.47 (ddd,
J=15.0, 11.0, 2.1 Hz, 1H), 2.11 (d#e15.0, 13.2, 3.3 Hz, 1H), 1.28 (td,7.1, 5.1 Hz, 6H), 0.16 9%]).
13GNMR (101 MHz, CD$ ¥ (ppm) = 169.37, 168.83, 61.65, 61.49, 51.1728, 32.59, 14.11, 14.05,
-3.23.IR6 Y S I (% 298% 2997, 1730, 1372, 1338, 1252, 1178, 1148, 1033, 83HIRBESESI):
exact mass calculated foi£,:BrQSi [M+Na]: m/z 361.0441, foundm/z 361.0444.

Big scale

A 20 mL flamalried Schlenk tube equipped with a magnetic stirring bar was chargeddigthyl
2-bromomalonate(127) (1.2g,850.0 pL, 5.6nmol, 1.0equiv), fac-Ir(ppyk (49) (16.4mg, 250 pmol,
0.5mol%)and dry MeCN (10 mL). The flask was sealed avifilastic screw cap and the mixture

degassed using the freepaimp-thaw method (3 cycles). Und&k atmosphere vinyltrimethylsilane
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(230 (751.7mg, 1.10mL, 7.5 mmol, 1.5equiv) was added and the plastic screw cap replaced by

another screw cap with a Teflon sealed inlet for a quartz glass rod. Abgl SNJ [ 95 6< T npp
attached to the top of the quartz glass rod and two additional LEDs were placed next to the flask. After
irradiation for 24 h the LEDs were removed, and the solvent evapoiatedcuo The residue was

purified by Kugelrohr distillation (1.4 mbar, 95 °C) to ob284 (1.6 g, 4.7 mmol, 94%) as colorless

liquid.

Diethyl 2-(2-bromo-2-(trimethylsilyl)ethyl)-2-methylmalonate 65

EtO,C TMS

Following general proceduré&SRC using diethyl Zbromo-2-methylmalonate (165 (126.5 mg,
0.50 mmol, 1.0 equiv), vinyltrimethylsilane(230) (75.2 mg,110.0 [, 0.75 mmol, 1.5equiv),
fac-Ir(ppyk (49) (1.6 mg, 2.8 umol, 0.5 mol%) and dry MeCN (1 mL) after irradiation 8in Bave265

(95.6 mg, 0.27 mmol, 54%) as a colorless oil after flash chromatography purification (silica, hexanes /
EA, 30:1).

R (hexanes / EA, 5:1): 0.58taining KMnQ (UV actve).*H-NMR (300 MHz, CD@ Y, (ppm) = 4.19
(qd,J= 7.2, 2.3 Hz, 4H), 3.28 (d&; 10.5, 2.4 Hz, 1H), 2.54 (d&; 16.1, 2.5 Hz, 1H), 2.44 (d¢; 16.1,

10.5 Hz, 1H), 1.52 (s, 3H), 1.26 §td,7.1, 2.9 Hz, 6H), 0.16 (s, IBENMR(75 MHz, CDgY c(ppm)
=172.11, 172.01, 61.61, 61.38, 53.77, 38.66, 37.08, 19.75, 13.99, B3IBRO Y S I (1" 298% OY
2907, 1730, 1446, 1379, 1305, 1252, 1185, 1103, 1023, 943, 839, 753RMG(ESI): exact mass
calculated for GHsBrQSi [M+H}: m/z 353.0778, foundm/z 353.0781.

Trimethyl(1,3,3,3tetrabromopropyl)silane 267)

Br

BraC
3 ™S

Following general procedut®RCusing tetrabromomethan€266) (165.8 mg, 0.6 mmol, 1.0equiv),
vinyltrimethylsilane(230) (75.2 mg,110.0 |, 0.75 mmol, 1.5equiv), fac-Ir(ppy) (49) (1.6 mg,
2.50 pmol, 0.5mol%) and dry MeCN (1 mL) after irradiation 2drh gave267(172.5 mg, 0.40 mmol,

80%) as a colorlessligl after flash chromatography purification (silica, hexanes).

R (hexaned EA,5:1): 0.64 Staining KMnQ (UV active)H-NMR (300 MHz, CD&@l Y; (ppm) = 3.50
(d, J= 4.7 Hz, 2H), 3.33 (= 4.8 Hz, 1H), 0.20 (s, 9FCNMR (75 MHz, CD& Y (ppm) = 62.01,
40.24, 37.29;2.82.1IR0 y S I ("5 2956 20990, 1409, 1252, 1185, 1085, 984, 939, 835, 731, 678.
HRMSLIFDI): exact mass calculated feif:@Br:Si [MCH-HBr]: m/z 332.7940, foundm/z 332.7940.
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General procedurésP-D

A 5 mL flamaried Schlenk tube equipped with a magnetic stirring bar was charged with the carbo

halide (0.5 mmol, 1.0 equiv), KHPQ (87.1 mg, 0.5 mmol, 1.0 equivfpc-r(ppyk (49 (3.3 mg,
5.0umol,1.0mol%)and dry MeCN (1 mL). The flask was sealed with a plastic screw cap and the mixture
degassed using the freepaimp-thaw method (3 cycles). Und&k atmosphere vinyltrimethylsilane

(230) (150.3mg, 220.0uL, 1.5 mmol, 3.0 equiv) was added and the plasticrew cap replaced by

another screw cap with a Teflon sealed inlet for a quartz glass rod. Abgls SNJ [ 95 6< I npp
attached to the top of the quartz glass rod. After irradiation forcI48 h the LED was removed, and

the reaction suspension wadtéired through a Bilchner funnel and the solvent evaporatedacua

The residue was purified by column chromatograpdiljc@, hexanes / BA
4-bromo-1-phenyH-(trimethylsilyl)butan-1-one 269)

O

TMS
Br

Following general proceduré&sRD using 2bromoacetophenone(171) (99.5 mg, 0.8 mmol,
1.0equiv), KHPQ (87.1 mg, 0.50 mmol, 1.0 equiwjnyltrimethylsilane(230) (150.3 mg220.0pL,
1.50 mmol, 3.0equiv), fac-Ir(ppyk (49) (3.3 mg, 5.0 umol, 1.0 mol%) and dry MeCN (1 mL) after
irradiation for 22h gave269(99.8 mg, 0.33 mmol, 67%) as a yellow liquid after flash chromatography

purification (silica, hexanes / EA, 20:1).

R (hexanes/ EA, 5:1): 0.71, Staining vanilin (UV ative). *H-NMR (300 MHz, CDi

Ly (ppm)=8.03¢ 7.97 (M, 2H), 7.67.54 (m, 1H), 7.507.44 (m, 2H), 3.4§3.30 (m, 2H), 3.21 (ddd,
J=17.7,8.1,6.8 Hz, 1H), 2.38 (dditd 15.0, 8.1, 6.8, 2.4 Hz, 1H), 2.02 (dddd14.0, 11.7, 7.6, 44z,

1H), 0.17 (s, 9H}*GNMR(75 MHz, CD& ¢ (ppm) = 199.66, 136.91, 133.18, 128.66, 128.06, 44.99,
38.25, 27.74;3.02.1IR0 y S I (i'5: 295& 0900, 1685, 1599, 1446, 1410, 1364, 1320, 1249, 1163,
1111, 999, 928, 835, 742, 69BHIRMS (ESI): exact mass calculated forsHwBrOSi [M+H]

m/z 299.0461, foundm/z 299.0466.

Big scale

A 20 mL flamaried Schlenk tube equipped with a magnetic stirring bar was charged with
2-bromoacetophenone(171) (996.0 mg, 5.00 mmol, 1.0equiv), KeHPQ (435.1 mg, 2.50 mmol,
0.5equiv.),fac-Ir(ppy) (49) (32.7 mg, 50.0 umol, 1.0 mol%) and dry MeCN (10 mL). The flask was
sealed with a plastic screw cap and the mixture degassed using the fpaegethaw method

(3 cycles). UndeN, atmosphere yinyltrimethylsilang230) (1.5g,2.20mL,15.0mmol, 3.0equiv) was
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added and the plastic screw cap replaced by another screw cap with a Teflon sealed inlet for a quartz
glassrod. Ahigh2 4 SNJ [ 95 o< I npp VYYU eguhadz glhss iod dd&Kt&R § 2
additional LEDs were placed next to the flask. After irradiation for 48 h the LEDs were removed, and
the solvent evaporateih vacuo The residue was purified by Kugelrohr distillation (28.0 mbar, 108 °C)

to obtain269(779.6 mg2.60 mmol, 52%) as yellow liquid.
4-chloro-1-phenyt4-(trimethylsilyl)butan-1-one 270)

O

TMS
Cl

Following general procedu@RD using 2chloroacetophenong172) (77.3 mg, 0.6 mmol, 1.0equiv),
K:HPQ (87.1 mg, 0.8 mmol, 1.0equiv), vinyltrimethylsilang230) (150.3 mg220.0uL, 1.5 mmol,
3.0equiv), fac-Ir(ppyk (49) (3.3 mg, 5.0 umol, 1.0 mol%) and dry MeCN (1 mL) after irradiation for
68 h gave270(58.3 mg, 0.23 mmol, 46%) as a colorlessdigfiier flash chromatography purification
(silica, hexanes / EA, 100:1).

R (hexanes/ EA, 5:1): 0.71, Staining vanillin (UV active). 'H-NMR (300 MHz, CDg

Ly (ppm)=8.03¢ 7.96 (M, 2H), 7.6& 7.54 (m, 1H), 7.54 7.44 (m, 2H), 3.483.30 (m, 2H), 3.19 (ddd,
J=17.6, 8.1, 6.8 Hz, 1H), 2.33 (dddd15.0, 8.2, 6.8, 2.4 Hz, 1H), 1.95 (dded14.8, 12.7, 8.1, 418z,

1H), 0.15 (s, 9H¥*CGNMR (75 MHz, CD@i ¥ (ppm) =199.80, 136.97, 133.14, 128.65, 128.06, 51.59,
36.74, 27.64;3.58.1IR0 y S I (i'5: 2956& 0000, 1685, 1599, 1446, 1409, 1364, 1319, 1249, 1204,
1148, 835, 746, 69BHRMSESI): exact mass calculated feHmCIOSi [M+NH" m/z272.1232, found:

m/z 272.1235.

Benzyl 4bromo-4-(trimethylsilyl)butanoate 271)

@)

T™S
BnO)J\/Y

Br

Following general procedur&RD using benzyl -bromoacetate (177) (114.5 mg, 0.6 mmol,
1.0equiv), KHPQ (87.1 mg, 0.6 mmol, 1.0equiv), vinyltrimethylsilang230) (150.3 mg220.0pL,

1.50 mmol, 3.0equiv), fac-Ir(ppyk (49) (3.3 mg, 5.0 pmol, 1.0 mol%) and dry MeCN (1 mL) after
irradiation for @ h gave271(93.3 mg, 0.28 mmol, 57%) as a colorless liquid after flash chromatography

purification (silica, hexanes / EA, 100:1).
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R (hexanes/ EA, 5:1): 0.73, Staining vanillin (UV active). 'H-NMR (400 MHz, CDg

L (ppm)=7.39¢ 7.33 (M, 5H), 5.14 (d= 1.4Hz, 2H), 3.24 (dd= 12.4, 2.5 Hz, 1H), 2.77 (dde;16.5,

8.3, 4.9 Hz, 1H), 2.6@ 2.53 (m, 1H), 2.2% 2.18 (m, 1H), 2.0@ 1.90 (m, 1H), 0.14 (s, 9H).
BGNMR(101MHz, CD@b Y- (ppm) = 174.87, 137.83, 130.51, 130.20, 130.18, 68.25, 45.78, 35.81,
30.45,-1.18.IR0 Y S I (¥ 3084 7956, 1733, 1454, 1416, 1383, 1312, 1249, 1149, 1029, 977, 835,
749, 693.HRMS (ESI): exact mass calculated foHzBrQSi [M+Na] m/z 351.0386, found:

m/z 351.0387.

General procedurésRE

A 5 mL flamalried Schlenk tube equipped with a magnetic stirring bar was charged with the sulfonyl
chloride 0.50 mmol,1.0 equiv), NaCQ (53.0 mg,0.50mmol, 1.0 equiv), Cu(dap)GI(102) (1.3 mg,

2.50 umol, 0.5 mol%pand dry MeCN (1 mL). The flask was sealed with a plastic screw cap and the
mixture degassed using the freepampthaw method (3 cycles). UndeN. atmosphere,
vinyltrimethylsilang(230) (75.2 mg,110.0uL, 0.75mmol, 1.5equiv) was added ad the plastic screw

cap replaced by another screw cap with a Teflon sealed inlet for a quartz glass rod-péwarn_ED

0 =530 nm) was attached to the top of the quartz glass rod. After irradiation for 16 h the LED was
removed, and the reaction suspsion was filtered through a Bichner funnel and the solvent

evaporatedin vacuo The residue was purified by column chromatograilcé, hexanes / BA

(1-chloro-2-(phenylsulfonyl)ethyl)trimethylsilane(245)

\\/\(TMS
oA

Following general procedut®REusingbenzenesulfonythloride(187) (88.3mg,64.0 pL0.50 mmol,
1.0 equiv), vinyltrimethylsilang(230) (75.2 mg,110.0uL, 0.75 mmol, 1.®quiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), Cu(dap)GI(102) (1.3 mg, 2.6 umol, 0.5 mol%pand dry MeCN (1 mlgfter
irradiation for  h gave 245 (100.2 mg, 036 mmol, 72%) as acolorless liquidafter flash

chromatography purification (silica, hexanes / BA).

R (hexanes / EA, 5:1): @4UV active)H-NMR (300 MHz, CD@l Y4 (ppm) =7.99¢ 7.94 (m, 2H),
7.70¢ 7.63 (m, 1H), 7.6Q 7.54 (m, 2H), 3.7@ 3.64 (m, 1H), 3.47 (dd= 15.2, 10.84z, 1H), 3.36 (dd,= 15.2,

2.2 Hz, 1H), 0.180.10 6, 9H).1*GNMR (75 MHz, CD@b ¥ (ppm) =139.80, 133.92, 129.25, 128.51, 60.30,
41.05,-3.86.IR0 Y S I (i"¥: 3064 2980, 1588, 1446, 1387, 1323, 1252, 1137, 1085, 1025, 891, 839,
790, 731, 686HRMS(ESI): exact mass calculated fatHzCIQSSi [MN&*: m/z 299.0299 found:

m/z 299.0301
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Big scale

A 20 mL flamaried Schlenk tube equipped with a magnetic stgribbar was charged with
benzenesulfonylchloride (187) (883.1 mg, 640.0 pL, 5.0mmol, 1.0 equiv), NaCQ (265.0 mg,
2.50mmol, 0.5 equiv), Cu(dap)Gl(102) (13.2mg, 250 umol, 0.5 mol%and dry MeCN (10 mL). The
flask was sealed with a plastic screw cap and the mixture degassed using thepueszehaw
method (3 cycles). Unde\, atmosphere vinyltrimethylsilane(230) (751.7mg, 1.10mL,7.50mmol,
1.5equiv) was added and the plastgcrew cap replaced by another screw cap with a Teflon sealed
inlet for a quartz glassrod. Ahighi2 6 SNJ [ 95 o6< I pon yYou ¢ta |4dGFOKS
rod and two additional LEDs were placed next to the flask. After irradiation for 24 s Wwere
removed, and the reaction suspension was filtered through a Blchner funnel and the solvent
evaporatedin vacuo The residue was purified by Kugelrohr distillation 18 mbar, 11%; 120 °C)

to obtain245(1.3 g, 4.70 mmol, 94%) as colorlegsiti.

(1-chloro-2-(thiophen-2-ylsulfonyl)ethyl)trimethylsilane 273

Cr“(

Following general procedur€RE using thiophene2-sulfonyl chloride(272) (91.3 mg, 0.6 mmol,
1.0equiv), vinyltrimethylsilang(230) (75.2 mg,110.0puL, 0.75 mmol, 1.2equiv), NaCQ (53.0 mg,
0.50 mmol, 1.0equiv), Cu(dap)&l(102) (1.3 mg, 2.8 pmol, 0.5 mol%) and dry MeCN (1 mL) after
irradiation for 16 h gav@73(125.1 mg, 0.44 mmol, 89%) as a whiitdid after flash chromatography

purification (silica, hexanes / EA, 5:1).

R (hexanes / EA, 5:1): 0.40 (UV activap: 67 °CH-NMR (300 MHz, CD@l Y, (ppm) = 7.73 (dq,
J=4.0, 1.4 Hz, 2H), 7.X67.11 (m, 1H), 3.64 (dd= 10.2, 2.3 Hz, 1H), 3.§73.48 (m, 1H), 3.44 (dd,
J=14.9, 2.3 Hz, 1H), 0.120.08 (s, 9HEGNMR (75 MHz, CD ¥:(ppm) = 140.30, 135.01, 134.64,
128.07, 61.61, 41.173.83.IR6 Yy S I (i'¥: 314X 2980, 1402, 1320, 1290, 1256, 1133, 1014, 883,
839, 783, 731HRMS(ESI): exact mass calculated feHECIQSSiI [M+H}: m/z 283.0044, found:
m/z 283.0043.
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(1-chloro-2-tosylethyl)trimethylsilane 33

0
W\ TMS
Y
O ci

Following general procedur&RE using tosyl chloridg(182) (95.3 mg, 0.6 mmol, 1.0 equiv),
vinyltrimethylsilane(230) (75.2 mg,110.0puL, 0.75 mmol, 1.8quiv), NaCQ (53.0 mg, 0.6 mmol,
1.0equiv), Cu(dap)Gl(102) (1.3 mg, 2.8 pmol, 0.5 mol%and dry MeCN (1 miafter irradiation for

16 h gave233(107.9 mg, B7 mmol, 74%) as a white solid after flash chromatography purification
(silica, hexanes / EA, 8:1).

R (hexanes / EA, 5:1): 0.42 (UV activap: 60 °CIH-NMR (400 MHz, CD@ Y, (ppm) = 7.87 (d,
J=8.3Hz, 2H), 7.39 (dl= 8.0 Hz, 2H), 3.69 (ddi= 10.9, 2.1 Hz, 1H), 3.48 (dd; 15.2, 10.9 Hz, 1H),
3.39 (dd,J = 15.2, 2.1 Hz, 1H), 2.49 (s, 3H), 0¢16.14 (s, 9H)*GNMR (101 MHz, CDgIi
Lc(ppm)=144.95, 136.83, 129.89, 128.53, 60.32, 41.15, 21F84.IR0 Y S | (i '5: 296& £0L2,
1595, 1320, 1290, 1249, 1167, 1129, 1036, 883, 842, HBRMS(ESI): exact mass calculated for
Ci2HioCIQSSi [M+H] m/z 291.0636, foundm/z 291.0641.

(1-chloro-2-(methylsulfonyl)ethyl)trimethylsilane 244)

o

A\ TMS
ST

0 ¢l

Following general procedur&RE using methanesulfonyl chlorid€205 (57.3 mg, 0.6 mmol,
1.0equiv), vinyltrimethylsilang(230) (75.2 mg,110.0uL, 0.75 mmol, 1.%equiv), NaCQ (53.0 mg,

0.50 mmol, 1.0equiv), Cu(dap)Gl(102) (1.3 mg, 2.8 ymol, 0.5 mol%) and dry MeCN (1 mL) after
irradiation for 16h gave244(19.0 mg, 0.09 mmol, 18%) as a colorless liquid after flash chromatography

purification (silica, hexanes / EA, 4:1).

R (hexanes / EA, 5:1): 0.1Staining KMnQ. *H-NMR(300 MHz, CD Y (ppm) = 3.79 (ddj= 11.6,
1.7 Hz, 1H), 3.40 (dd= 15.6, 11.6 Hz, 1H), 3.2%.18 (m, 1H), 3.12 (d= 1.0 Hz, 3H), 0.220.18
(s,9H).5GNMR (75 MHz, CD& % (ppm) = 59.32, 43.78, 42.28.80.IR6 y S | {i5: 3015 Z980,
1413, 1316, 1252, 1126, 1033, 969, 891, 839, 453, ARMS(ESI): exat mass calculated for
GHisCIQSSi [M+H] m/z 215.0323, foundm/z 215.0323.
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(B)-trimethyl(2-(phenylsulfonyl)vinyl)silane Z78)

NN TE
N\
A

A 20 mL flamalried Schlenk tube equipped with a magnetic stirring bar was charged with
benzenesulfonyl chloridé187) (883.1 mg,640.0 mL, 5.0 mmol, 1.Gequiv), NaCQ (265.0 mg,

2.50 mmol, 0.5equiv), Cu(dap)@102) (13.2 mg, 25.0 pmol, 0.5 mol%) ady MeCN (10 mL). The
flask was sealed with a plastic screw cap and the mixture degassed using thepuegzéhaw
method (3 cycles). Under.ldtmosphere, vinyltrimethylsilan€30) (751.7 mg, 1. mL, 7. mmol,
1.5equiv) was added and the plastic ser cap replaced by another screw cap with a Teflon sealed
inlet for a quartz glassrod. Ahigi2 6 SNJ [ 95 6< I pon yYu g+a FaGidlF OKS
rod and two additional LEDs were placed next to the f(aslk figure 7)After irradiation fo 24 h the

LEDs were removed, and a solution of KOHI(@,4£5.0 mmol, 5.@quiv) in HO (10 mL) was added

and stirred for 1 h. The solution was transferred to a separating funnel and extracted with DCM
(3x60mL) and washed with# (50 mL) and brinéQ mL). The combined organic layers were dried
over MgSQ@ the solvent removedh vacuoand the residue was purified by column chromatography

(silica, hexanes / EA, 20:1) to obt&ir8(1.1 g, 4.57 mmol, 91%) as a colorless oil.

R (hexanes / EA, 5:1): 0.5%faining KMnQ (UV active)!H-NMR (300 MHz, CD{ Y, (ppm) = 7.87
(ddd,J=6.9,3.6, 1.9 Hz, 2H), 7.657.59 (m, 1H), 7.5¢ 7.51 (m, 2H), 7.23 (d= 17.9 Hz, 1H), 6.62 (d,
J=17.9 Hz, 1H), 0.13 (& 3.4 Hz, 9H}FGNMR (75 MHz, CD@ ¥ (ppm) = 145.54, 141.67, 139.76,
133.50, 129.33, 127.931.99.IR0 Y S I (i} 30642969, 2900, 1584, 1446, 1308, 1252, 1144, 1085,
977, 842, 801, 731, 686IRMS(ESI): exact mass calculated fafHzO.SSi [M+H] m/z 241.0713,
found:m/z 241.0718.
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Figure?. Bigscale seup for the synthesis aB)-trimethyl(2-(phenylsulfonyl)vinyl)silang78).

6. Formation of silylsubstituted cyclopropanes
Diethyl 2-(trimethylsilyl)cyclopropanel,1-dicarboxylate 800)
EtO,C_ CO,Et

TMS

A 5 mL flamealried Schlenk tube equipped with magnetic stirring bar was charged with diethyl
2-bromomalonate (127) (119.5 mg, 8® uL, 0.® mmol, 1.0 equiv), facIr(ppyl (49) (1.6 mg,

2.50 umol, 0.5mol%) and dry MeCN (1 mL). The flask was sealed with a plastic screw cap and the
mixture degassed usj the freezepumpthaw method (3 cycles). Under ;Natmosphere,
vinyltrimethylsilang(230) (75.2mg, 110.0uL, 0.75 mmol, 1.8quiv) was added and the plastic screw

cap replaced by another screw cap with a Teflon sealed inlet for a quartz glass rod-péwuer LED

6< I npp YyYO gla FGdFrOKSR (2 GKS G2L) 2F GKS | dz
removed, and DBU (228.4 n2£0.0pL, 1.® mmol, 3.0equiv) was added and the reaction stirred for
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an additional hour. The solution was traeskd to a separating funnel and extracted with DCM
(3x40mL) and washed with# (50mL) and brine (50 mL). The combined organic layers were dried
over MgSQ@ the solvent removedh vacuoand the residue was purified by column chromatography

(silica, hexanes / EA, 10:1) to obt&®0(104.0 mg, 0.4 mmol, 80%) as a colorless oil.

R (hexanes 5:1): 0.6&taining KMnQ. *H-NMR (400 MHz, CD@ Y:(ppm) = 4.22,4.08 (m, 4H), 1.41
(dd,J=11.1, 3.5 Hz, 1H),.25 (dt,J= 10.5, 7.1 H£H), 1.28 (dd J= 8.9, 3.4 HZH), 0.86 (ddJ= 11.1,

9.6 Hz, 1H), 0.00 (s, 9M)GNMR (101 MHz, CD&@ ¥ (ppm) = 171.30, 169.42, 61.56, 61.24, 33.19,
18.34, 16.37, 14.06, 14.011.79.IR0 Y S | (i'%: 298% P90, 2904, 1722, 1446, 1372, 1241, 1197,
1133, 1074, 1029, 969, 835, 753, 6#IRMS(ESI): exact mass calculated fapH2OsSi [M+H]:

m/z 259.1366, foundm/z 259.1363.

Big scale

A 20 mL flamedried Schlenk tube equipped with a magnetic stgripar was charged with diethyl
2-bromomalonate (127) (1.19 mg, 850.0 plL- 5.0 mmol, 1.0 equiv), facIr(ppyk (49) (16.4 mg,

25.0 ymol, 0.5mol%) and dry MeCN @QImL). The flask was sealed with a plastic screw cap and the
mixture degassed using the freepampthaw method (3 cycles). Under ;Natmosphere,
vinyltrimethylsilane(230) (752.0 mg, 7.50nmol, 1.5equiv) was added and the plastic screw cap
replaced by anther screw cap with a Teflon sealed inlet for a quartz glass rod. Apeigier LED

0 =455 nm) was attached to the top of the quartz glass rod and two additional LEDs were placed next
to the flask After irradiation for25 h the LED was removed, and DEAR8g, 2.20mL, 150 mmol,
3.0equiv) was added and the reaction stirred 80 min The solution was transferred to a separating
funnel and extracted with DCM (360 mL) and washed witKHPQ (1 M) solution (50 mLand brine

(50 mL). The combined ongia layers were dried over Mgg@he solvent removedh vacuoand the
residue was purified by column chromatography (silica, hexanes / EA, 10:1) to 8Bt{a.1 g,

4.32mmol, &%) as a colorless oil.
Phenyl-2-(trimethylsilyl)cyclopropyl)methanone 01)

O

|/
’
) ’,

Ph

,TMS

A 5 mL pressurube equipped with a magnetic stirring bar was charged wittr@mo-1-phenyt4-
(trimethylsilyl)butanl-one (269 (149.6 mg, 0.6 mmol, 1.0 equiv), DBU (228.4 mg220.0 L,

1.50 mmol, 3.0equiv) and MeCN (1 mL). The flask was sealed wilhstic screw cap and the mixture
stirred at room temperature for 5 h. The solution was transferred to a separating funnel and extracted

with DCM (3 x 40 mL) and washed withRE (1 M) solution (30 mL) and brine (30 mL). The combined
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organic layers werdried over MgS@ the solvent removedh vacuocand the residue was purified by

column chromatography (silica, hexanes) to ob&®1(107.5 mg, 0.49 mmol, 97%) as a colorless oil.

R (hexanes 10:1): 0.6%taining vanillin (UV active}H-NMR (300 MHz, OC}0 ¥4 (ppm) = 7.95 (dd,
J=5.3, 3.3 Hz, 2H), 7.567.49 (m, 1H), 7.48 7.40 (m, 2H), 2.47 (dddz= 7.1, 5.9, 4.1 Hz, 1H), 1.44
(ddd,J=10.6, 4.0, 2.8 Hz, 1H), 0.92 (ddd,8.4, 7.2, 2.8 Hz, 1H), 0.67 (ddd,10.6, 8.4, 5.9 Hz, 1H),
0.00 (s, 9HY:3GNMR(75 MHz, CD&I ¢(ppm) = 200.65, 138.24, 132.66, 128.53, 127.96, 21.18, 15.38,
13.60,-2.42.1IR6 ¥y S| (i'Y: 3064 0997, 2952, 2896, 1670, 1599, 1450, 1383, 1249, 1219, 1178,
1055, 1014, 977, 831, 74B612.HRMYESI): exact mass calculated faHzOSi [M+H} m/z219.1205,
found: m/z 219.1202.

7. Atom transfer radical additions withert-butyl allylcarbamate

Benzyl 4bromo-5-((tert-butoxycarbonyl)amino)pentanoate317)

BnO,C _Boc
N
\/Y\H

Br

A 5 mL Schlenk tube equipped with a magnetic stirring bar was charged with beésrpyh@acetate

(177 (229.1 mg, 1%0 pL, 1.0 mmol, 2.Cequiv), KHPQ (87.1 mg, 0.8 mmol, 1.0 equiv),
fac-Ir(ppy) (49) (3.3 mg, 5.0 umol, 1.0 mol%rt-butyl allylcarbamat€316)1*° (78.6 mg, 0.6 mmol,

1.0equiv), BO (0.5 mL) and DMF (0.5 mL). The flask was sealed with a plastic screw cap with a Teflon
sealed inlet for a quartz glass rod and the mixture degassedube freezepump-thaw method
(Bcycles). A highl2 6 SNJ [ 95 6< I npp YYO g6+a aGadll OKSR G2
irradiation for 16 h the LED was removed, the solution was transferred to a separating funnel and
extracted with DCM (840 mL) and washed with ¥D (30 mL). The combined organic layers were dried

over MgS@ the solvent removedh vacuoto give317 (154.8 mg, 0.40 mmol, 80%) as a white solid

after flash chromatography purification (silica, hexanes / EA, 20:1).

R (hexanes / EA,:%): 0.29,Staining ninhydrin(UV active)mp: 150 °C!H-NMR (400 MHz, CDgi

Ly (ppm) = 7.4% 7.30 (m, 5H), 5.13 (s, 2H), 4.97 (s, 1H), 4.1B=(83.8 Hz, 1H), 3.56 (dtk 12.6, 7.0

Hz, 1H), 3.4€ 3.38 (m, 1H), 2.67 (ddd,= 16.7, 8.4, 5.7 Hz, 1H), 2.6@.51 (m, 1H), 2.23 (dddd,
J=15.2, 8.4, 6.9, 3.9 Hz, 1H), 2.06 (di¢; 14.8, 8.9, 5.8 Hz, 1H), 1.45 (s, $FONMR (101 MHz,
CDGD ¥ (ppm) = 172.39, 155.71, 339, 128.64, 128.35, 128.28, 79.89, 66.53, 55.53, 47.29, 32.09,
30.91, 28.38IR6 y S I (°9: 33V% 09Y1, 2926, 1730, 1689, 1521, 1446, 1390, 1327, 1249, 1211,
1152, 1051, 954, 910, 865, 824, 749, @IRMSESI): exact mass calculated foHzBrNQ [M+NaJ:

m/z 408.0781, foundm/z 408.0782.
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Big scale

A 20 mL Schlenk tube equipped with a magnetic stirring bar was charged with bémayh@acetate

177 (1.72 g, 1.18 mL, M5mmol, 1.5 equiv), KHPQ (435.5 mg, 2.6 mmol, 0.5 equiv),
fac-Ir(ppy) (49) (16.4 mg, 25.0 pmol, 0.5 mol%grt-butyl allylcarbamate(316)1*°7 (786.1 mg,
5.0mmol, 1.0equiv), HO (5.0 mL) and DMF (5.0 mL). The flask was sealed with a plastic screw cap
with a Teflon sealed inlet for a quartz glass rod and theumixtiegassed using the freepemp-thaw

method (3cycles). Ahigh)2 6 SNJ [ 95 6< I npp YYO é6la FGadlF OKSR
two additional LEDs were placed next to the flask (see Figjur&fter irradiation for 20 h the LEDs

were removedthe solution was transferred to a separating funnel and extracted with DCM (8150

and washed with kO (50 mL) and brine (50 mL). The combined organic layers were dried over,MgSO
the solvent removedn vacuoto give 317 (1.09 g, 2.82 mmol, 56%) aswdite solid after flash

chromatography purification (silica, hexanes / EA, 10:1).

Figure8. Bigscale seup for the synthesis of benzylgfomo-5-((tert-butoxycarbonyl)amino)pentanoat@17).
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Bhyl 4-bromo-5-((tert-butoxycarbonyl)amino)2-methylpentanoate @27)

EtOZC * * P Boc
W\H
B

r

A 5 mL Schlenk tube equipped with a magnetic stirring bar was charged with ¢ttoyhdpropanoate

(326) (135.8 mg, 98.4 pL, 0.75 mmol, 1eguiv), KHPQ (87.1 mg, 0.6 mmol, 1.0 equiv),
fac-Ir(ppy) (49) (3.3 mg, 5.0 umol, 1.0 mol%grt-butyl allylcarbamat€316)1*°? (78.6 mg, 0.6 mmol,

1.0equiv), HO (0.5 mL) and DMF (0.5 mL). The flask was seatlec plastic screw cap with a Teflon

sealed inlet for a quartz glass rod and the mixture degassed using the -yeagethaw method
(3cycles). Ahighl2 4 SNJ [ 95 o6< I npp yYO gFa FidlFOKSR (2
irradiation for 24 h theLED was removed, the solution was transferred to a separating funnel and
extracted with DCM (840 mL) and washed withJ@ (30 mL). The combined organic layers were dried

over MgS@ the solvent removeth vacuao give327(126.0 mg, 0.37 mmol, 74%) asolorless liquid

after flash chromatography purification (silica, hexanes / EA, 15:1).

R (hexanes / EA, 5:1): 0.33taining ninhydrin(UV active)!H-NMR (300 MHz, CD Yi (ppm) = 4.98
(d,J=22.2 Hz, 1H), 4.13 (4% 7.1, 1.3 Hz, 2H + 1H), 3®5%.32 (M, 2H), 2.872.68 (m, 1H), 2.27 2.13

(m, 1H), 1.9@ 1.71 (m, 1H), 1.44 (s, 9H), 1.25J¢ 7.1 Hz, 3H), 1.18 (ddi= 14.2, 7.1 Hz, 3H). (Peak
splitting due to diastereomersfGNMR (75 MHz, CD@ Y (ppm) =175.87, 175.54, 155.69, 79.85,

60.68, 60.61, 54.90, 54.03, 47.53, 47.26, 39.82, 38.77, 37.84, 37.54, 28.35, 18.02, 16.27, 14.22. (Peak
splitting due to diastereomerdR0O y S I °Y: 336% @9V8, 2937, 1715, 1513, 1457, 1368, 1249,
1163, 1081, 1021, 85768.HRMSESI): exact mass calculated fexBrNQ [M+Na]: m/z 360.0781,

found: m/z 360.0780.

Big scale

A 20 mL Schlenk tube equipped with a magnetic stirring bar was charged with ethyl
2-bromopropanoate(326) (1.36 g, 1.38 mL, ammol, 1.5equiv), kHPQ (435.5 mg, 2.6 mmol,

0.5equiv), facIr(ppy): (49) (16.4 mg, 25.0 pumol, 0.5 mol%grt-butyl allylcarbamate(316)1%7

(786.1mg, 5.0mmol, 1.0equiv), HO (5.0 mL) and DMF (5.0 mL). The flask was eath a plastic

screw cap with a Teflon sealed inlet for a quartz glass rod and the mixture degassed using the
freezepump-thaw method (3 cycles). Ahighl2 6 SNJ [ 95 6< I npp YYO gl a |
guartz glass rod and two additional LEDs wdeegd next to the flask. After irradiation for 42 h the

LEDs were removed, the solution was transferred to a separating funnel and extracted with DCM

(3x60 mL) and washed with,8 (50 mL) and brine (50 mL). The combined organic layers were dried
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over Mg®, the solvent removedh vacuoto give327(1.07 g, 3.15 mmol, 63%) as a colorless liquid

after flash chromatography purification (silica, hexanes / EA, 15:1).
Diethyl 2-(2-bromo-3-((tert-butoxycarbonyl)amino)propyl)malonateql)

EtO,C _Boc
N

Et0,C Br o

A 5 mL flamalried Schlenk tube equipped with a magnetic stirring bar was charged with diethyl
2-bromomalonate (127) (179.3 mg, 128 uL, 0.75 mmol, 1.%quiv), fac-lr(ppyk (49 (3.3 mg,

5.0umol, 1.0mol%),tert-butyl allylcarbamate(316)1*°7 (78.6 mg, 0.6 mmol, 1.0equiv), and dry

MeCN (1.0 mL). The flask was sealed with a plastic screw cap with a Teflon sealed inlet for a quartz
glass rod and the mixture degassed using the fregrap-thaw method (3 cycles). A higlower LED

6< I npp YYO gl a I {itz@KsS Rd. Afr iriadaBon tor22RIh tAeFLEDI i@S  |j dz
removed, the solvent removeith vacuoto give61 (151.4 mg, 0.38 mmol, 76%) as a colorless liquid

after flash chromatography purification (silica, hexanes / EA, 10:1).

R (hexanes / EA, 5:1): 0.23taning: ninhydrin(UV active)!H-NMR (300 MHz, CD&@ Y, (ppm) = 4.98

(s, 1H), 4.254.08 (m, 4H + 1H), 3.€3.70 (m, 1H), 3.603.42 (m, 2H), 2.47 (ddd>= 14.8, 9.5, 3.8iz,

1H), 2.3%2.19 (m, 1H), 1.44 (3= 7.3 Hz, 9H), 1.27 (td 7.1, 1.Hz, 6H*GNMR(101 MHz, CD§}i

Lc(ppm) = 168.86, 168.50, 155.61, 79.90, 61.83, 61.76, 53.28, 50.16, 47.12, 34.63, 28.33, 14.06, 14.03.
IRO Y S (i"9: 338& 2982, 2937, 1718, 1510, 1450, 1368, 1338, 1245, 1148, 1025, 965, 857, 783.
HRMSESI): exa& mass calculated fori€HbeBrNQ [M+NH;]": m/z 413.1282, foundm/z 413.1287.

Bhyl 4-bromo-5-((tert-butoxycarbonyl)amino)2-fluoropentanoate 329

EtOZC * * P Boc
N
YY\H

F Br

A 5 mL Schlenk tube equipped with a magnetic stirring bar was charged with elingin®-2-
fluoroacetate (328) (138.7 mg, 0.75 mmol, 1.8quiv), KHPQ (87.1 mg, 0.6 mmol, 1.0equiv),
fac-Ir(ppy) (49) (3.3 mg, 5.0 umol, 1.0 mol%grt-butyl allylcarbamaté316)1*°7 (78.6 mg, 0.6 mmol,

1.0equiv), BO (0.5 mL) and DMF (0.5 mL). The flask was sealed with a plastic screw cap with a Teflon
sealed inlet for a quartz glass rod and the mixture degassedjubke freezepump-thaw method
(3cycles). A highl2 4 SNJ [ 95 o6< I npp yYO gta FdidlFOKSR (2
irradiation for 24 h the LED was removed, the solution was transferred to a separating funnel and
extracted with DCM (3 x 40 mand washed with ¥ (30 mL). The combined organic layers were dried

over MgS@ the solvent removeih vacuaoto give329(86.6 mg, 0.26 mmol, 53%) as a colorless liquid
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as a mixture of two diastereomersdr(= 1.4:1) after flash chromatography purificatigsilica,
hexaned EA, 20:1).

R (hexanes / EA, 5:1): 0.31Staining ninhydrin (UV active). 'H-NMR (400 MHz, CDgi

L4 (ppm)=5.29¢ 5.07 (m, 1H), 5.0 4.82 (m, 1H), 4.3§ 4.22 (m, 2H + 1H), 3.683.54 (m, 1H),

3.54¢ 3.45 (m, 1H), 2.54¢ 2.16 (m, 2H), 1.44 (s, 9H), 1.30J% 7.1 Hz, 3H). (Peak splitting due to
diastereomers}*GNMR (101 MHz, CD&@l Y (ppm) = 169.23, 169.01, 155.68, 87.91, 87.66, 86.07,
85.83, 80.03, 61.90, 50.96, 49.61, 47.32, 46.24, 38.79, 38893, 37.92, 28.31, 14.10, 14.08.
(Peaksplitting due to diastereomers}®~NMR (376 MHz, CD{ Y (ppm) =-191.60,-194.97.
IR(neat,A k )¥3370, 2982, 2937, 1759, 1700, 1510, 1453, 1368, 1249, 1215, 1163, 1096, 1021, 857,
779.LRMSESI): exact ass calculated fori@+:BrFNQ[M+H]": m/z 342.0716, foundm/z 342.0189.

Diethyl 2-(((tert-butoxycarbonyl)amino)methyl)cyclopropand,l-dicarboxylate 332)
EtO,C_ CO,Et

g

A 5 mL flamadried Schlenk tube equipped with a magnesiirring bar was charged with diethyl
2-bromomalonate (127) (179.3 mg, 128 pL, 0.75 mmol, 1.%quiv), facIr(ppyk (49) (3.3 mg,
5.0umol, 1.0mol%),tert-butyl allylcarbamate(316)1°1 (78.6 mg, 0.6 mmol, 1.0equiv), and dry

“Boc

MeCN (1.0 mL). The flask was sealed with a plastic screw cap with a Teflon sealed inlet for a quartz
glass rod and the mixture degassed using the fregrap-thaw method (3 cycles). A higlower LED

6< ' npp yYYO g+ a I {itz@KsS Rd. Afr irtada8on fo22RIh RFLED k@S  |j dz
removed and DBU (228.4 n2£20.0mL, 1.% mmol, 3.0equiv) was added. The mixture was stirred at

room temperature for 1 h and then the solution was transferred to a separating funnel and extracted

with DCM (3 x 4fnL) and washed with 4 (40 mL) and brine (40 mL). The combined organic layers

were dried over MgSfQthe solvent removedn vacuoto give332(108.6 mg, 0.34 mmol, 69%) as a

colorless liquid after flash chromatography purification (siliexames / EA, 5:1).

R (hexanes / EA, 5:1): 0.23taining ninhydrin(UV active)*H-NMR (400 MHz, CDg Y (ppm) = 4.75
(d,J=119.0 Hz, 1H), 4.281.15 (m, 4H), 3.683.43 (m, 1H), 2.822.70 (m, 1H), 2.06 (tdd= 9.0, 7.4,

5.6 Hz, 1H), 1.44 (8H), 1.28 (dtJ)= 16.6, 7.1 Hz, 6H}GCNMR (101 MHz, CD@ % (ppm) = 169.85,

168.06, 155.61, 79.45, 61.80, 61.72, 40.45, 33.79, 28.41, 27.65, 18.87, 14.08|lR4.955 I (% Ak OY
3380, 2982, 2937, 1715, 1510, 1454, 1368, 1320, 1252, 1204, 1163, 1133, 1018, 943, 861, 708.
HRMSESI): exact mass calculated fesHasNCGs [M+H]": m/z 316.1755, foundm/z 316.1756.

118



E Experimental part

8. Atom transfer radical additions with oxabicyclohexenes
General pocedureGRE

A 5 mL Schlenk tube equipped with a magnetic stirring bar was charged with the oxabicyclohexene
(0.50 mmol, 1.0equiv), the carbo halidg1.0 mmol,2.0 equiv), Cu(dap)CI(50) (4.4 mg, 5.0 umol,
1.0mol%),DMF(1 mL)and BHO (1 mL). The flask was sealed with a plastic screw cap with a Teflon
sealed inlet for a quartz glass rod and the mixture degassed using the -fraggethaw method
(3cycles). A highJ2 6 SNJ [ BBBnmpwas ditached to the top of the quartz glass rod. Afte
irradiation for24 ¢ 72 h the LED was removed, the solution was transferred to a separating funnel and
extracted with DCM (3 x 40 mL) and washed wit® KBO mL). The combined organic layers were dried
over MgSQ the solvent removedh vacuoand the reidue was purified by columohromatography

(silica, hexanes / EA).

Dimethyl-(-5-bromo-6-(1-ethoxy-3-(ethylperoxy)1-oxo-0 &propan-2-yl)-7-
oxabicyclo[2.2.1]heptane2,3-dicarboxylate 852)

CO,Et
MeO,C. 3 2

MeOZC Br COzEt

Following general procedur&RE using dimethyl7-oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylate

(34789 (106.1 mg, 0. mmol, 1.0equiv), diethyl 2bromomalonate(127) (239.0 mg, 170.0 L,

1.0mmol, 2.0 equiv), Cu(dapCI(50) (4.4mg, 5.0 pmol, 1.0 mol%pMF(1 mL)and HO (1 mL)after

irradiation for 24 h gave352 (168.1mg, 037 mmol, 73%) as ayellow solidas two diastereomers

(dr=1.6:1) after flash chromatography purification (silica, hexanes /£H),

Major diastereomerR: (hexanes / EA3:1): 026, Staining KMnQ (UV active)mp: 94 °CH-NMR (400

MHz, CDG)Y  (ppm) =5.01 (s, 1H), 4.68 (s, 1H), 4.37Jd,7.2 Hz, 1H), 4.274.18 (m, 4H), 3.77 (d,

J=11.9 Hz, 1H), 3.69 (s, 3H), 3.66 (s, 3H), 3.0945.3, 9.4 Hz, 2H), 2.82 (d&; 11.9, 7.2 Hz, 1H),

1.31¢ 1.26 (m, 6H)*GNMR (101 MHz, CD@ Y- (ppm) =170.16, 170.10, 168.26, 167.97, 86.20,

81.22, 62.26, 62.12, 55.99, 53.87, 52.88,37, 51.98, 49.12, 47.05, 14.06, 13RO Y SI (% Ak OY
2989, 2952, 2848, 1730, 1439, 1379, 1350, 1320, 1264, 1193, 1163, 1029, 857, 813, 468, 712.
HRMSESI): exact mass calculated feiHzzBr& [M+H]": m/z 541.0598, foundm/z 451.0590.
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Dimethyk(-5-bromo-6-(tribromomethyl)-7-oxabicyclo[2.2.1]heptane2,3-dicarboxylate(353)

(0]

Mz";;?fzb/c%
Br

A 5 mlflame-dried Schlenk tube equipped with a magnetic stirring bar was charged with diméthyl
oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylate (347)1*®3 (318.3 mg, 1.50 mmol, 1.0 equiv),
tetrabromomethane(266) (547.0 mg, 1.65nmol, 1.1 equiv), Cu(dapyCI(50) (9.9 mg, 11.25umol,
0.75mol%)and dry DCM1.5 mL) The flask was sealed with a pliasscrew cap with a Teflon sealed
inlet for a quartz glass rod and the mixture degassed using the fieemg-thaw method (3 cycles).
A highLJ2 ¢ S NJ [580:im)dvas attached to the top of the quartz glass rod. After irradiation for
48h the LED was remed to give 253 (646.7 mg, 1.19 mmol, 79%) as acolorless oilas two

diastereomersdr = 13.51) after flash chromatography purification (silica, hexanes /&D,

Major diastereomerR (hexanes / EA3:1): 041, Staining KMnQ (UV active) *H-NMR (400 MHz,
CDG)Y w(ppm) =5.11 (d,J= 4.8 Hz, 1H), 4.98 (s, 1H), 4.09,5.0 Hz, 1H), 4.01 (@ 9.6 Hz, 1H),
3.73 (d,J= 1.8 Hz, 6H), 3.19 (ddi= 9.0, 7.4 Hz, 2HFGNMR (101 MHz, CD& Y (ppm) =170.52,
169.84, 83.3482.73, 73.36, 52.62, 52.53, 51.17, 48.24, 47.67, 3984.y S I (i ¥: 178%, OrY9,
1600, 1487, 1375, 1330, 1201, 1144, 975, 887, 795, ARMS(ESI): exact mass calculated for
GiaHi2BrGOs [M+NH]*: m/z 561.7721, foundm/z 561.7724.

Ethyl2-(6-bromo-7-methyl-1,3-dioxo-2-phenyloctahydro1H-4,7-epoxyisoindots-yl)-3-
(ethylperoxy)o &propanoate @55)

o)
CO,Et
Ph. O 2
N
5, COEt
o)

Following general procedure GRE using 4-methyl2-phenyt3a,4,7,7atetrahydro-1H-4,7-
epoxyisoindolel,32H)-dione (351)*89 (127.6mg, 0.® mmol, 1.0equiv), diethyl 2bromomalonate
(127) (239.0mg, 170.0pL,1.0 mmol, 2.0 equiv), Cu(dapyCl(50) (4.4 mg, 5.0 umol, 1.0 mol%pMF
(I mL)and HO (1 mL)after irradiation for72 h gave255(123.0mg, 025 mmol, 50%)asayellow solid

as two diastereomerdd( =2.6:1) after flash chromatography purification (silica, hexanes /£DB),

Major diastereomer:R (hexanes / EA3:1): 035, Staining KMnQ (UV active) mp: 130 °C.
IH-NMR (400 MHz, CD§Y + (ppm) =7.45¢ 7.40 (m, 2H), 7.38 7.33 (m, 1H), 7.20 (s, 2H), 4.71 (s,
1H), 4.26c 4.18 (m, 4H), 3.82 (d= 7.3 Hz, 1H), 3.79 (@ 4.7 Hz, 1H), 3.40 (@ 9.2 Hz, 1H), 3.30 (d,
J= 7.3 Hz, 1H), 2.69 (dd= 9.2, 4.7 Hz, 1H), 1.59 @ 4.9 Hz, 3H), 1.27 (dt= 9.7, 7.1 Hz, 6H).
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13GNMR (101 MHz, CD§l ¥ (ppm) =174.87, 174.83, 167.36, 167.13, 131.71, 129.21, 128.85, 126.46,
89.60, 81.55, 62.27, 619, 54.03, 53.71, 52.73, 50.73, 47.52, 15.63, 14.08, 4RByY S (5. Ak OY
2974, 1782, 1707, 1599, 1454, 1495, 1390, 1297, 1241, 1193, 1156, 1096, 1021, 973, 872, 846, 734,
693.HRMSESI): exact mass calculated faHBrNQ [M+H]": m/z 494.0809, dund: m/z 494.0808.

5-bromo-4-methyl-2-phenyl-6-(tribromomethyl)hexahydro1H-4,7-epoxyisoindolel,3@2H)-dione
(356)

0
Ph\N CBrs

(0]
Br

A 5 mLSchlenk tube equipped with a magnetic stirring bar was charged 4mittethyl2-phenyt
3a,4,7,7atetrahydro-1H-4,7-epoxyisoindolel, 32H)-dione(351)1*84 (127.6mg, 0. mmol, 1.0equiv),
tetrabromomethane (266) (248.7 mg, 0.75nmol, 1.5 equiv), Cu(dap)Cl (50) (4.4 mg, 5.0 umol,
1.0mol%) DMF(1 mL)and HO (1 mL)The flask was sealed with a plastic screw cap with a Teflon
sealed inlet for a quartz glass rod and the mixture degassed using the -fraggethaw method
(3cycles). A higipower LEDO < 530 nm) was attached to the top of the quartz glass rod. After
irradiation for48 h the LED was removethe solution was transferred to a separating funnel and
extracted with DCM (840 mL) and washed withJ@ (30 mL). The combined organic layeesendried
over MgS@ the solvent removeéh vacuato give356(132.2mg,0.23mmol, 45%)as acolorless oihs

two diastereomersdr = 3:1) after flash chromatography purification (silica, hexanes /&D),

Major diastereomerR (hexanes / EA3:1): 045, Staining KMnQ (UV active)*H-NMR (400 MHz,
CDQ)Y w(ppm) =7.51¢ 7.47 (m, 2H), 7.447.40 (m, 1H), 7.26 (d= 5.1 Hz, 2H), 5.07 (s, 1H), 3.96 (d,
J=7.2 Hz, 1H), 3.88 (@ 5.1 Hz, 1H), 3.41 (@ 5.1 Hz, 1H), 3.30 (@ 7.2 Hz, 1H), 1.73 (@ 4.1Hz,
3H).*GNMR (101 MHz, CD&Jl Yc (ppm) =175.29 174.18, 131.55, 129.32, 129.06, 126.47, 90.87,
82.17, 73.91, 55.61, 50.62, 48.10, 39.06, 1589. Y S I ("% 1777k 100®; 1495, 130, 1340, 1247,
1192, 189, 1111, 950,876, 8583, 703 HRMJESI): exact mass calculated fegHizBLNO; [M+H]": m/z
587.7666, foundm/z 587.7663.

General procedurésRF

A 5 mL flamealried Schlenk tube equipped with a magnetic stirring bar was charged with the
oxabicyclohexene (0Gbmmol, 1.0 equiv), sodium asorbate £9.4 mg,0.30 mmol, 0.6 equiv),
Ru(bpy)Ck*6H,0 (46) (3.74 mg, 5.0 umol, 1.0 mol%), MeCN (1 mL), MeOH (0.75 mL}RAdX31)
(409.5mg, 200.QuL, 0.75 mmol, 1.Bquiv). The flask was sealed with a plastic screw cap with a Teflon

sealed inlet for a quartz glass rod and the mixture degassed using the -freggethaw method
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(Bcycles). A highd2 6 SNJ [ 95 6< I npp VYYU gla Faidl OKSR
irradiation for 2¢ 3 h the LED was removed, the solution was transferred to a separating funnel and
extracted with DCM (3 x 40 mL) and washed wi® KBO mL). The combined organic layers were dried
over MgSQ@ the solvent removedh vacuoand the residuaevas purified by columehromatography

(silica, hexanesEA).

Dimethyk(-5-iodo-6-(perfluorooctyl)-7-oxabicyclo[2.2.1]heptane2, 3-dicarboxylate 854)

Mm&bw

|
Following general procedur6&RF using dimethyt7-oxabicyclo[2.2.1]hepb-ene-2,3-dicarboxylate
(347189 (106.1 mg, 0. mmol, 1.0equiv), sodium ascorbate59.4 mg,0.30 mmol, 0.6 equiv),
Ru(bpyjCk*6H.0 (46) (3.74 mg, 5.0 umol, 1.0 mol%), MeCN (1 mL), MeOH (0.75 mL}RAq181)
(409.5mg, 2®@.0uL, 0.75 mmol, 1.Bquiv) after irradiation for2 h gave354 (302.7mg, 040 mmol,

80%) as avhite solidafter flash chromatography purification (silica, hexanes /EB,

R (hexanes / EA, 3:1): 0.58taining KMnQ (UV active) mp: 195 °CH-NMR (400 MHz, CDg
1y (ppm) =5.01 (s, 1H), 4.94 (d= 4.7 Hz, 1H), 4.13 (= 5.3 Hz, 1H), 3.97 (@ 9.5 Hz, 1H), 3.71 (dd,
J=5.9, 2.6 Hz, 6H), 3.06 (t; 9.5 Hz, 1H), 2.58 (td= 14.6, 5.7 Hz, 1IHYGNMR (101 MHz, CDg}

a2

Lc(ppm) =170.42, 169.64, 82.16, 78.62, 55.99, 55.78, 55.56, 52.59, 52.56, 51.63, 49.71, 15.27.

(perfluorinated carbons not visibléfF NMR(376 MHz, CD@1 1 (ppm) =-81.23 (t,J= 9.9 Hz,
3F),-117.68 (s, 2F)}121.21 (s, 2F)122.04 (s, 2F)122.28 §, 4F)-123.16 (s, 2F)126.57 (s, 2F).

IRO Y S| G-Y: 178%, OTL8, 1599, 1498, 1394, 1368, 1331, 1197, 1144, 973, 850, 790, 768, 697.

HRMSESI): exact mass calculated fesHF710s [M+H]": m/z 758.9531, foundm/z 758.9533.
5-iodo-6-(perfluorooctyl)-2-phenylhexahydrelH4,7-epoxyisoindolel,3H)-dione (360)

0]
N CgF17

Following general procedureGRF using 2-phenyl3a,4,7,7atetrahydro-1H4,7-epoxyisoindole
1,3@2H)-dione (350)1*°8 (120.6 mg, 0.® mmol, 1.0equiv), sodium ascorbate59.4 mg,0.30 mmol,
0.6equiv,), Ru(bpyyChk*6H-0 (46) (3.74 mg, 5.0 umol, 1.0 mol%), MeCN (1 mL), MeOH (0.75 mL) and
GFu71 (181)(409.5 mg, 200.QiL, 0.75 mmol, 1.Bquiv) after irradiation for3 h gave360(240.1mg,

0.31mmol, 61%) as avhite solidafter flash chromatography purification (silica, hexanes /EH,
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R (hexanes / EA, 3:1): 0.56taining KMnQ (UV active) mp: 93 °C.!H-NMR (400 MHz, CDgi

Ly (ppm)=7.48 (d,J= 7.8 Hz, 2H), 7.457.39 (m, 1H), 7.24 (s, 2H), 5.15 (s, 1H), .89 (m, 1H),
427 ¢ 4.21 (m, 1H), 4.09 (d) = 7.2 Hz, 1H), 3.16 (d,= 7.2 Hz, 1H), 2.8Q 2.69 (m, 1H).
B3GNMR(101MHz, CD@b ¥ (ppm) =175.17, 173.83, 131.45, 129.3/9.16, 126.39, 83.37, 79.15,
55.79, 55.57, 49.28, 48.56, 13.96. (perfluorinated carbons not visitheNMR(376 MHz, CD§i
Lg(ppm) =-81.20 (s, 3F}117.37¢ -117.56 (m, 2F)}120.90¢ -121.16 (m, 2F)121.90¢ -122.13 (m,
1F),-122.22¢ -122.42 (m 5F)-123.15 (s, 2F)126.58 (s, 2F)R6 ¥ S I (% 2960 1359, 1730, 1439,
1368, 1327, 1282, 1197, 1144, 1036, 1006, 951, 913, 813HRIES(ESI): exact mass calculated for
CooHioFRANG [M+H]: m/z 787.9590, foundm/z 787.9585.

5-iodo-4-methyl-6-(perfluorooctyl)-2-phenylhexahydrelH-4,7-epoxyisoindolel,3(2H)-dione (357)

o)

(@)
Ph.
N CgF17

0]
I

Following general procedure GRF using 4-methyl2-phenyt3a,4,7,7aetrahydro-1H4,7-
epoxyisoindolel,3@2H)-dione (351)*8 (127.6mg, 0.5 mmol, 1.@quiv), sodium ascorbate59.4 mg,
0.30 mmol, 0.6equiv), Ru(bpyCh*6H,0 (46) (3.74 mg, 5.0 umol, 1.0 mol%), MeCN (1 mL), MeOH
(0.75mL) and ¢F7 (181)(409.5 mg, 200.QL, 0.75 mmol, 1.Bquiv) after irradiation for3 h gave357
(315.8mg, 039 mmol, 79%) as awhite solid after flash chromatography purification (silica,

hexaned EA4:1).

R (hexanes / EA, 3:1): 0.56taining KMnQ (UV active) mp: 162 °C.H-NMR (400 MHz, CDgi

Ly (ppm) =t 7.46¢ 7.42 (m, 2H), 7.4Q7.35 (m, 1H), 7.19 (s, 2H), 5.05 (s, 1H), 3.97<&,.8 Hz, 1H),
3.90 (d,J = 7.2 Hz, 1H), 3.16 (d,= 7.2 Hz, 1H), 2.76 (td,= 14.5, 5.8 Hz, 1H), 1.66 (s, 3H).
BGNMR(101MHz, CD@b Y (ppm) =174.23, 174.00, 131.48, 129.32, 129.09, 126.40, 89.98, 56.86,
50.93, 49.83, 23.74, 15.15. (perfluorinated carbons not visibliE) NMR (376 MHz, CDgH
Le(ppm)=-81.21 (t,J = 9.9 Hz, 3F)117.65 (s, 2F);121.04 (s, 2F)122.00 (s, 2F);122.26 (s,
4F),-123.13 (s, 2F)}126.55 (s, 2F)RO Y S I (% 174% 1787, 1502, 1383, 1331, 1230, 1192, 1152,
1115, 1014, 876, 850, 69.RMSESI): exact mass calculated fesHzFANG; [M+H]: m/z801.9741,
found: m/z 801.9748.
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G Appendix
Diethyl 2-allylmalonate (160)
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Diethyl 2-(2-methylallyl)malonate(162)
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Diethyl 2-(2-phenylallyl)malonate 1 64)
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G Appendix

Diethyl 2-allyl-2-methylmalonate (L66)
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2-allyl-1,3-diphenylpropanel,3-dione (168
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1-phenylpent4-en-1-one (173
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2-allyl-3,4-dihydronaphthalen1(2H}one (L76)
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