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Introduction

A. Introduction

Photoredoxcatalysis with visible ligh Y & y2i{ &S84 068 I OKSyAadiQa FaA
problems because ofl@ prejudices deriving from UVhptochemistry and an unawareness of its
possibilities. However, sing visible light offers a variety of advantages, starting from unique
reactvities, the ease of handling the reactions and the ubiquitous availability of solar or artificial
light. For most reactions a small LED or ordinary light bulb is sufficient; no special glassware or safety
procedures are required.

Most organic moleculesalnot absorb light in the visible region and therefore a photoredox catalyst

is required to transfer the energy of the photon to the reagent. This offers the advantage that the
target molecule itself is not excited and cannot undergo undesired side reactitthout activation

by the catalyst. The energy is either transferred by sensitization or electron transfer, whereof the
later will be discussed here. Many metal complexes, mostly containing a ruthenium, iridium or
copper central ion, and some organic imcules offer this trait* *°

2,6,7,8

The most prominent one isis(bipyridine)ruthenium(ll)1) (Figurel) and this article will give an

overview of its manifold applications in photoredox catalysis.

j 2+ =

Figurel. Tris(bipyridine)ruthenium(l1)1).

This complex is mostly used as dictderhexahydrate salt which is commercially available. Other
commonly used anions af®Fk) and (BR). The complex was first reported by Bursttllal. back in
1936 and can be synthesized starting from Ra€tordirg to a procedure by Youreg al>°

Many organic molecules can laetivatedby 1, and the number of reactions utilizing this is growing
every day. First reports using Ru(by@h date back to the late 70s, when this conceydas known as
photo sensitized reactions, but has not received much attention until recent years when the field was

revived by David MacMillaff Tehshik Yoo and Corey Stephensdf
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Tablel. Photophysical and electrochemical propertiesRef(bpy)** (1).

SEOAlfud A2Y 452nm E.” (RU*/RU) +0.77V
SYAa&k2Y < 615nm E»” (RU/RU) 133V
excited state lifetime 1100 ns Ein” (RU'/RU™) -0.81V

E.” (RU"RU") +1.29V

a) Measurements conducted in acetonitrile at room temperature and values are given invsvaltsdurated

calomel electrode (SCE).

An explanation for thecurrent increased interest in photochemistrgre the demand for novel,
environmental begin reaction antew developments in the field of lighting devices such as LEDs and
fluorescent light bulbs. LEDswve a narrow emission peak and can therefexeitethe catalyst at or
close to its maximum absorpticaind no energy isvasted in the generation of photons that cannot
be absorbed by the catalyst and may cause side reactions.

The simplest setujor a photoreactionconsists of a vessel, e.g. a rodnottom flask or a snap cap
vial, containing the reaction solution whichiisadiated by an external lighting source, such as a light
bulb, a LED or the sun.

A better option to transfer light directly into the reaction solutionvia an optical fiber(Figure 2)
Applyingsuch a setup minimizes the amount of light thatdst through absorption byhe glass wall

of the vessel and thereforenore of the emitted photons can excitine photocatalystompared to a
classical setupln addition, it is possible to heatr cool the solution to any desired temperature

without taking preautions for the light source.

Figure 2Irradiation systems using optical fibers.

10
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A convenientsetup developed by Reiset al. is depicted infigure 2.* A LED with an appropriate
wavelength to activate the catalyst channels light into a glass rod whose other end is inside a Schlenk
tube containing the reaction solution.

Because of its maximum absorption at 458 blue LEDs are most efficient to excitgiy)** (1). In
general, hotoredox catalysts have a very high extinction coefficiéliite molar absorptivity of
Ru(bpy)**(1)at452nmig I wmiehiE® Ya

6 1 G -0Q (Eq. 1)

0 — (Eq. 2)

A molar absorbancejpilintensity of the incidentight; I: intensity of the transmittedightT & Y abg@ptivitylNd: molar

concentration; d: depth of penetration.

Solving the Beetambert law (§ 1) for a typical photoredox reaction with concentration of

1 mmol/l Ru(bpyy* (1 mol% Ru(bpy)* at a substrate concentration @.1 mol/l) revealsthat 99% of

the incident light are absorbd within 1.4 mm and 99.9% do not penetrate theskafurther than

2.1 mm.

Employing 5 mol%f catalyst at the same substrate concentration of 0.1 ma4ulting in a catalyst
concentration of 5 mmol[|99% of theéncidentlight arealreadyabsorbed within 0.3 mm. Therefore a

high surface area is beneficial in order to excite as many catalyst molecules at the same time as
possible. This can for example be achieved by employing a micro reactor (FiglireeSe sysms
consistof glass or plastic plate containing a long, thin channel through which the reaction solution is
pumped at a defined speedhereactor is irradiated from above with an appropriate light source.
This offers a variety of advantages. Because ¢hannels are very thin, nearly every catalyst
molecule can be excited by the incident light. The speed of pumping and therefore the reaction time
can be controlled very precisely with the help of a syringe or HPLC pump. Exposure of the reaction
mixture to the light source before and after passing the reactor is avoided, thus preventing
decomposition and side reactions. Also the temperature can be controlled and changed rapidly due
to the small dimensions of the micro reactor. The disadvantages of thisnsy@te the high costs of

the reactors and the pump system. In addition the channels can be blocked easily by precipitates

which are difficult to remove.

11
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I

Figure 3Micro reactor system for photocatalysis.

A more cost efficient alternative areEP (fiorinated ethylene propylene copolymer) tube reacor

They can be assembled by wrapping a FEP tube around a cylinder, for example a beaker, and putting
the light source inside. By changing the length of the tube, the internal volume of the reactor can be
adjusted to the demands of the reaction. Stephengsinal. and Zeitleret al. demonstrated the

advantages of micro reactors and tube reactors compared to batch sysfefhs.

At first a simplified picture of the mode of actions wis(bipyridine)rutheniuniil) (1) is given in
Schemel; a more detailed discussion can be found below.

By absorption of a photoRu(bpy)** is transferred to the excited statRu(bpy)**. Depending on

the other reactants present, the excited photocatalyst can undergo either reductive or oxidative
guenching. Reductive gquenchiigfound whenthe catalyst accepts an electron from a doridand
lowers thereby its oxidation stat® RuU. Ruppy)’" is regenerated by donation of an electron to a

suitable acceptoA.

E Oxidative quenching cycle

§ | Ru(bpy)s*! i
| +0.77V 5 : 081V 5
E o hv A
. Ru(bpy)3+%3—%> : Ru(bpy)f"i‘%ngv Ru(bpy)s>* :
E AA Dot D

Schemel. Photocatalytic reactiorof Ru(bpy)®* (1) (D: electron donor, A: electron acceptor).

The oxidative quenching cyadperates in the opositeway. By donation of an electron from excited
Ru(bpy)** to an acceptorA the oxidation state is raiseth RU". Regeneration of thground state

Ru(bpy)?*takes place by accepting an electron from a present d@hor

12
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More information about each step can be obtained &yplyingquantum mechanics and taking a
look atthe Jablonski diagram (Schempg Rowered by the absorption of a photon a metal centered
electron is transferred to an unoccupied ligand orbital resultmghe S state (Scheme 2B). This is
called a metal to ligand charge transfer (MLCT), resembling a formal oxidation of the metal core
and a single electron reductiofSETpf the ligand. Instead of losing its energy by fluorescence or
thermal vibration, Ru(bpy)** undergees intersystem crossing (ISC) to a macstable triplet state
(Scheme 2C).

Sy — -+ _
T — — —+ \A‘
— LUMO — —
hv ISC
- Homo - YB/ -
S04 + +
Ru(bpy);?* Subs 'Ru(bpy);2** Subs SRu(bpy)s?** Subs
A B c -+

Ru(bpy)s”™ syps*
E

Scheme 2Jablonski diagram of a photocatalyst interaction with another molecule.

This triplet state with a metal centerduble and a ligand centered additional electron is the catalytic
active species. The catalyst can donate the additional ligand centdesmdran to an acceptor
(Scheme 2path A, oxidative quenching cycle) or accept an electron leading to atiedwd the
metal core (Scheme, path B, reductive quenching cycle).

Ru(bpy)" in its ground state is regenerated either by accepting an electron from a donor into a

metal centered orbitalgath A) or by donating one from the ligand to an acceppatli B).

13
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In gereral, tris(bipyridine)ruthenium(ll) ) serves as an electron pump, shuttling electrons from a
donor to an acceptor. It is commercially available at a reasonable price or can be synthesized starting
fromRUG ¢ KS OF Gl tead A& ,SEB2 S &d éad undetgdzStartind fibik its 6 <

excited triplet state, either reductive or oxidative quenching.

14
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1. Photocatalytic Reactions Proceedinga the Reductive Quenching Cycle
of Ru(bpy)**

The most utilized reaction pathway is the reductive ndleing cycle, wherexcited Ru(bpy}* in its
triplet state accepts an electron from a substrate molecule which is oxidized at the time (Scheme 3).
The oxidation potential of this step is/ERU*/Ru') = + 0.77 Ws. SCE in acetonitri®@ A more

detailed picture is given in chapter 1.1.

S; — _
T+ -t
— LUMO —
- Homo -+
So +/‘ 4
Ru(ll)  Subs Ru(l)  Subs™™"

Scheme3. Jablonski diagram of the transition Ru(bf$) A Ru(bpyd”.

By donating an electron from a ¢éigd centered orbital to a substrate molecule Ru(lpig) oxidized
to Ru(bpy)* regenerating the initiastate of thecatalyst(Scheme ¥and reducing the substratdhe
reduction potential of this step is,E(RU/RU) =- 1.33 Ws.SCE in acetonitrilfeMore information on

this transformation is found in chapter 1.2.

S, —
T 4+ —
_\_ LUMO _1_

- Howmo 22

Ru(l)  Subs Ru(l)  Subs™

Schemed. Jablonski diagram of the transition Ru(bpyy Ru(bpyy™.

15



Introduction

1.1 Reactions initiated by Substrate Oxidation

The reactions discussed in this chapter have in common that the photochemical transformation is
initiated by the oxidation of a substrate. Most moldesaddressable in this stepave in common

that they contain a nitrogen atom. These are for exampleahydroisoquinoline derivativgscheme
5,7,9, 10,11, 12, 14, and ld)hydroacridine derivativegScheme 15)aniline derivatives (Scheme

14), mine derivative{Schemel9), hydrazones (Scheme 20) aNéh -centered radical§Scheme 28).

Some of the reactions only require the oxidation of the substrate (Scheme 5, 8, 9, 10, 17, 18, 19 and
20). In those cases the catalyst is regenerated by a sadrélei@ron acceptor. Oxygen is used most
frequently as electron acceptor and alseolecules with an activated carbdswomine bond e.g.
bromotrichloromethane(8). On the other hand there are reactions that require, after the initial
oxidation, a reductiorto finish the transformation (Scheme 11, 13 and 14). These processes are

overall redox neutral and often very atom economic.

Stephensoret al. were the first to report gphotocatalytic oxidation of tetrahydroisoquinoliriza to
the corresponding iminium ion6a'® This cation is trapped subsequently Hieprotonated
nitromethane (3) in anazaHenry type reaction giving rise to nitro compouddin up to 8% vyield
using Ru(bpylh (1-CL) (Scheme 5).

Ru(bpy)sCl,
(1. mol%) N\Ph
N\Ph nitromethane (3)

fluorescent light bulb
room temp., 20 h NO,
2a 4a (81%)

Scheme 5PhotocatalyticazaHenry reaction.

The first step of the proposed reaction mechanisrthestransfer of arelectron from isoquinolina

into a metal orbitabf excited Ru(bpyf™ following the Jablonski diagram shownSnohemeS. Arising
Ru(bpy)’ is reoxidized with the help of a sacrificial electron donor, in this case molecular oxygen
(Scheme 4)Tte reduced donorQ,* abstracts a hydrogen atorfilom 5a leading to the formation of
iminium ion 6a, the proposed key intermediate. lithe final step6a is attacked bydeprotonated

nitromethane23forming the final productta (Scheme 6).

16



Introduction

N
u(bpy)s? u(bpy)s** ~NO
3
(@] _H+
[0,] o l
o
Q
Ru(bpy>3 NQ
L Nepp,
O +
[0 Noph o ; ~Nopy
\/H NO2
5a 6a 4a

Scheme 6Mechanism of a potocatalyticazaHenry reaction.

Two years later e group of Corey Stephenson developed a method to genettaestable
isoquinoline iminium iorj6a-Bi with the help of womotrichloromethane(8)."” In the first step ae
electron from isoquinoline2a is transferredto excited Ru(bpy)** forming radical ation 5a. In
contrast to the mechanism in Scheme 5, where Ru@pfd) is regenerated by,, 1 is regenerated
by reduction of bromotrichloromethane toradical anion9 which splits intoa bromide ion and

trichloromethaneradicall10.

Ru(bpy)sCl, (1mol%)

©i> BrCCls (8, 3 equiv.) @G Br@
Npp, MeCN, blue LED ~ fph

room temp., 3 h

2a 6a-Br
u(bpy)s? Ru(bpy)s?
BrCCI3 @G
u(bpy)s*
BrCCI3 T ©i>
9 TN P HCCl
+ ClyC’ ’ 6a'Br

Scheme’. Generation of stablésoquinolineiminium ions(6a:Bi).

17
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Radical 10 abstracts ahydrogen atom from theN-"-position of 5a resulting in the formation of
chloroform and iminium ion6 which is stabilized by bromid€Scheme7). When 2a was fully
conveted to stable fa-Bi, the light was switched band a nucleophile was added.

This method enabled Stephensenal. to broaden the scope ofutleophiles because no interaction
of the active catalyst or other reactivepecies generated during the irradiation process and the
nucleophile can take placépart fromnitromethane(3) they were able to useamongst others, allyl
silanel2, siloxyfuranel3 and malonatel4. Most interestinglyalso a photocatalytic alkynylationas

performedby addition of alkynd 5 and copper(l)bromide as ceatalyst(Scheme 8

e nucleophile (5 equiv.)
Br Et;N (0 - 5 equiv.) N
— +\ “Ar
Ar

Nu
6-Br 1
nucleophile product 23 nucleophile product 23
TMS N. CO,Me N
Ph “Ph
COzMe
MeOZC COzMe
12 11a (85%) 14 11c (69%)
+Et3N (5 equiv.) +Et3N (5 equiv.)
N. N
@ Ph m *Ph
OTMS
/ (o Ph Il
e} Ph
13 11b (55%) 15 11d (82%)

+ CuBr (15 mol%)
+Et3N (5 equiv.)

SchemeB. Scope of nucleophilic trapping of iminium i2Ba:Br.

By combining this method with asymmetric anion binding catalysis, Stephenson and Jacobsen
showed that silyl ketene acetdl6 can be enantioselective coupled to the preformed iminium ion
[6a-C].*® Chiral thiourea derivativel7 proofed to be the right ceatalyst for this reaction. The
stoichiometric oxidant and the counterion had to be changed ta @@l Clrespectively. In addition

the solvent was changed from acetonitrile to the less polar solvent meghisbutyl ether (MTBE)

after the initial conversin of isoquinoline2a (Scheme 9) tofa-C]. This stepwas necessaryo

enhance the formation of the chiral catalysbunterionsubstrate transition complex.

18
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OTBS
OMe
Ru(bpy)sCl, (16, 2 equiv.)
(1 mol%) S) thiourea 17
©© CCl, (4 equiv.) ©© cl (20 mol%) R
N.pp MeCN, P tph MTBE, -60°C : Ph
blue LED 16 h MeO.C~
2a room temp., 16 h 6a-Cl 2
11e (72%, 95%ee)
CF;
=1
N T
N~ °N CF
et Ean:
\
thiourea 17

Further examples:

CC
N
a2 N O
> R : MeO : N
MeO,C E N
MeO,C R

MeO,C~~

11f (R=2-OMe) (62%, 99%ee) 11k (R =H) (58%, 92%ee)  11m(R = H) (14%, 67%ee)
11g (R=4-OMe) (60%, 84%ee) 111 (R =Cl) (48%, 82%ee)  11n (R=4-Cl) (44%, 42%ee)
11h (R = 2,4-OMe) (52%, 96%ee) 110 (R = 2-OMe) (11%, 79%ee)
11i (R=4-Br)  (69%, 86%ee)
1j (R=4-Cl)  (62%, 99%ee)

Scheme. Enantioselective synthesisiofamino esters

The position of a substituent on thd-aryl moiety had a greater influence on the enantioselectivity

of the reaction than its electronic nature. In genemtho substituted N-aryl isoquinolines let to
higher enantioselectivities compared para substituted ones ¢f. 11f and 11g). On the other hand,

the electronic nature of substituents on the tetrahydroisoquinoline ring had a severe influence on
the enantioselectively. Electron poor substrates usually gave higher yields and/or higher selectivity

than eledron rich ones¢f. 11k and11m) (Scheme 9).

The concept of photoredox catalysis was combined with organocatalysis by Reepinig order to
perform photocatalytic Mannich reactior! They were able to couplacetonewith isoquinoline2
using Ru(bpylPk). (1-(Pk).) and Ekproline (18) as catalyst{Scheme 1 The key intermediate in
this step is iminium io® and the pathwayfor its formationis the same as proposed by Stephenson
et al. (Scheme 6° 6 is trapped by enamind9 which is formed from acetone andproline (L8)

yielding produc0in excellent yield.

19
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Ru(bpy)s(PFe), (1mol%)

©© L-prolin (18, 10 mol%) Noos
N\A acetone (10 equiv.) 0

r

MeCN, 24 h
2 5 W fluorescent lamp 20
room temp.
Ru(bpy)s* Q‘COZH

AN

Ru(bpy)s®** _
O, —
~NT
Ar

6

Further examples

Po o e

20a (R =H) (95%) 21 (47%) 2 (82%)
20b (R = 4-Me) (64%)
20c (R =2-Me) (61%)
20d (R = 4-OMe) (78%)
20e (R =4-Cl) (83%)

Schemel0. Photocatalytic Mannich reaction.

Interestingly, the yield of the reaction decreases if a more powerful light sourceg LD, is used.
This observation suggests that iminium idia decomposes under these conditions and its
concentration has to be low in comparison to the nucleophileritier be trapped immediately after
its generation. Modifications on thi-aryl moiety of isoquinolin@ reduce the yield oR0b-e as well
as modifications on the tetrahydroisoquinoline cord. 2). The reaction works best with acetone,

switching to butaone nearly bisects the yield ai. (Scheme 10)

Reiseret al. were able to show that not only iminium ions can be generated with the help of
Ru(bpy)** (1) but alsoN-h-radicals(Schemel1).?’ These radicals were trapped by eno®® via a
photocatalytic conjugate additioriThe proposed reaction mechanism uses the oxidative power of
Ru(bpy)** as well as the reductive power &u(bpy)’. No sacrificial electron donor or acceptor is
needed in this reaction and the molecular formula of fhr@duct is the same as the combination of
isoquinoline2 and enone23 making the reaction atom economic. However, oxygen has to be
excluded to block the reaction pathway for reoxidation Réi(bpy)" by the latter, contrasting

reactions discussed earlieaf(Scheme 6, 7).

20



Introduction

+ N Ru(bpy)sCls SAr
N A MeCN, R2
r 0 R! blue LED
room temp, 23- 24 h o R
2 23 24

RU(bpy) 2

©©

u(bpy)s?
+H+
u(bpy)s*
5 H
kﬁ -
@ON\
Y Ar
\C N.
©€; N
CN

24a (75%) 24b (63%) 24c (61%) 24d (50%) 24e (27%)

Scheme 11Photocatalytic conjugate addition.

At first excited Ru(bpy}™ is reduced by isoquinolin@ to Ru(bpy)" generating radical catio®
following the Jablonski diagram shown in Schemeé\3.-radical 25 is then generatedby loss of a
proton. 25, being anucleophilic radicalis able toattack an enone such as23 A y-position. The
NB a dzf-darboyiyll radicaR6 is reducedby Ru(bpy) regenerating the photoredox catalyst. After a
subsequenprotonation product24is formed (Scheme 11).

The applicable enones range from ketaared chalconegiving24a-c, to aldehydes and nitriles, giving
24d-e.

21



Introduction

@GN Ru(opy):Cla
(10 mol%)

R MeCN,

N blue LED
0 room temp.,
24 - 36h
27 28a: R = Me (28%)

28b:R = Ph (35%)

Schemel2. Photocatalytic formation of dihydroindolo isoquinoline derivati&s

Also two intramolecular examplaesgere realizedvhere not only a photocatalytic conjugate addition

takes place but also a dehyatyenationleading to dihydroindolo isoquinoline moieti€schemel2).

Yoonet al. showed that the yield of produ@4acan be increased to 90% and that the reaction time
can be shortened to 5 h by the addition of trifluoroacetic acid (TFA) and elevated temperatures of
50 °C2! They found that Bransted acids Wit pKa value close to 1 increase the yield significantly due
to protonation of the enone. In addition they were able to identify the rate determining step of this

reaction by kinetic isotope effect (KIE) studies.

_H+
N. N, — N.
Ph “+Ph < "Ph

H 25a
2a 5a
H. o)
o* H*
)\/ )v
29 23a
Ru(bpy)s”” Ru(bpy)s®
N.
Ph

2 ' .
\O,H ” Ph

:
30
N.
i O
N.
~"°Ph
24a 0 Sa

Schemel3. Reaction mechanism of a photocatalytic conjugate addition with Brgnsted aciatatyst.

Without the addition of TFA the rate determining step is the additioiNéf-radical25ato enone
23a By protonating enone speci@8, TFA is acceleratj this step so it is no longer rate determining.
With the help of the KIE studies they could rule out that the oxidation of isoquin@bniey the

excited photocatalyst is a dominant pathway in this process. The authors suggest that the new rate
22
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determiny’ 3 &G SLI A& GKS NI RS radicdlBR abktrctingIhlBytobgarl aforh 2 y

from isoquinoline2a (Scheme 13).

Ru(bpy)sCly (2 mol%) N.

(0] TFA (1 equiv.) Ph
Nep - M MeCN,

23W fluorecent light bulb,
50°C,3-72h
23a

2a 24a (90%)

0]

Further examples:

io- Thoe e

24b (R = (94%) 24h(R = Et) (99%) 241 (93%)
24f( = CI) (9%) 24i R=H) (96%)
24g (R =2-Me) (12%) 24 (R = OMe) (12%)

24k (R=Ph) (91%)

Ko ~Ho T

24m (46%) 31a (97%) 32a (30%)

Schemel4. Photocatalytic conjugate addition with Brgnsted acidcatalyst.

The reaction tolerates electron donating as well as electron withdrawing substituents dx-angl
moiety of 2 though ortho substitution decreases the yield. (24a, 24b, 24f, 24g). The isoquinoline
moiety can bear groups of various electronic natundth little effect on the yield ¢f. 31). On the
other hand,N-alkyl substituted isoquinolines do not react at all and other aniline derivatives such as
32at diminished reaction rates. With respect to the enone sysg3the reaction proceeds well with
aliphatic as well as aromatic substituents on the enocfe2gh-k). Due to the poor electrophilicitgf
acrylic acid esters the yield 28§ R S O NB FSabStiuted eénones lead to good yields in this reaction

g K A fsubstituted ones decrease itf( 241, 24m) (Scheme 14).
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The!-GH activation ofacridine derivative was discovered by Pandet al®?> They were able to
oxidizedihydroacridine33 with excited Ru(bpyj™. The formedradical cation34 rearranges under
loss of a proton to the corresponding -radical 35 which can be trapped witn enone systenor

nitrostyreneyielding radicaB6 (Scheme 15)

37 Ru(bpy)s*
4o
N

X 34 |
. R l_ H+
R\/\X ~
(L) =2 L 1)
N N
| |
36 35

o) 0 0._0
NO,
Ph Ph
OO OO OO OO

37a 87% 37b 70% 37¢ 40% 37d 30%
Schemel5.t K 2 (G 2 O |-GH dkgaifioh 6f acridine derivatives.

After reductionof 36 by Ru(bpy)" and subsequent protonation, the final produg? is obtained and

the catalyst is regenerated. The yields range fror®e® methyl chnamate is used as enone to 30%

employing coumarifiScheme 15)
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In 2011 Xiaet al. extended the concept of photocatalgal iminium ion generation by tlrefurther
transformation to1,3-dipols41.% They were able to trap these kBpols with electron poor olefins

42in a [3+2] photocycloadditiogielding44 (Scheme 16)

E:G 0 RU(bPY)32+ Ru(bpy)s®*
NJJ\OEt
38 [O2]
Ru(bpy)s*

@@ e e
ZLN OEt
#Hzoz
(0]

Hor

)

/8

_—
/J/f/¥0 B 7
o” N
Ph N N
CO,Et CO,Et
42 2 [O] \
oxidativg
0 NS0 aromatization 0 N—S0
| |
L Ph B Ph
43 44a (94%)

Further examples:

N N N
CO,Et CO,Et CO,Et
\ R \ 2 \ )2
Et0,C
(6] N o e} o o
R
44b (R = OMe) (81%) 45a (R=H) (64%) 46 (52%) 47 (51%)
44c (R = NO,) (68%) 45b (R = Me) (62%)

45¢ (R = Br) (53%)

Schemel7. Photocatalytic [2+3] cycloaddition.
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In the first step excited Ru(bp§} (1*) oxidizes tetrahydroisoquinolin@8 to radical cation39. An
oxygen radical anion £, generated by the oxidation of Ru(bjy3ubsequently abstracts a proton
from the radicalcation 39 leading to iminium ior40 following the mechanism shown in Scheme 5.
The formation of iminium io0 is followed ty an abstractionof another protonat i K Scartionyl
position of 40, generatingzwitterion 41. This zwitteriorcouples withthe electron deficient olefird2
in a [3+2]cycloaddition A subsequent oxidative aromatizatiarf 43 leads to the final product44.
The reaction works well with maleimidécf. 44a-c) and styrene derivativeqcf. 45a-C) as
dipolarophiles Also some alkynefgf. 46) and maleic anhydridécf. 47) can be usecoweverwith

decreased yieldSchemel?).

The GC bond of 1,2liaminescan be cleavewvith the help of Ru(bpyLh (1-C}). Wanget al. utilized
this concept to performazaHenry reaction$? Diamine48 is oxidized to a radical cation texcited
Ru(bpy)®* which cleaves afterwards intamine radical49 and iminium ion50. The catalyst is
regenerated by oxygen as shown in Schem&is attacked by aleprotonatednitro compound

giving rise to producd3 (Schemel8).

S
R. .R R ?
NN Ru(bpy)sCl, R. R R1)thg R?
H (5 mol%) | 52 R NO,
O, (1 atm.), I
R/N‘R MeCN, 49 R/NtR N'R
LED light bulb, 53 R
48 room temp. 50

NO,
6113
F N
NMe, MeO NMe, /\

NMez

53a (72%) 53b (84%) 53¢ (68%) 53d (75%)

Schemel8. Photocatalytic oxidative cleavage of0bondsand subsequenazaHenry reaction

Nitro compoundswith aromatic as well as aliphatimoietiescan be usedjiving rise tab3a-c. Also

other tert. 1,2-diamines are applicable in good to excellent yidlds53d) (Scheme 18)
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Another example combining organo catalysis with photoredox catalysis is the oxidative cleavage of
GC bond in aldehydes 54 performed by izl >

Ru(bpy)sCl, (5 mol%)

2 2
R\} //O Piperidine (3 equiv.) R>=O
; MeCN, y
R 15 W fluorescent light bulb, R
54 room temp., 6 - 24 h 55
-
2+
u(bpy)s u(bpy)s?

2
R\ /O, piperidine
R? 54 [O2]
u(bpy)s*

a1
2 O-0 +
“o - R, @ o4 R //N
R

Ph © o :3\\/,40 i
OA\Q/ OZ\H / C4H9)J\Et

55a (94%) 55b (72%) 55¢ (83%) 55d (70%)

Schemel9. Photocatalytic cleavage of aldehydes.

Piperidine served as organocatalyst conireraldehyde54 to enamine56. This enamine is oxidized
by excited Ru(bpyj™ to the corresponding radical catidsi7. Ru(bpy¥"is regenerated by reducing
molecular oxygerno O,**, which combines with57 to form 1,2dioxetane58. After fragmentationof
58 by cycloreversioncarbonyl compoundb5 is obtainedtruncated byone carboncompared to
aldehyde54 (Schemel9).

In most of thesuitable substrates 'Rs aromatic. Also some aliphatic examples, like carbosylce

alkyl chainshave been used, howevatemandingprolonged reaction time (Scheme 19)
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So far, all presented reactions involving amines led to the activation of arcamiclose proximity to

a nitrogen atom. The first photochemical generation Mdcentered radical62 in hydrazones
catalyzed by Ru(bpy) (1) was achieved by Xiaa al?® They were able to add these radicals in an
intramolecular 5exotrig cyclization to an allyl moiety forming pyrazoline derivab@¢Scheme 20).

In the first step of the proposed reaction mechanism, hydraz6®és deprotonated by NaOH. The
resulting anbn 61 is oxidized to the correspondirig-centered radicab2 by excited Ru(bpyj™. This
radical attacks the allyl system in aekotrig cyclizationleading tothe formation of radicab3 that
abstracts a hydrogen atom from a solvent molecule to give tasthe final produc60. Proof for the

assumed mechanism was obtained by trapping radi8avith TEMPO.

Ru(bpy)3Cl,
Ts 2 mol%) Ts
_NH NaOH (1 equiv.) /N/

N N
| CHCIs, /u\)f
R)\/\ blue LED, R

room temp., 12 h

59 60
Ts
Base u(bpy)s 2+ Ru(bpy)s**
‘cCly
59
NTS CHCly NTS ,\Tlls. Rulbpy)s™™ A
M le w) CCl;—B-H~ chc,
R -CcCly R R \
60 63 62
/TS :l'S :I's ;l_S
| |
S W N
RU Ph
60a (R=H)  (80%) 60f (76%) 60g (84%) 60h (62%)
60b (R = 4-Me) (71%)
60c (R=2-Cl) (73%)
60d (R = 3-OMe) (68%)
60e (R = 4-Br) (68%)

Scheme20. Photocatalytic generation ofN-centered hydrazonyl radicals and formation of pyrazoline

derivatives.
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The reaction can be conducted with a broad variety of aryl hydrazb8asd both steric as well as
electronic variations of the aryl moiety have little influence on the reactabr6Qa-e). Other suitable

residues are cyclohexyert-butyl and benzyl mieties €f. 60f-h) (Scheme 20).

1.2 Reactions initiated by Substrate Reduction

The reactions discussed in this chapter have in common that the photochemical transformation is
initiated by the reduction of a substrat®u(bpy)’ can reduce avariety ofactivated carbon halogen
bonds (Scheme 21, 23, 25, 26, 27 and #ming carbon centered radicaland halogenanions.
Another class of substrateare carbonyl compounds wita ¥ dzy O A 2 y | £akbdngl pdsition (i K S
(scheme 30, 31). Some of the reactions désed in this chapter only require a reduction. In those
cases excite@®Ru(bpy)** is reduced toRu(bpy)" by a sacrificial electron donor (Scheme 21, 23, 24,
25, 26, 27 and 30). Commonlysed electron donors ardert. amines such as triethylamine,
diisopropylethylanine (DIPEA) and Hantzsch es&?)( On the other hand there are reactions that
require, after the initial reduction, an oxidation to lose the additional electron and to finish the

transformation (Scheme 28, 31, 32 and 33).

One of the irst examples of a photochemicaéhalogenation of activatedarbonhalogenrbondswas

reported by Kelloggt al.in 1985%’ They were able toreduceeC 62y R& h (2 OF Nb2y
64a 64G 64dl YR h (i 2 64l (Bdhénde 1S dn addifion alsoettGCl bond in64e could be

cleaved.

Ru(bpy)sCl, (5 mol%)

/
N
. O °
' H
Br (65, 1 equiv.)
CD;CN,
fluorecent lamp,
room temp., 1.3 h 66a (90%)

64a

Br CN Br CO,Et
2 Br/l\CO2Et C|\)k

64b (95%) 64c (85%) 64d (quant.) 64e (50%)

Scheme 21Photocatalytic dehalogenation of activated carbon halogen bonds.
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In the first step of the catalytic cycle, excited Ru(bfiy)oxidizess5, which serves here as sacrificial
electron donor, to its corresponding radical cati®® Ru(bpy)’ is then capable of reducirtipe GBr
bond of acetophenone64a leading to the formation otarbon centered radica7 and abromide

anion.This radical absacts a hydrogen atom fro®8 giving rise to produdd6 (Scheme 22).

. /\ |
Br Ru(bpy)z?* Ru(bpy)s* ®7<3
H N
/
64a 65

. S

o Ru(bpy)s ©7<+.
‘/4 /N

Br@ ©)k \/
68

67
o S
H O~
©)K/ /N+
Br@

66a 69

Scheme22. Proposed reaction mechanisof a reductive dehalogenation.

Another dehalogenation of activatedXChonds was developed byeShensonet al.*? With the help
of this reactionbromopyrroloindoline70 |y Rcarbonyl compound32 and 73 could be selectively

dehalogenated (Scheme 23).

Ru(bpy)sCls (2.5 mol%) H

CZ—@ Pr,NEt (10 equiv.) X[~
HCO,H (10 equiv.
N, oH (10 equiv.) N Y/ N

" DMF, N
N Boc fluorescent light bulb, Boc oo
room temp. 2-24 h
. 71a (90%)

Further examples:

Br
e U S
R Ph
N O N//S/R \o)g/

N COyMe /\ X Cl

CO,Me Bn
70b (92%) 7"’(7%( oo ?') 73 (78 - 89%)

Scheme 23Photocatalytic reductive dehalogenation.
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By accepting an electron from DIPRMI(bpy)’ is generated asatalytic active species. Ru(bgy)s
then capable of reducing an activateeX(ondgiving rise taadical aniori74 which splits into carbon
centered radical75 and a halogen anion. The radical is trapped by formic fagishing the final

product 76 (Scheme24).

Ru(bpy)s®* Ru(bpy)s®*
2 .
R1\RkR3 'ProNEt
Br
70
2 2 Ru(bpy)s* L
R'| R® HCO,H 1R2 5 o R RS 'ProNEt
\1/ ~—— R\ R® Br~ ~—— -
H ' Br
76 75 74

Scheme24. Proposed reaction mechanism for a reduetilehalogenation.

A year later Stephensoat al. presented a method to trap and transféhe carbon radica 75
generated by cleavage of aXCbond®® They showed that-Bromomalonate(64d) can be reduced to
its correspondingradical anion which cleaves to a malonate radi¢atl and a bromide ionas
depicted inthe mechanism irScheme24. 75d can add to a variety of electron rich heterocycles
leading to the formation of a new-C bond.Apart from indolesdf. 79ac) alsopyrrole (cf. 79d) and
furan (cf. 79¢) are suitable substrates. The yield was significantly increased by substitusigvih

4-methoxyN,N-diphenylaniling([Scheme2b).

Ru(bpy)sCl, I\, m
(1 mol%) > 2N CO,Et
EtOzc\rBr DME. blue LED Etozcw. 78 g J|\/\>—< 2

CO,Et /©/NPh2 CO,Et +- X CO,Et
64d MeO 75d 79

77 (2 equiv.)
Rs R2 O
CO,Et @\(CozEt
N /' Cco,Et 0
N CO.Et N COE
R! [ CO,Et
79a (R1 = RZ - R3 - H) (82%) 79d (72%) 79e (68%)

79b (R'=R?=H, R®=Br) (91%)
79¢ (R'= R%=H, R2= Me) (84%)

Scheme25. Functionalization of electron ridheterocycles.
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Gagnéet al. showed that glycosyl halid80 can be cleaved with a similar method as presented
above? ExcitedRu(bpy)*™* is reduced by DIPEA. AfterwarBsi(bpy)’ reduces80to glycosyl radical
84 which wastrapped by alkene81 leading to he formation of radicaB5. This radical abstracts a

hydrogen atom fronHantzsch este82) forming produc83 (Scheme26).

Ru(bpy)3(BF 4)2 (5 mol%)
'PryNEt (3 equiv.)
Hantzsch ester (82 ,2.2. equiv)

DCM,
14 W fluorescent light bulb
room temp., 12-72 h

Ru(bpy)32+/*\

4 Ru(bpy)s**
IPrNEt R2 OR'
Br
80
Ru(bpy)s*
4 /\R
1
ProNEt @Br N RZ\/OR'] 81
84
OBz OAc
“\\\/C02Me “\\\rCone
OBz “'OAc
OBz OAc
83a (92%) 83b (98%) 83c (98%)

Scheme26. Addition of glycosyl halide$§) to alkenes.

A double dehalogenation of vicinal bromides was performed by Reisat. utilizing visible light
photoredox catalysi&’ In this case an unusual redox mediator was usedénerate Ru(bpy)’ in

order to have a not nucleophilic electron donarcombinatim of 1,5dimethoxynaphthalene (DMN)
as mediator and ascorbate as sacrificial electron dobmder these conditiona variety ofenones
could besynthesizedln the assumed reaction mechanismciged Ru(bpyy™ oxidizes DMN to a

radical cation which wilaccept an electron from ascorbate. Ru(hpyn the other hand reduces
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vicinal dibromide87, leading to radical anio88. After rapid elimination of one halogen the resulting
h-acyl radicaB9 is further reduced to the corresponding enola6, which elimhates once more a

bromideleading to enon®1in good yield§Scheme27).

O Br -
R1 bpy u(bpy)s’
Br x X X
u(bpy)s*
88
-Br@
U (bpy)s 8 Br 0
- Pz
1 2 _ 1 2
R : R Ru(bpy)s2* R1J\)\R2 R o1 R
89 90
N A
PhMOEt o X0 C7H15/\)k0Et Ph” X~ OEt
91a (88%) 91b (92%) 91c (26%) 91d (70%)

Scheme27. Reductive double dehalogenatighlA = ascorbic acid)

Goodyields were obtained for cinnamat@la, chromanonedlb and ester91d. Substrates without
an aromatic moiety can also be applied but with reduced yigld&.S RS 6 NB Y-Brghtoéardd2 y 2 F

h  >dibromo carbonyl compounds is also possiikethis method(Scheme 28)

o

(R=OMe, X =Br) (93%) 933 (R=H,X=Br) (50%)
92b (R = OMe, X =CI) (81%)  g30 (X = iy’ x ~ br) (35%)
92¢ (R=Br, X=Br) (89%) 93¢ (R=Ph X = Cl) (63%]
92d (R = NO,, X = Br) (72%)

92a

Scheme 28Reductive dehlagenation oft -bromo carbonyl compound.
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MacMillan and his cevorkers were able to combinenamine catalysiand photoredox catalysis to
achieve an enantioselective alkylation afdehydes (Scheme9).'® This report received great
attention in the organic community and marked in 2008 the starting point of todays increased

interest in this field.

o) Ru(bpy)3Cl, (0.5 mol%) )
organo catalyst 96 (20 mol%)
H)H + Br” OFG — - FG
2,6-lutidine (97)
R DMF, R
15 W flourescent lamp 98
94 95 room temp.
N (0]
N
« “'Me
Ru(bpy Ru(bpy)s2* .FG
VFG 99
R
\ (0]
LS
Ru(bpy)s* tBu “'Me
Br” “FG N
95 X
N 100 H
N R
tBu’Q,:] 'Me

tBu’k “'Me
v W
R
98
O CO,Et
O _ CO,Et O COyEt o OxPh
R H CO,Et
H CO,Et H CO,Et H
CGH13 Ph C6H13
98a (R=H) (93%, 90%ee) 98¢ (92%, 90%ee) 98d (83%, 95%ee)  98e (84%, 96%ee)

98b (R = Me) (80%, 88%ee)

Scheme29. Enantioselective alkylation of aldehydes. (FG: functional group)

This reaction involves an oxidation of the substrate but the transformation is initiated by the
reduction of halocarbor®5. After the reduction byRu(bpy)’, which was previously generatdxy an

sacrificial electron donor like 2JGtidine (96), 95 splitsinto a bromide ion and carbon radic@®. This
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radical will attack chiral enaminE)0formed byorgano catalys96 and aldehyde4. Only thesi-face

is accessible for radic@b. TheresultingN-h -radical101is oxidized to the corresponding iminium ion

102by excited Ru(bpyj™. Upon hydrolysis the final produ@8is released (Schen®9).

Suitable aldehyde®4 for this reaction arebearing mostly longalkyl chains but also benzybr
cyclohexylmoieties can be usedcf. 98a-€). All precursor95 bear ad NB YA Y S & dzo a & A (i dzSy
carbonyl position for examplea-bromo malonates orphenacyl bromidehave been successfully

utilized.

|31

A photocatalytic epoxide and aziridine openingsdeveloped by Fensterbardt al.”~ By employing
the reductive quenching cyclend using DIPEA as reducing agent for RufBipythey were able to
transfer an electrorinto the carbonyl moietyof 103. This radical aniois rearranging to an oxygen or

nitogey OSy i SNBR -tapbéngl yadidaly1R5 |y h

EtO,C CO,Et
XY
N

© ) H
O R * o X 0 82 XH O
X u(bpy)s X
R1/<I)J\R2 R’IMRZ R1J\-)J\R2 R'IJ\)J\RZ
103 104 105 106
X =0, NTs
SOZTOI
:( XH O
R
107 R1 R2
R
108
OH O
XH O
Ph Ph
R‘IJ\)J\RZ COzEt
106a (X = O, R'=R? = Ph) (91%)
106b (X = NTs, R'=R? = Ph) (94%) 108a (51%)

106¢ (X = O, R' = Ph, R? = 4-CO,MeCgHs) (55%)

Scheme30. Photocatalytic opening of epoxides and aziridines.

Radical105 can be trapped either by a proton source like Hantzsch g8@ror by allyl sulfonides
(107) (Scheme30). No full conversion could be reached with sterically hindér&kepoxy ketones.

Using classic photocatalysis hard UV light is required to excite an alkene directly to perform a [2+2]
cycloaddition. Photosensitized radical reactions usingl®dicyanoanthracene as catalyst were

developed by Pandest al.in the middle of the 90" EmployingRu(bpy)Ch (1-Ch) as catalystthe

35



Introduction

group of Tehshik Yoon was alite activate linked(bisyenone systeml09.** With the help of this

reaction they were able to build up bicyclic heptardid®very efficiently.

Ru(bpy)sCl; (5 mol%) 0O O
o o LiBF, (2 eq.)

iPr,NEt (2 eq.) Ar R

Ar R

| | MecCN, H H
fluorescent light bulb

room temp., 50 min

109 110
o) Lis A+ Ru(bpy)32+ u(bpy)s?
A Li* |
"
| AT iPr,NEt
R
109 11 R
Lisg u(bpy)s*
./o 'Pr,NEt
113
’Pr2NEt \
or Ru(bpy)s? Ar R
\ -Li*
'Pr,NEt
or Ru(bpy);*
Jg\\ MeOoMe %L
110a (89%) 110b (98%) 110c (88%)

Scheme31. Proposed reaction mechanism of2+2] photocycloadditiomeaction.
At first, exited Ru(bpy¥™ is reduced to Ru(bpy)with the help of DIPEA. In the next step enone

109 is activated by a Lewis acid making the reduction by Ru{bpyre feasible. The resulting

radical 112 attacks an adjacent enone leading a five membered rind13 Under formation of a
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cyclobutane moiety a second@bondin 115is formed. The additional electron éther donated to
a DIPEA radical cation or the excited Ru(¥fiy}esulting in a radicgiropagation(Schemes1).
The reaction works very well @t least onesubstituentis aromaticgiving rise tol10ac. No product

can be obtained if 2 -aryl substituent is present (Scheme 31).

A vyear later, Yoonet al. were able to photocatalytically couple unlinked enones yied
cyclobutanes® Recently, Yoonet al. reported an enantioselective version of this reaction by
replacingLiBR with a chiral Lewis acitf. The best results were obtained using a combination of
Eu(OTH and igand 118 This way producti19 could be obtaied with an enantiomeric excess of
93%ee(Scheme3?2).

Ru(bpy)sCl, (5 mol%)

Eu(OTf)3 (10 mol%) 0 ?\\ E
118 (20 mol%) R' SRS X N
HLRB‘ 'Pr,NEt (2 equiv.) ! ©\AN 1
‘ ! OH o

MeCN, R? NH-"Bu
23 W fluorescent light bulb
116 117 -20°C, 15N 119 118
o o F o o o O o O
\
5 Ot e
\\\“ \\\c Et\“ \\c'
119a 119b 119¢c 119d
(71%, 7:1 dr, (70%, 7:1 dr, (68%, 4:1 dr, (62%, 9:1 dr,
92%ee) 93%ee) 91%ee) 90%ee)

Scheme32. Enantioselective photocatalytic [2+2] cycloaddition reaction.
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Not only enones proofed to be good substrates, dis&dyclopropyl ketone120are feasibleor this
reaction Yoonet al. were able to develop a photocatalytic [3+2] cycloaddition employing these
substrategSchemes3).*

o) Ru(bpy)sCl, (2.5 mol%) 0O R?

o R2 RS La(OTf); (1 equiv.) R1)|,,,, “R®
| TMEDA (5 equiv.)
MgSO,, MeCN,

23 W fluorescent light bulb,

120 room temp., 5-48 h 121
l A
\ : Ly
— * 1 _
L ~
&0
1 2
RS i La\O R2 . R3
" \é
R1
L 122 123 i
? Me O\ Me o‘ Ph
, ~4CO,Et , ~.Ph ,
Ph/l N ph) - Ph/l .
(0]
121a 121b 121c
(83%, 6:1 dr) (63%, >10:1 dr) (83%, 9:1 dr)

Scheme33. Photocatalytic [3+2] cyclization reaction.

The proposed reactio mechanism is similar to the one for [2+2] cycloadditions. Excited Re{Bipy)
is reduced by dtramethylethylenediamine (TMEDA) tBu(bpy)® which reduces a Lewis acid
activated enonel20to a radical.Upon epoxide openingn attack2 ¥  dckriSony! radical to the
adjacent alkenetakes place in intermediatd22 The second €bond is formed betweerthe
aliphatic radical and thenole systemin 123 generatingthe second ring syster{Scheme33). The

alkene moiety can also be an alleyfurnishinga cyclopentene; cyclopentane frameworlcf. 12140.

An example combiimg transition metal catalysis and photoredox catalysis vegerted by Sanford
et al*® They were able tsubstitute boronic acidmoietiesinto trifluoromethyl groups withthe help
of a coppetl) acetateand Ru(bpyCh (1-C}). In the first step excited Ru(bp§) oxidizescoppef to
copper. The photocatalyst is regenerated by reducingl CI4) to aradical anion which splits into

CF radical (127) and I. Radical 127 adds to the coppérspecies128 raisirg the oxidation state to
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coppet' in 129 By ligand exchange one of the ligands is substituted with an aryl residue resulting out
of boronic acidl24. In the last step a reductive elimination gives rise to prod2&(Scheme34).

Ru(bpy)sCl, (1 mol%)
Cu(OAc) (20 mol%)
K,CO5 (1 equiv.)

Ar—B(OH), + CFal _
2 3 DMF, Ar—CF;
26 W light bulb,
124 125 60°C,12h 126
Ar_CF3
126
Ru(bpy)s** Ru(bpy)s®” Cu'OAc N
CF4l quF3
AcOCu
124 130 “Ar
Ru(bpy)s*
: B(OH),0Ac
131
o Ar-B(OH),

I~ CF3 (AcO),Cu'-CF,
127 Cu'(OAc), 124
cF O cF Gtz
3 AN 3 (@] O
©/ O CFs O/ UCFa O
NI

126a (70%) 126b (42%) 126¢ (64%)  126d (48%) 132 (71%)

Scheme34. Photocatalytic trifluoromethylation of boronic acids.

The substrate scopef 124ranges from phenyl and naphyl derivatives to pyridines and furargsf.
126a-d). In addition not only trifluoromethyl groupd25) can be incorporatedia this method but
also longer perfluorinated alkyl chaifcf. 132).

Overall, most photoredox reactisnutilize the reductive reaction pathway of Ru(bgyescribed in

chapter 11 and 1.2. Often applied molecules addressable with these redox potentials ted.

amines and carbonyl compounds bearing either a halogen atom alkeneA y-catbonyl position
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2. Photocatalytic Reactions Proceedinga the Oxidative Quenching Cycle
of Ru(bpy)**

S1 - -
T, + ~ —
— LUMO +
~+ Homo +
sy 4+ —+
Ru(ll)*  Subs Ru(lll)  sybs(™

Scheme35. Jablonski Diagram of the transition Ru(bf¥)-> Ru(bpyy.

Apart from accepting an electron, leading to the reductive quenching cycle, excited Reitbpah
also donate an electron to another molecut& the oxidative pathwayScheme3s).

Ru(bpy)*** is a moderate reducing agerthe half-wave potentialis E;;, (RU"/Ru'*) =-0.81V vs.SCE

in acetonitrile. In comparison the reduction potential of Ru(apig) E.» (RU/Ru) =- 1.33 Ws.SCE in
acetonitrile® However, excitedRu(bpy)** can still reduce some activated carbon halogen bonds,
e.g. tetrabromomethaned40d 2 NJ ! YSY2 (5@ & MK ISHAISoAk radicals can no
longer be reduced. In addition, the reductive powerRxi(bpy)*** is can be used to generate aryl

radicals fom diazonium salts, sulfonyl chlorides or diaryl iodonium salts (Schemd)42

In order to regenerateRu(bpy)?*, Ru(bpy)y®** has to accept an electron from a substrate molecule
into the metal centered HOMO. At the same time the oxidation state of thstsate is raised by
one (Scheme36).

S1 i -
T, — —
— LUMO -
s 4~ Homo 4+
Sy —+ ‘1%
Ru(lll)  Subs Ru(ll)  subs(*")

Schemes6. Jablonski Diagram of the transition Ru(kpyy> Ru(bpyy ™.
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It is the oxidation potential off;, (RU/RU) = +1.29 Vvs. SCE inacetonitrile, compared to
B (RU*/RU) = + 0.77 Ws. SCE in acetonitrileor Ru(bpy)**, that makes the oxidative quenching
cycle appealing to synthetic chemi§t$n contrastto excited Ru(bpy)*™*, which can, in general,
oxidize tert. amines and hydrazoneRu(bpy)** is also capable of oxidizing benzylic radicals to

cations (Scheme 41 and 42).

2.1 Reactions initiated by Substrate Reduction

The reactions discussed in this chapter have in common that the photochemical transformation is
initiated by the reduction of a substrate. Most of the reactions require after the initial reduction an
oxidation to lose the additional electron and finish tinensformation. These processes are therefore

overall redox neutral and no sacrificial electron donor is required.

One early example proceeding via the oxidative quenching cycle using a sacrificial electron donor was
given by Willneret al®” They were hle to conduct the debromination ofl,2-dibromo-1,2-
diphenylethane (133) with the help of dioctyl viologen (§/, 1343 as redox mediator and
Ru(bpy)Ch (1-Cb) (Scheme 37).

Ru(bpy)sCls, (1.5 mol%)
Br CgV (134a, 15 mol%)
(NH,);EDTA (1.3 equiv.) S
O EtOAc : H,O O
Br light (A > 400 nm)

133 3h

135 (70%)

Scheme 37Photocatalytic debromination df,2-dibromo-1,2-diphenylethang(133).

A biphasic system of water and ethyl acetate was used as reaction media. In the proposed reaction
mechanism excitedRu(bpy)**™, located in the aqueous phase, reduck®4a to radical cationl37a

An electron transfer between two radical catioh87agenerates neutral §/ (1388 and134a. 138a

will than transfer two electrons td,2-dibromo-1,2-diphenylethane(133) initiating the formation of
stilbene (35 (Scheme 38).
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Ru(bpy)sCls (1.5 mol%)
Br CgV (134a, 15 mol%)
(NH4)3EDTA (1.3 equiv.) e
O EtOAc : H,O O
Br light (A > 400 nm)

133 3h

135 (70%)

CgV?* + CgV <«—— 2x Cgv™*
134a 138a 137a

EtOAc
H,O

CBV2+

134a

Ru(bpy)s2**
\ V)s EDTA
\\ Ru(bpy)s®* -
EDTA

Scheme 38Reaction mechanism of a photocatalytic debrominatiod @dibromo-1,2-diphenylethang133).

A remarkable reaction employing éhoxidative pathway was developed by Stephensenal. in
2011% They were able to convert many alcohols to halides with the help of a photochemically

generated VilsmeieHaack reagentld?) (Scheme 39)
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Ru(bpy)sCl, (1 mol%)
CBry4 (140, 2 equiv.)

R? NaBr (2 eugqiv.) R?
R1J\OH DMF, blue LED, R1J\B
25-30°C,5-15h r
139 141
Br
Ts

Bno/\/\/\Br OMe
(0]

141b (86%)

141a (98%)

Further examples:

\/

141c (86%)

|
N
~ gy

VN
CbzHN | TBDPSO/\HZ\I

142a (91%)

142b (78%)

Scheme 39Photocatalytic conversion of alcohols to halides.

The reaction tolesites many functional groups like

amojrether, tosly, carboxybenzykilylgroupsor

esters(cf. 141a-c). Phenolscannot be transformedo halidesvia this reaction In addition not only

the conversionof alcohols to bromides is possibl@ this route but also to iodies (cf. 142ab). In

this case CB(140) is replaced with iodoform (Scheme 39).

N+

+ Br

Br
147

R” "OH

139

R™OOH ©
139

-

~

Br CBrj
143 OéI\H
144
CBry l
140
Ru(bpy)s® N~
Ru(bpy)s** .
u(bpy)s ’ O/CBrB
145
.. SN
| |
Ru(bpy)s>* H)\O/CBF:;
146

Sheme40. Mechanism of a Ipotocatalytic conversion of

. ( Br
M~
H (0] R
148

:‘ R/\Br

DMF
141

alcohols to halides.

In the proposed reaction mechanisrexcited Ru(bpyf™ reduces CBr(140) to a bromide ion and

CBs radical143. This radical couples with DME44)

leading toN-h -radical145 which isoxidizedby

Ru(bpy)®* to the corresponding iminium ioh46. The laér can be either attackedirectly by alcohol

139 giving rise tol48 or a bromideforming 147 wh

ich is converted td48 by an attack of alcohol

139. By the attack of a bromide iot48splits into DMF and the final produgtt1 (Schemet0).
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A versatile reaction sequence fanctionalize styene derivativesl49 with trifluoromethyl groups
was developedby Atikaet al** Also anaminotrifluoromethylationcan be performed using this
reaction enabling them to functionalizetyrene 149 with a trifluoromethyl group and an amide
moiety

In the proposed reaction mechanism, Umemoto’s reageti(f is reduced by excited Ru(bgh,
generatinga Ck radical (152) This radical adds to a styrene derivative leading to the more stable
benzylic radicall53 Upon oxidation to the corresponding catid®4, a Ritter type reaction takes
place, furnishing the desired produtbl1(Schemetl).

As substrates serdea variety of styrene derivatives49 bearing differently functionalizedromatic
systems(cf. 151a-e). Also dihydronaphthalene;innamic estersteroids and protected amino acids

can be usedScheme 41)

Ru(bpy)s(PFs), (0.5 mol%) 0
P Umemoto’s reagent (150, 1 equiv.) HNJ\
ArTX MeCN/H,0, )y
LED (425 nm) Ar CF3
149 room temp.,3-5h 151
I ) :
CF, BF, CF3 A Ar
150 152
149
Ru(bpy)s>* - CF
Ru(bpy)s2** ING
153
| Iy
+ MeCN
CF
Ru(bpy)s®* AT TS HIN
154 Ar)\/CFs
151
1 I
NHAc NHAc
HN ~_CFs3 CO,Me OFt
CF Y AcHN NHBz
X 3 -
R_: CF3
= CFs
151a (R = H) 95% 151f 151g 151h
151b (R=2-Br) (84%)  (82%, 71:29 dr) (80%, 79:21 dr) (76%, 69:31 dr)
8

151d (R = 4-OAc) (81%

(95%)
(84%)
151c (R = 4-Br)  (85%)
151e (R = 3-CHO) E7s%§

Schemetl. Photocatalyticaminotrifluoromethylation reaction.

44



Introduction

A photocatalytic versionf the Meerwein arylation &sreported by Koniget al. This reaction enables
the chemist to couple aryl diazonium stid alkenesor aryl moietes. In the first step diazonium salt
155is reduced by excited Ru(bg¥} to radical anionl56. After decomposition, aryl radicdl57 adds
to olefin 158 Newly formed radicall59is oxidzed by Ru(bpyj* leading to the formation otation
160. In a Meerwein arylation addition reaction, a nucleophile adds to cati6@ Using the later

pathway Konigt al.developed a photocatalytic amirarylation ofstyrene (Schemd?2).**

Ol'

NzBF4 NzBF4 _N2
©/ ©/ -BFO

157
R2J
R'I
3+ R2
Ru(bpy)s -
Ru(bpy)s***
159
R1
. R3-CN R2
161
Ru(bpy);>* HNTRQ’
o)
162
o)
N Ph
R—: Ph
_~ HN
HN
o)
162a (R = H) 82%) 162h(R=Et)  (84%) 162k (43%)
162b (R = 2-NO,) (87%) 162i (R = C3H5) (65%)
= 3. 0, .
192 ((R 3-NOy) (70%) 162 (R='Pr) (71%)

162e (R = 4-OMe) (70%)
162f (R = 2,3,4-Cl) (50%)

(
E
R = 4-NO,) (92%)
5
1629 (R = 4-CF3) (73%)

Scheme42. Photocatalytic Meerwein arylation reactions.

The reaction can be conducted with functionalized diazonium salts. Functional groups tolerated on
the diazonium salt are: nitro groups, ethers, halides aifthoromethyl groups(cf. 162aq). Aliphatic
nitriles like acetonitrile serve as-BN sourcel61in this reaction(Scheme 42)Other photocatalytic
Meerwein arylationreactionswere reported by Deronziest al.** Sanfordet al.,** Goriuset al** and

Koniget al*
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Another way to generate aryl radicali@ photoredox catalysis was explored byetial.*®

Subjecting
aryl sulfonyl chloridel63to visible lightirradiationin the presence of Ru(bpy) as catalystleaves
the ArSQCI bond andorms an aryl radicall67 after reductionof 163to the corresponding radical

anion166(Schemet3).

NO, AT Ru(bpy)iCly (5 mol%)
Z4 NaCO; (1 equiv.)
+ MeCN,
R2 blue LED,
40°C,12-36h
S0,ClI R!
163 164 165
Ar
=
R2

163

Ru(bpy)s®*
Ru(bpy)s2**

Ru(bpy)s**

S an
(1)
S

o)
165a (R =NO,) (79%)  165d (R = 4-Me) (55%) 165g (70%) 165h (61%)

165b (R=CN) (74%)  165e (R = 3-Cl) (88%)
165¢c (R=Cl) (42%)  165f (R=2-Cl) (52%)

CO,Me
H

Schemet3. Tandem cyclization of 1-@nynes with arylsulfonyl chlorides
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This aryl radicahttacksalkyne 164 which undergoes two cyclizations leading to the formation of
product165.

Nitro and nitrilegroups increase the reactivity of the sulfonyl chloride; halogens like chloro decrease
it. The reaction works well with many benzylated alkyrggging rise to diffeent substituted
benzop]fluorenes 165a-h (Scheme 43)

Aryl radicalsl76 canalsobe generated photocatalyticallyatting from diaryliodonium salt71 Xiao

et al.developed a method to couple thoseyl radicalsd 76to arenes and heteroarené.

— U Ru(bpy)sCl, (1 mol%) U\Ar

|
P
[A“ Ar] T MeCN, 'T‘
blue LED
171 172 25°C, 12 h 173
I I o S .
[Ar/ \Ar]OTf [Ar/ \Ar] oTf Ar—l OTf Ar
171 174 175 176
I\
Ru(bpy)s®* \
Ru(bpy)s2** D\ 172
,Il Ar
. 177
Ru(bpy)s?* y
,Tl Ar ,Tl Ar
178 173

Further examples:

CO,Me CO,Me
o~ 0 0
Q\@R X
e

173a (R = H) (87%) 179 66% 180 50%
173b (R = 2-F) (91%)
173¢ (R = 3-F) (85%)
173d (R = 4-F) (91%)
173e (R=4-CF;)  (89%)
173f (R = 4-CO,Me) (78%)
173g (R = 4-OMe)  (40%)

Schemet4. Photocatalytic arylation of aromatic compounds.

The assumed reaction mechanism is similar to the two previous reports, only the leaving group

differs. Diaryliodonium saltl71is reduced in the first step by eted Ru(bpyy¥ ™. This leads, after
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cleavage of radicdl74, to the formation of iodoarend75and the desired aryl radical76. Tre thus
obtainedradical 176, adds toN-methylpyrrole (72). The intermediate radicdl77 is subsequently
oxidized by Ru(bpyY to the corresponding catio78 The aromaticity is restored by elimination of

a proton forming the final producii73 (Scheme44).The reaction works best with-Methylpyrrole
(172), but also other (hetero)arenes like benzothiophene and benzene canduk Asbroad variety

of differently substituted diaryliodonium salis71 can be applied. The position of the substituent has
no significant influence on the yield of the reaction. On the other hand, the electronic nature of the
substituent has a sever inffmce on the yield; electron withdrawing substituents lead to higher yields

than electron donating one<f. 173ag) (Scheme 44).

The most employeghotocatalyticway to generate aryl radicals s/ usingdiazonium salts. Its
chemistry is well explored anthe preparation of many diazonium salts is kno¥rUsing aryl
sulfonyl chlorides as aryl source enahiles chemistto functionalize alkynes arsinthesize complex
polycyclic compoundsDiaryliodonium salts are useful to functionalize heteroaromatic camps

like pyrroles and benzothiophene

2.2 Reactions initiated by Substrate Oxidation

As was already shown in Scheme 3Waedl-established way to generate Ru(bgV)selectively is by
addition of a viologenderivative 134 as electron acceptorYoonet al. used this mechanism for a

photocatalytic [2+2] cycloaddin of bisstyrene derivatived81(Scheme 45§°

Ar R Ru(bpy)sCl, (5 mol%) Ar
| | MV/(PFg), (134b) (15 mol%)
X MeNO,, 200 W crystal clear

light bulb, MgSQy,,

R

room temp., 3.5 h X
181 182
MeO
= MeO MeO ©
J
N\ Ph R Me
0O N
|
o © Ts
182a (R = 4-OMe) (89%) 182f (R = 4-MeOPh) (67%) 182i 54% 182j 67%
182b (R = 2-OMe) (73%) 1829 (R = 4-CIPh)  (92%)
182¢ (R = 3-OMe) (0%) 182h (R = Me) (0%)
182d (R=H (0%)
182e (R = 4-OH) (64%)

Schemed5. Photocatalytic [2+2] cycloadditions of (bstyrene derivatives.
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The styrene moiety has to bear afectron donating substituent iparaor ortho position in order to

be electron rich enough to conduct this reaction. At least two styrene moieties have to be present in
the molecule ¢f. 182h). Styrenes with substituents imeta position are not electrorrich enough.
Formation of182c could not be observed. The highest yield was obtained 1&g where one
styrene moiety was electron rich and one was electron poor and decreased when two electron rich
styrenes were present as 82f. In addition not only styrenes linkada oxygen could be applied in

this reaction but also ones linkedia nitrogen yieldingl82j.

2N AN
| |
N N NN
/N+/ /N — Ar. R

134b 137b

X
182
Ar R
Ru(bpy)s** | | MV2* (134b)
X
181

Ru(bpy)s?** or 183
.t
MV (137b)
or 181
'.' + . Ar " R
Ru(bpy)s>* Ar_. R Ar R
T — o
X X
183 184 185

Scheme46. Mechanism of a lpotocatalytic [2+2] cycloadditions of (bislyrenederivatives.

In contrast to the previously reported [2+2] addition which works by reducing an enone system to a
corresponding radical anion, this time radical cati88 is generated as active intermediat283

attacks the opposite styrene systems ane tleaction proceeds as depictédSchemel6.

As could be shown in Chapter 1 and 2, many interesting and synthetically viable transformations can
be conducted usindRu(bpy)?* as visible light photoredox catalyst and its number is growing every
day. Many reactions require only oxygen or cheap amine bases tiKeaEtstoichiometric reagent or

they are redox neutral making photoredox catalysis an economical as well as ecolmgiah
process. Some enantioselective reactions are known. However, so far always in combination with a
co-catalyst that introduces the chirality. One of the great challenges for the future will be the
development of photoredox catalysts that can introéuchirality on their own without the need for a
co-catalyst. A chiral photocatalyst with an iridium center that can be used for enantioselective C

bond formations was developed recently by Meggetral.>
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Main Part Photocatalytic Conjugate Additions

B. Main Part

1. Photocatalytic Conjugate Additions

1.1 Initial Position

In the course of my Master thesBgepak Jadhav and | were able to develop a novel photocatalytic
conjugate addition driven by visible lightWith this unprecedented reaction, we were able to
couple a variety of Michael acceptd28 with N-aryltetrahydrdsoquinoline derivative in moderate

to good yields (Table 2).

Table 2Ru(bpy)C} (1-C}) catalyzed photocatalytic conjugate additions.

Ru(bpy)sCl; (1°Cl)

N
(2 - 6 mol%) SAr
+ /\/Y
@O\I\Ar RTS MeCN, blue LED <

room temp.,
20-24h

<

2 23 24

Zo e g

24a (58%) 24b (63%) 24c (61%,
70:30 dr)

O N\©\ O N
I O

—0O
@]

24d (43%, 24e (56%, 24f (53%,
66:34 dr) 60:40 dr) 50:50 dr)
N
O @ w J U
24g (50%, 24h (31%, 24i (27%)
60:40 dr) 54: 46 dr)
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Other groups working with isoquinoline derivati2gropose an iminium iol as active intermediate
in their reaction mechanisnts.Exemplary a Lewis base catalyzed Mannich reaction developed by

Ruepinget al.is displayed in Scheme 4.(ntroduction, Scheme 1067,

Ru(bpy)s(PFg) (1:-PFg, 1Tmol%)

@O L-prolin (18, 10 mol%) Noon
N. acetone (10 equiv.)

Ph MeCN, 24 h 0

5 W fluorescent lamp

20a (95%)

Ru(bpy)s” O‘COQH

N

A

Ru(bpy)s®*™
-H : @ 1 9
N*
Z " ph

6a

Scheme 47Photocatalytic Manith reaction

In contrast to the above mentioned reaction, it is unlikely that the conjugate addition discovered by
our group is proceedingia intermediate 6. In case of the depicted Mannich reaction (Scheme247)
is coupled with a nucleophile, while in our c&sie coupled with an electrophile. Therefore it is more

likely that the reaction proceedga N -radical25 (Scheme 48), instead of an iminium i@n

Ru(bpy)s Ru(bpy)s®*
X . "
5a H o N
.
l'H “Ph
\)k
COL, = )
N.
<~ “Ph 0
25a 26a 24a

Scheme 48Proposednechanism for the photocatalytis-h -functionalization.

In the first step, excited Ru(bp§} accepts an electron from isoquinolirga forming radical cation

5a(Scheme 48). By loss of a proton, the postuldtettradical25ais generated which attaclenone
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23aa dzo &4 Slj dzSy (i f & drarlfoRyBradiadReéa dzfreduked By Ru(bpyYorming anion186a

which is protonated to yield the final produ2éda

In addition to the studied intermoleculaN-"-functionalizations, molecule®7a and 27b were
synthesized to investigate intramolecular cyclizations. Instead of the expected 1,4 addition products,
the dihydroindolo isoquinoline derivativé(8a and 28b were obtained (Scheme 49). This means that
the initial 1,4 addition is followed by a dehydjenation merging the two aryl groups to one

S E ( S y-BStétn. The different electronic properties 87 and the additional dehydrogenation
step are most likely the reason for the low obtained yields28f in 28% and28b in 35%,

respectively.

o) o)
187 188a (R = Me) 27a (R = Me) (50%)
188b (R = Ph) 27b (R = Ph) (72%)

Ru(bpy)sCl,
(10 mol%)

MeCN, blue LED
room temp.,
24 -36 h

28a (R = Me) (28%)
28b (R = Ph) (35%)

Scheme 49Synthesis of dihydroindolo isoquinoline derivatiasa and 28b.

In conclusion, a novel photocatalytic reaction to functionalize isoquinolines aithgositionwas
discovered. A variety of Michael acceptorasnapplicable in this reaction. Small modifications of the
isoquinoline were also tolerated but led in most cases to a reduced yield. Besides, the reaction is
completely atom economical; every single atom of the reactants can be found in the product and no

sacrificial electron donor or acceptor is required.
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The aim of the following investigations is to gain a deeper insight ilNtheactivation oftert. amines

and the coupling of Michael acceptors to the resulting radicals. In the beginning differeminkn
photoredox catalysts were screened. The first one, tdwdylammonium decatungstate (TBADT,
190) is activated by UV light and was used successfully by A&loadiin similar reactions (Chapter
1.2)>* Our group discovered that Cu(dap) (L95) can beactivated by visible light, driving forward
ATRA reactions (Chapter 1°3)The photoredox catalyst [Ir(ppxditbbpy)]PE (204 Pk) is well
established in the photochemical community possessing similar reactivities as RG{yC})
(Chapter 1.45° [I{dF(CE)ppyk(dtbbpy)PF (216 PE) has a great oxidation and reduction potential
and was therefore appealing for the transformationteft. amines with greater oxidation potentials
compared to isoquinolines (Chapter 1.7).

It was envisioned to enhancdné¢ rate of the reaction and the yield with the help of additives.
Therefore the influence of different Brgnsted bases (Chapter 1.4), Lewis acids (Chapter 1.7) and
combinations of proton donors and acceptors (Chapter 1.6) for the reaction was investigated.

In Chapter 1.5 novel amines were examined for their applicability in this transformation and in

Chapter 1.6 micro reactors as irradiation devices are described.
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1.1 TBADTas photocatalyst folN-h -activation

Polyoxometalates (POM) are metal oxide clustéat form in selfassembly in the presence of a
chelating counter ion. POM’s contain at least three metal atoms that are coordinated octahedral.
These octahedrons are linked together by shared oxygen atoms. Due to ligand to metal charge
transfer (LMCT) &m the oxygen to the metal these complexes exhibit large absorption bands,
usually in the ultra violet (UV) regime of the electromagnetic spectrum. Therefore they have been

used numerous times as photocatalysfs.

One prominent example for a polyoxometaatbased catalyst is tetdautylammonium
decatungstate (TBADTR-BwN)W.0s,, 190) which is activated by UNght>® It can be easily
prepared by stirring sodium tungstate in oxygen enriched water fdn.1&fter slow acidification with
hydrochloric acidthe product can be precipitated through addition ofBu)NCI*® The absorption
maxima of the LMCT band is located at 823 with an extinction coefficient of

6 1M85x10* | mor* cm™.%°
The group of Angelo Albini used this catalyst for alkylationslexdtrophilic alkenes (Scheme 58),
acylations of electrophilic olefirf§,radical GH functionalization of amidé8and the synthesis of

2-substituted 1,3benzodioxole¥’.

TBADT (190)

2 mol% CN
YT ey _mo%) \i/v
OH 6x15W
OH
A=310nm
MeCN, 20 h
189 23g 191 (72%)

Scheme 50Photocatalytical alkylation afcrylonitrile 3g).>*

The mechanism for this reaction, depicted in Scheme 51, is similar to the mechanism we propose for

the photocatalytic conjgate addition (Chapter 1.1, Scheme 48).
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TBADT" TBADT

Y

OH 191
189 TBADT-H
N S ON \PVCN
OH 23g o
192 193

Scheme 51Reaction mechanisms for the alkylation of alkenes with the help of TBED)T (

Based on this similarity it was envisioned to use TBADU) @s UVphotoredoxcatalyst for the
N-h-activation oftert.  YAY S® | ¢ 2 Ffdz2NBaOSy il [j.g8EnmsWas K |
chosen as light source Therefore an experiment was conducted if the catalyst can be activated with
this light source. To our delight, produci9l was furnished when acrylonitrile 28i)

(1 equiv.) was mixed with isopropyl alcohdB®) (5 equv.) in degassed acetonitrile (Scheme 52 A) )
even though the reaction time had to be extended to 3.5 d. Those conditions should be suitable to
test if TBADT can be used for tNe' -activation of2a. If these experiments would yield any product,

further reactions will be conducted with a more appropriate light source.

TBADT (190) N
0,
A PN, - I

OH fluorescent tube (A= 360nm) OH
MeCN, room temp. 84 h
189 23g 191
©© TBADT (190) N
2 mol%)
B N + A (
) CN fluorescent tube (A= 360nm)
MeCN, room temp. 56 h
CN
2a 23g 24i (0%)

@G o TBADT (190) N
2 mol%)
C N (
) ' \)k fluorescent tube (A= 360nm) \©
MeCN, room temp. 56 h

0
2a 23a 24a  (0%)

Scheme 52Photocatalytic N'-activation with TBADTLE0).

58

Y E



Main Part Photocatlytic Conjugate Additions

Changing the substrate from isopropyl alcoht89) to isoquinoline2ain degassed acetonitrile,on
conversion and no product formation could be detected within 2.5 d according to TLC and NMR
analysis, so the reaction was terminated (Scheme 52 B) ). Using methyl vinyl K28anenstead of
acrylonitrile, @3i) led also to no conversion (Scheme 53.@nly isoquinolin@a was detectablevia
'"H-NMR after removing solvent arBain vacuo

Additionally the same experiments were conducted without degassing the reaction mixture. Also in
this case, nearly no conversion and no product formation could be observed 2ehemd either23a

or 23gwere irradiated in the presence of TBADY(@) in aceonitrile for 24 h.

With the help of these experiments it could be proven, that TBADT is not a suitable catalyst for

photocatalyticN-h -activation of amines under UNght irradiation.
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1.2 Cu(dap)Cl as photocatalyst foN-h -activation

In search for anotér visible light photoredoxcatalyst, capable of enhancing Kae-activation of
tert. amines, Cu(dagll (dap =2,9-bis(panisyl}l, 10phenanthroline) (195 was investigated. This
complex was first reported in literature 1987 by Sauvageal. for GC bord formations under

photocatalytic conditions (Scheme 53).

Cu(dap),Cl (195) NO,
, /@ABr (1.5 mol%)
ON NEt; (1.8 equiv.) O
O,N

DCM, 24 h, UV-light,
room temp.
194 196 (47%)

Cu(dap),Cl (195):

Scheme 53Photocatalytic dimerization of nitrobenzene derivatit®4 in the presence of catalyst Cu(dap)
(195).%°

Michael Pirtsch from our group discovered that electron transfer fa@fis not only possible under
U\Arradiation, but also visible light irradiation can be utilized. Reédeal. were ale to apply this

concept to a variety of ATRA reactions (Schemeb4).

Cu(dap),Cl (195)
(0.3 mol%) X

A 1_ N
) R-X * R™™S “pcwM, green LED R)\/R1
room temp., 20 h

197 198 199
(11 examples, 55 - 92%)

o) Cu(dap),Cl (195) 0
B R1QK(X SnBu (1.0 mol%) R1M
) FATE e, green LED
R2 room temp., 20 h R2
200 201 202

(13 examples, 63 - 89%)
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Cu(dap),Cl (195) Br
Br | X (1.0 mol%)
) ON DCM, green LED O O
2 room temp., 20 h O,N
194 149a
203 (85%)

Scheme 54Photochemical ATRA reactions driven by Cu¢@i§95).>°

Due to these promising results, Cu(d#}1) (195 was applied in photocatalytic conjugate additions.
195has a broad absorption band in the range of 40800 nm and thesxcited state lasts for 270 ns.
[Cu(dap)]™ has a reduction potential of;,(CU/Cu*) = -1.43 Vvs. SCEand is therefore a better
reductant than Ru(bpy) (Ev2(RU/RU) =-1.33 Vvs. SCE®® The oxidation potential has a value of
E»(CU/CU) = 0.62 Vvs. SCEand is therefore in the range of the isoquinoline derivatige
(Ex = 0.66 Vvs. SCE® So far, no reaction using an oxidation Gy(dap)** as step in catalysis is
known®” But in summer 2011, after Michael Pirtsch’s discovery 9 can be excited by visible
light, hopes weréigh that also a substrate oxidation can be performed. The catalytic cycle should be
initiated by the reduction of the enone generatir@u(dap)’* which should be able to oxidize
isoquinoline 2 to its radical cation and from there on the mechanism woukl the same as
postulated above (Scheme 48).

In order to investigate this idea, isoquinoli@a (1 equiv.) Cu(dapCl 95 (5 mol%) and either
methyl vinyl ketone Z3a 3 equiv.) or chalcone28b, 1.1 equiv.) were dissolved in acetonitrile and

degassed Y the freeze pump thaw method.

Table 3.Photocatalytid\-h -activation with Cu(dap¥Tl (L95).

Cu(dap),CI (195) N
N . o (5.0 mol%) \©
\© R1/\)J\Rz MeCN, green LED R

room. temp
0~ "R?
2a 23 24
entry R R time [h] conversion yield
1 H H 20 7% 0%
2 Ph Ph 20 2% 0%

In both cases no product formation could be observed according to TLC and'EkdR analysis
with p-nitrobenzaldehyde as NMR internal standard (Table 3). Because the results in the presence of
photocatalyst Ru(bpyEh (1-C}h) were superior compared t@95, no further studies using95 for

photocatalyticN-" -activation were conducted.
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1.3 [Ir(ppy)2(dtbbpy)]PF as photocatalyst foN-" -activation

Not only octahedral ruthenium complexes exhibit an important class of visible light photoredox
catalysts. Also anplexes with iridium as central atom find broad applicatidrOne prominent
example is [Ir(ppyldtbbpy)]Pk (204-PEk) (ppy = 2phenylpyridine; tbbpy =4,4-di-tert-butyl-2,2-
bipyridine) (Figure 4).

204

Figure 4][Ir(ppy)k(dtbbpy)]Pk (204 PF): Structure and powder.

It was first synthesized and characterized by Malliatzal.in 2004. Its emission maximum is located
at 581 nm which corresponds to 2.13 8/The redox potentialys.a saturated calomel electrode

(SCE) in acetonitrile are depicted in Scheme 55.

[Ir(ppy) z(dtbbpy)]**
+0.66 V -0.96 v

469 nm 581 nm

[Ir(PPY)2(dtobpy)° _=151V . [1r(ooy)a dtbbpy <121V (ir(ppy),(dtbbpy)2*

Scheme 55General reaction pathway and redox potentials of [Ir(p(]it))bpy)]PE(204).5"h)

MacMillanet al.reported the use of this complex for trenantioselective addition of trifluoromethyl
groups to aldehydes in 2069.In the first step aldehyde94 and chiral organocatalys®6 form
enamine 100 which is enantioselectively attacked by a @&dical (27), generated previously
through photocatalytic electron transfer and subsequent cleavage fltoroiodomethane(125).
The final produc05is formed by oxidation of intermediat206 and subsequent hydrolysis of the

organocatalyst product complex (Scheme 56).
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(0] [Ir(ppy)o(dtbbpy)IPFg (204 PFg, 0.5 mol%) 0]
/[H organocatalyst 96 (20 mol%) HJ\(CF?’
H CF4l (125, 8.1 equiv.)
R 2,6-lutidin, DMF R
94 fluorescent light bulb (26 W), -20 °C 205
\ O
N .
CF,
Ir(ppy)a( dtbbpy r(ppy),(dtbbpy)** 127

CF3
Br CF3
127 206
Ir(ppy)2(dtbbpy)
CF,l
125

Further examples:

oM
0 0 0 ¢
)J\/CGH»]:; )WCOzEt

- 2 -
CF3 CF3

i

205a (R = CF3) (79%, 99%ee) 205d (86%, 97%ee) 205e (61%, 93%ee)
205b (R = C,Fs) (73%, 96%ee)
205c (R = C;F) (69%, 99%ee)

Scheme 56Reaction pathway of the enantioselective trifluoromethylation of aldehydes.

With the help of this reaction, MacMillaet al. were @le to enantioselectively add different

fluoroalkyl radicals to a variety of aldehydes.

As already discussed in the introduction, Stephensbml. were able to develop a photocatalytic
azaHenry reaction. This reaction can not only be conducted usingpglCh (1-C}) as photoredox
catalyst but also with [Ir(ppydtbbpy)]PE (204-PF). This finally led to the full establishment 204

as photocatalyst in the synthetic community. Applying Ru(py)1-C}) as photocatalyst for the
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azaHenry reaction with2a gave rise to producéain up to 73% vyieldcf. Introduction, Scheme 5).

Through the use of photocatalyst [Ir(ppfdtbbpy)]Pk (204 PF) the yield could even be increased to

92967
[Ir(ppy)2(dtbbpy)]PFg
N. (1 mol%) N
Ph nitromethane (3), \©

oxygen,
MeCN, NO

2a fluorescent lightbulb 4a (92%)

room temp., 20 h
r(ppy z(dtbbpy Ir(ppy),(dtbbpy)* NO,

-~
3
0
[ 2 m?h l H*
2a ©
Ir(ppy),(dtbbpy) 0
1

/7 ~0 \

N. -

YPh T Y _N* Ph
N Ph

H 2 NO,
5a 6a 4a

2b)

Scheme 57Proposed reaction mechanism of a photocatalgtie-Henryreaction®

With this method Stephensort al. were able to functionalize a variety df-aryltetrahydro
isoquinolinederivative 2 with nitromethane @) or nitroethane in good to excellent yields, forming a

basis for a variety of other photochemical transformations ugiag substrate.

Due to its interesting redox properties, [Ir(ppigdtbbpy)]PE (204 PEk) was employed in a
photocatalytic conjugate d@dition reaction (Scheme 58). The catalyst was prepared according to
literature procedure<? If not otherwise stated, all conjugate additions réans were degassed
using three freeze pump thaw cycles prior to irradiation. This was necessary to exclude oxygen,

which is known to oxidize'lto Ir"' and lead to the formation of iminium iodi(cf. Scheme 47)

[Ir(ppy)2(dtbbpy)]PFg
(1 mol%)
MeCN,

blue LED,

room temp., 24 h

2a 23a 24a (68%)
(1 equiv.) (3 equiv.)

Schemes8. Photocatalytic conjugate addition using [Ir(pgdtbbpy)|Pk (204 PF).
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To our delight, when methyl vinyl keton23g) was used as Michael acceptor, prod@da could be
isolated in 68% yield within 24 using 2mol% of catalyst204 compared to 58% yield using

Ru(bpy)Ch (1-Ch) (Scheme 58):

A screening regarding catalyst loading and the influence of additives was peddondetermine

the best reaction conditions.

To find the optimal catalyst loading the reaction was conducted using 0.5 mol%, 1 mol% and 2 mol%
of the new catalys04. When 0.5mol% of catalys04 was employed 38% of produ@4a was
formed within 24 héntry 1, Table 4). Usingmol% of catalyskO4increased the yield dt4ato 66%

(entry 2, Table 4) and 2 mol% furnished conjugate addition pro2decin 68% yield within 24. As

the yield was not significantly increased whem@&l% instead of inol% of204 were used, further
optimization experiments to determine the influence of bases on the reaction were performed in the

presence of Inol% of the irlium photoredox catalys204.

Table 4 Optimization of the photocatalytibl-h cactivation using204.

©© s [r(ppy)(dibbpy)lPFg N
N . 1\ additive \@
\© (o) MeCN,

blue LED
room temp., 24 h o
2a 23a 24a
- catalyst loading yield®
entry 2a 23a additive
/ [mol%)] 24a
1 1 equiv. 3 equiv. - 0.5 38%
2 1 equiv. 3 equiv. - 1.0 66%
3 1 equiv. 3 equiv. - 2.0 68%
) _ NaOAc
4 1 equiv. 3 equiv. _ 1.0 64%
1.1 equiv
. _ KCQ
5 1 equiv. 3 equiv. _ 1.0 46%
1.1 equiv.
) _ imidazole
6 1 equiv. 3 equiv. . 1.0 0%
1.1 equiv.

a) Yield determined b{H-NMRanalysis using.,2 dicyanobenzene as internsfandard.
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One of the key steps in the proposed reaction mechanism is the deprotonation of isoquinoline radical
cation5 to radical25 (Chapterl.1, Scheme 48). Therefore it was explored if the addition of different
bases could further increase the yield. Addition of 1.1 equiv. of sodium acetate had no influence on
the reaction (64% yield, entry 4, Table 4). Potassium carbonate (1.1 equiv.) on thehatie
decreased the yield to 46% (entry 5, Table 4) and no product formation was observed when
1.1 equiv. of imidazole were employed (entry 6, Table 4). This observation might not only be caused
by the basicity of imidazole. It is also possible that Miseterocycle is causing a ligand exchange in
catalyst204. Overall, the addition of a base to promote deprotonation of intermediate radical cation

5has no beneficial effect on the reaction.

Next the influence of water in the reaction media was invgstd. Water can serve as proton
shuttle and therefore accelerate the deprotonation of the radical cation intermediate and the
protonation of the final product. This screening was conducted in a micro reactor purchased from
LTF with an internal volume of7LmL. More information about this micro reactor system is given in
Chapter 1.6. The reaction solution was pumped through the reactor at a speed of 1 mL/h, which
corresponds to a retention time in the system of 1 h 50 min. Cat&94t{2 mol%) was employe

and 0% (v/v), 5% (v/v) and 10% (v/v) of water were added to obtain a fully dissolved and clear the

solvent.
Table 5.Water as additive for photocatalytic conjugate additions.

[Ir(ppy)2(dtbbpy)]PFg
N j\ (2 mol%) \©
i
o MeCN, water
micro reactor,

blue LED,
room temp., 1.50 h

2a 23a
water / yielda)
entry 2a 23a
[% (vIV)] 24a
1 1 equiv. 3 equiv. 0 46%
2 1 equiv. 3 equiv. 5 46%
3 1 equiv. 3 equiv. 10 0%

a) Yield determined b{H-NMRanalysis usind.,2 dicyanobenzene as internal standard.

As depicted in entry 1 (Table 5) prod@da could be obtained in 46% yield withirh2using a micro

reactor system. The same yield was obtained when the solvent contained 5% (v/v) water (entry 2,
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Table 5). No product formation was observed when the solvent mixture contained more than
5% (v/v) wate (entry 3, Table 5). These experiments showed that up to 5% (v/v) water is neither

increasing nor decreasing the yield and beyond this the yield decreases

In further experiments the substrate scope of the reaction using catai4tvas determined. Du&

the different electronic and steric properties, compared to methyl vinyl ket@8s)( chalcone23b

was investigated next. To find the optimal reaction conditions first the catalyst loading and
afterwards the ratio o2a to chalcone23b was optimizedln contrast to methyl vinyl ketone28a),
which polymerizes upon irradiation with visible ligR8b is photostable, only a E/Z isomerization of

the double bond can be observed.

Table 6.Photocatalytic conjugate addition using chalc@sb and catalyst04.

Ph

N.
@@ . j [Ir(ppy)2(dltbbpy )IPF¢ Ph
N. MeCN,
Ph 07 Ph blue LED, Ph
room temp., 24 h
07 >Ph
2a 23b 24c
catalyst loading yield
entry 2a 23b
/[mol%] 24¢
1 1 equiv. 1.1 equiv. 1.0 489
2 1 equiv. 1.1 equiv. 2.0 73%
3 1 equiv. 1.1 equiv. 5.0 919"/ 83%”
4 1 equiv.. 1.1 equiv 10.0 349
5 2 equiv. 1.0 equiv. 5.0 7698
6 1 equiv. 1.5 equiv. 5.0 839
7 1 equiv. 3.0 equiv. 5.0 67%

a) Yield determined b{H-NMRanalysis using-nitrobenzaldehyde amternal standarglb) isolated yield

Using 1 mol% and 2 mol% 24 product24cwas formed in 48% and 73% yigéhtry 1- 2, Table 6).
To our delight, employing 5 mol% of catal28é furnished produc4cin an increased yield of 91%
(entry 3, Table 6). Subsequent isolation yielded 83%4af Thus, yields obtained in the presence of
iridium catalyst204 are sigificantly better than using Ru(bp@bk (1-C}). However, the yield
decreased dramatically when ol% of catalys204 were employed (entry 4, Table 6). Therefore

this coupling works best in the presence of 5 mol% of [Irgigigbpy)]Pk (204 PF).
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In another set of experiments the optimal ratio of isoquinolidato chalcone23b was determined
(entry 3 and & 7, Table 6). Using an excess of 2.0 equiv. of isoquindéihed to a decreased yield
of 76% (entry 5, Table 6) compared to the use of a ségbess of 1.&quiv. of chalcon@3b (entry

3, Table 6). Further increasing the amount of chalc@8e to 1.5equiv. (entry 6, Table 6) and
3.0equiv. (entry 7, Table 6) resulted in reduced yields of 83% and 67% of p&tdudihus a ratio of
2a to 23b of 1:1.1 and a catalyst loading ofntol% are regarded to be the optimal reaction
conditions, resulting in the formation of 91% of produtdc. In conclusion, the same reaction
conditions that proofed to be best using Ru(b@h (1-C}) as catalyst are abdsthe optimized
conditions for [Ir(ppy)dtbbpy)]Pk (204 Pk).

Photocatalytic conjugate additions usifig(ppy)k(dtbbpy)]Pk (204-PFk) as catalystvere performed
with the same substrates that were applicable using Rugddyj1-Cb). The optimized reaction

conditions are shown in Table 7.

Product24a could be obtained in 68% yield using 1 equiv2af3 equiv. o23a and 2 mol% o204
(entry 1,Table7). Performing the same reaction with the more electron rief-2nethoxyphenyh
1,2,3,4tetrahydroisoquinoline Zb), 5 mol% of catalys04 were necessary to obtain 37% 2fb
(entry 2, Table7). The same trend was observed when Michael accep®rinstead of23a was
employed. As shown ifiable7, product24c could be obtained in 83% isolated yield using€qQiv.
of 2a, 1.1 equiv. of23b and 5 mol% of catalysf204-PFk] (entry 3, Table 7). Exchanging the
isoquinoline to2b reduced the yield to 33% (entry Zable7) compared to 43% usind.-C}] as
catalyst. The same trend was observed for the coupliniofwith 23a where the yield decreased
from 61% using cataly$l-C}] to 43% using catalys204. Thus, catalys04 is regarded not to be
optimal to activate isoquinolin€b. Product24e was furnished in 93%ield (entry 5,Table7), the
highest isolated yield in this conjugate addition. Chalc@3d bearing a furan moiety could be
coupled to isoquinolin@a in 60% (entry 6Jable7). Using methacroleir2ge) led to 50% of product
24g using only 2 mol% of callyst (entry 7,Table7). Coupling produc24h could be furnished in 34%
yield using & |j dzA @xbtyrdattone and 5nol% of catalyst (entry 8fable7). Employing 3 equiv.
of acrylonitrile 23g) in this reaction yielded produ@4i in 31% (entry 9Table7). A comparison of
these results with the results obtained using Ru(bP¥)1-C}) is given in Chapter 1.8.
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Table 7 Photocatalytic conjugate additions using [Ir(ptsibbpy)]Pk (204 PE).

X
. [Ir(ppy)2(dtbbpy)]PFg Nar
N_ MeCN,
Ar

R blue LED, R
room temp., 24 h X
2 23 24
cat. loading /
entry 2 23 o
[mol%)]
N
1 T o
. 23a 3.0 equiv. o
e 24a68%
@O\l /]< N
2 Q © 5.0 O\
0] _ (|)
o 23a3.0 equiv. 5
o equ 24b37%
i O N
“ g ©
’ @ O O 5.0 O
o)
2a 1l equiv. 23b 1.1 equiv.
24c83%(70:30 dr)
; by
N \©\
N \©\ 5.5 O cl)
? | e
2b 1 equiv. 23b1.4 equiv
24d33%(66:34 dr)
(o Seee ©
/‘)J\/\‘
N 9
> \O o) 7.0 o
l

l )

2a1 equiv. 23c1.4 equiv. |
24e93%(60:40 dr)
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cat. loading /
entry 2 23 24
[mol%]
CO_, f N
O C
6 O 70w
H =
2a1 equiv. 23d1.1 equiv. L)
24f60%(1:1 dr)
[ ;[ N j/ N
7 © o 2.0 /
5 . 23e3.0 equiv. 0
atequy. 24950%(7:3 dr)
o N
“ &
8 @ P 5.0
; (0]
2a1 equiv. 23f 3 equiv. o)
24h34%(54:46 dr)
©©\l /\CN N
9 & TR §
2393.0 equiv. C

2al equiv.

24i31%

70



Main Part Photocatalytic Conjugate Additions

In addition to the above depicted intermolecular examples, two intramolecular examples were
applied in a conjugate addition usin@O@-PR] as photocatalyst that have also worked with
Ru(bpyiCh (1-C}) (Scheme 59). Moleculgd’ were obtained by an aldol condensation using KOH
starting from acetone (188) or acetophenone 88b) and 2-(34-dihydroisoquinolin2(1H}
yl)benzaldehydg187) as reported before (Chaptdr1Scheme 49!

@O“ [Ir(ppy)2(dtbbpy)]PFg
(5 mol%)

R MeCN,
N blue LED,
e) room temp., 24 h

28a (14%) 28b (18%)

Scheme 59Intramolecular photocatalytic conjugate additions

The reaction did not proceed well which was similar to our report for Ru{Bpyl-ChL). Most likely

this is due to the fact that not only a photocatalytic conjugate addition takes place but also a
deK@ RNR ISyl GA2y T f SI RAsysem.(iNd full cyghvessionicBufiRSdRtEined dvghI £ S
after prolonged reaction times of 48 h. Due to very similardRies of product and starting material,
separationvia column chromatography was very diffitul'he best isolated yield of 14% for product

28aand 18% for produc28b was obtained using B10l% [Ir(ppy)(dtbbpy)]PEk (204-PE) after 24h.
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1.5 Screening for novel suitable amines

In contrast to the broad scope of applicable enone systems, so faisoguinoline derivatives could
be used astert. amines. Therefore other phenyl bearingrt. amines were investigated in
combination with catalysf04to see if the desired conjugate addition products are obtained. Di
methyl aniline208and diethyl anilin€210are commercially available; whereas phenylpyrrolid2i®

and phenylpiperidin@14were synthesized according to a procedure by Buchwiid.

Table 8.Aniline derivatives as substrates for photocatalytic conjugate additions.

R R
rR2 [Ir(ppy)(dtbbpy)]PFg R2
N . j\ (2 mol%) N
o MeCN, (e
blue LED,
room temp., 24 h

entry aniline derivative product yield

1 equiv. 3 equiv.

/
z
\
/
z?

O
-

12%
208 209
/\N N N NJ\/\[(
(0]
2 0%

(@]
@ 28%

212 213

W

0%

=0
s

214 215
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Product209 could be isolated in 12% yield using 1 equiv. of dimethyl aniifg)(3 equiv.of methyl
vinyl ketone 23a) and 2 mol% of catalys204 after 24 h of external irradiation with a blue LED
(entry 1, Table 8). Employing diethyl anili2®0 under otherwise identical conditions did not lead to
the formation of product211 (entry 2, Table8). To our delight, produc13was furnished in up to
28% yield when a mixture of 1 equiv. 22, 3 equiv. of23a and 2 mol% oR04 was irradiated for
24 h (entry 3, Table 8). When switching from pyrrolid?i& to piperidine214, again no conjugate
addition product could be observed (entry 4, Table 8).
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1.6 Micro reactor systems

Due to the low yield®btained, when the reaction mixture was irradiated from the outside using a
snapcapvia and a single LED, it was envisioned to increase thelyyetdnducting the reactions in a

micro reactor.

Photocatalysts have a high extinction coefficient, for example, [Irgfgitopy)]Pk (204 Pk) has an
SEGAYOGA2Y 920N c’G'MBa/datalydtToneentration of @mol/l, which corres

ponds to the standard reaction conditions using 2 mol%catalyst 99% of the incident light is

absorbed after Y |y R fSaa GKIy mwm: LISYSGNI iSa FdzZNHKSNI GKI
molecules are excited beyond this layer making round bottonkdlasnd snagcap vials unfavorable.

On the other hand, increasing the surface area and decreasing the depth of the solution at the same

time would allow the light to penetrate the whole solution and excite all available catalyst molecules.

Both can be acbkived with the help of a micro reactor.

Figure 5LTFV micro reactor system with irradiation unit in metal frame.

All of the following experiments were performed in a M Feactor developed by LTF GmbH. The

reactor consists of two borosilicate glass plates in which a semicircular channel is carved. These two
glass plates are glued together so one round channel iatede(Figure 5). lhand outlet are
mounted to the glass plateial Mkné ! bC FAGGAYyId ¢KS OKIyySt KI &
of 1.7mL. The glass plates fit into a metal frame. Through tubing underneath this frame external
cooling or heating cabe applied. On top an array of eight LEDs of any color can be installed for
irradiation (Figure 5). The reaction solution is pumped through the reactor by a syringe pump and

collected in a Schlenk flask with an attached bubbler to exclude oxygen and pexoeiss pressure.
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The coupling of phenyl pyridin212 and methyl vinyl ketone2@a) was chosen as model reaction.
The ratio of substrates was kept constant for all experiments using 1 equi21®fand

3 equiv. of23a. Catalyst and retention time, which corresponds to the pump speed, were varied.
Table 9 Micro reactor studies.

©)

photocatalyst N

(0]
MeCN, blue LED, ©

mirco reactor system

room temp.
212 23a 213
(1 equiv.) (3 equiv.)

catalyst pump retention . yield
entry catalyst loading speed time additives 213
1 1-C} 5 mol% 0.33mL/h  5h 10 min - 179
. CsF (1.0 equiv.) )

. [ . 0,
2 1.C} 5 mol% 0.33mL/h  5h 10 min 'ProH (10 equiv.) 2896
. CsF (1.0 equiv.) a)

. [ . 0,
3 1.Ch 5 mol% 0.25mL/h 6 h 50 min PrOH (10 equiv.) 7%
CsF (1.0 equiv.)

c) . 0 . 02
4 1.Ch 5 mol%. 15h 'PrOH (10 equiv.) 1596
5 204PFk 5mol% 0.50 mL/h 3 h 30 min - 27%"
6 204Pk 5 mol% 0.33mL/h  5h 10 min - 329
7  204Pk 2 mol% 1.00 mL/h 1 h 50 min - 4499
89  204PFk 2 mol% 24 h - 28%

1-Ch: Ru(bpy)Ch; 204 PR: [Ir(ppy)(dtbbpy)]PE. a) isolated yield; b)yield determined by'H-NMRanalysis

using3-nitrobenzaldehyde amternal standar¢ic) reaction conducted in a snajap vial.

According to the proposed reaction mechanism the initially formed radical cation eéthemine is

deprotonated in order to drm the radical intermediate. But as depicted in Chapter 1.4, Tdble

entry 4¢ 6, the sole addition of a base does not increase the yield. Later on in the reduction step an

anion is generated which is protonated giving rise to the final prodlotrefore the addition of a

base might be beneficial for the deprotonation step and the presence of a proton source for the

protonation of the carbanion. In order to confirm this assumption, caesium fluoride (CsF) as mild

base and isopropyl alcohdP¢(OH)as proton source were added in some reactions.
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The reactions were conducted using 1 equiv2dP, 3 equiv 0f23a, an additive if indicated and
catalystl or 204 in acetonitrile. The solution was degassed using three freeze pump thaw cycles,
taken up in asyringe and pumped through the micro reactor at the indicated speed.

Pumping a solution containing12 23a and 5 mol% ofl through amicro reactor at a speed of
0.33 mL/h yielded already 17% of prod@di3(entry 1, Table 9). The yield could be furtlwcreased

to 28% by the addition of équiv. of CsF and Hyuiv. of isopropyl alcohol under otherwise identical
conditions (entry 2, Table 9). Increasing the reaction time by decreasing the pumping speed to
0.25mL/h lowered the yield to 7% (entry 3, Tal®). This indicates that the product might not be
stable under photochemical conditions. Due to these results, a control experiment was conducted in
a snap cap vial using CsF (1.0 equiv.)Rr@H (10 equiv.). In this case, prod2t8could be isolated

in 15% after 1% (entry 4, Table 9). In conclusion, with a yield of 28% the best resultslveth
catalyst were obtained using 1 equiv. of CsF and 10 equiRr©®H in a micro reactor at a pump rate

of 0.33 mL/h.

Changing the catalyst to [Ir(ppyitbbpy)]Pk (204 PE), product213 could be isolated in 27% vyield
when the reaction solution was pumped through the micro reactor at a speed of 0.5 mL/h (entry 5,
Table 9). This is already very close to the result obtained using acapagal for this rea@n (entry

8, Table 9). Decreasing the pump rate to 0.33 mL/h, the optimal rate using Ritb$¥)C}), had

close to no influence on the yield of the reaction (entry 6, Table 9). On the other hand the yield could
be increased to 44% when the pump rate was increased to 1 mL/h and the catalyst loading was
reduced to 2 mol% (entry 7, Table 9).

Therefore thebest yields in order to synthesize(1-phenylpyrrolidin2-yl)butan2-one (213) were
obtained using a micro reactor and [Ir(ppightbbpy)]PkE (204 PE). The vyield increases from 28%
using a snap cap vial to 44% using a micro reactor system. Employiatp@a gource and a base at

the same time was shown to have a beneficial effect in combination with RyCipid)} C}). Overall

the product seems to be unstable under photochemical conditions; hence a short retention time and

low catalyst loading are benefal.
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Due to these promising results, an experiment was conducted to t&spHenylpiperidine 214) can
be activated by204in a micro reactor. The best conditions for the synthesi8l#were applied and
N-phenylpiperidine 214) (1 equiv.) was mixewith 3 equiv o23a and 2 mol% oR04in acetonitrile,

degassed and pumped through a micro reactor but again no product formation could be observed

(Scheme 60).
[Ir(Ppy)2(dtbbpy)]PFg %
j/\ (2 mol%)
MeCN, blue LED, 0
micro reactor system
room temp., 2 h

214 23a 215 (0%)
(1 equiv.) (1 equiv.)

Scheme 60Phenylpiperidine 214) as substrate fophotocatalytic conjugate additions in a micro reactor.
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1.7 [I{dF(CE)ppy}(dtbbpy)]PF as photocatalyst for N1 -activation

Due to its great oxidation as well as reduction potentig@{dF(CE)ppyL(dtbbpy)PFk (216 Pk)

(dtbbpy: 4,4-di-tert-butyl-2,2-bipyridine; dF(Cfppy: 2(2,4R A b dpReNy®)5-G NA b dz2 NB YS (G K& f
pyridine) was another promising catalyst for photocatalytic conjugate additions. Especially the
reductive catalytic pathway with an oxidation potential off"*/I ") = +1.21 Ws.SCE in MeCN and

a reduction potential of g(Ir"/(Ir'") =-1.37 Ws.SCE in MeCN is very appeali2t was developed

by Malliaraset al.in 2005 and can be synthesized according to a procedure in the same publication
(Scheme 61) Stephensoret al. first reported its use as photoredox catalyst for the ATRA reaction of

bromomalonates and olefins.

PC+*
121V b 089V

380 nm : 470 nm
X

pCo -1.37V pC* +1.69V pC2+

Scheme 61Structure and photocatalytic properties @i{dF(CEppyL(dtbbpy)] (216) (dtbbpy: 4,4'di-tert-
butyl-2,2-bipyridine; dF(CFppy: 2(2,4R A b dz2 NR5EHINS ybEdéshpiBridine)’

With the help of the new, powerful catalyst it was intended to further increase the yield of the
conjugate addition of phenylpyrrolidine212) and methyl vinyl ketone2@a). The reactions we
conducted using 1 equiv. @12 3 equiv. of23a and catalyst P16:Pk] in acetonitrile. The solution

was degassed using three freeze pump thaw cycles, taken up in a syringe and pumped through the
micro reactor at the indicated speed.

At first, the optmal catalyst loading was determined. Using 1 mol% of cataly@at a pump rate of

0.33 mL/h already let to the formation of 20% 213 (entry 1, Table 10). Doubling the catalyst
loading to 2 mol% at the same speed yielded 35% of progL@{entry 2, Tale 10). Increasing the
catalyst loading to 5 mol% furnished prod@&i3only in 39% yield (entry 3, Table 10) which is only
slightly higher than using 20l% catalyst. If oxygen was present in the reaction mixture, no product
formation could be observedeftry 4, Table 10). The catalyst loading was not further increased
because the catalyst is very costly and the yield obtained using 5 mol% was only slightly better than
the one using 2 mol%. Overall the catalyst could not fulfill the high expectationsuthsé¢ from its

redox properties. The yields were in the same range as using [l5(gipy)]Pk (204 Pk) but the

preparation 0f216is more complex and the costs are higher.
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Tablel0. Micro reactor studies using cataly&1[6 PF].

[Ir{dF(CF3)ppy}.(dtbbpy)]PFg Q\/\(

2 :
MeCN, blue LED,
mirco reactor system
room temp.

212 23a
(1 equiv.) (3 equiv.) 213

MY \adng  eeed tme  addive G
1 1 mol% 0.33mL/h  5h 10 min h - 20%
2 2 mol% 0.33mL/h 5h 10 min - 35%
3 5 mol% 0.33mL/h 5h 10 min - 39%
4 5 mol%. 0.16 mL/h 10 h 20 min air 0%
5 2 mol% 0.50 mL/h 3 30 min LiBR (1.2 equiv.)  traces
6 2 mol% 0.33mL/h  5h 10 min ZnC} (1.3 equiv.) traces
7 2 mol% 0.33mL/h  5h 10 min AICk (1.3 equiv.)  traces
8 2 mol% 0.33mL/h 5h10min Ce(SG). (1.3 equiv.) traces

By screening differentatalysts and additives, a yield of 44% was obtained for the coupling of
phenylpyrrolidine 212) with methyl vinyl ketone2d3a) (entry 7, Table 9, Chapter 1.6). In order to
improve the vyields, the influence of Lewis acids on the reaction was investigadgds acids are
known to activate carbonyl systems and their application in photoredox catalysis has been shown,
amongst others, by Yooet al’® Therefore a variety of Lewis acids were added to the above
described reaction solution. Independent of the Lewcid, only trace amounts of product could be
identified when they were applied as additive in photocatalytic conjugate additions (eng\8,5

Table 10). Thus, Lewis acids are not capable of enhancing the yield of this reaction; in fact they

impede the eaction.
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1.8 Conclusion and Outlook

To increase yield and scope of the conjugate addition developed by our group, the influence of
different additives, new photoredox catalysts, new amine species as well as a mircoreactor system
was investigated.

In order to facilitate the deprotonation step of the radical cation to l&# -radical, different bases
were added to the reaction mixture (Chapter 1.4, Table 4, entrys¥ However, none of these bases
could enhance the yield. The ampholyte water vialerated in the reaction mixture in up to 5%
(v/v), whereas higher concentrations of water decreased the yield (Chapter 1.4, Table 5). No positive
influence could be observed when water was added. The yield of the coupling of phenylpyrrolidine
(212) and nethyl vinyl ketone Z3a) was increased moderately by the addition of caesium fluoride
(1equiv.) and isopropyl alcohol (10 equiv.) in combination with the catalyst RyQipy)-C})
(Chapterl.6, Table 9, entry L 4). With this strategy the yield was lgnslightly improved and
therefore this path was no longer pursuit. In order to active the enone system, different Lewis acids
were added to the reaction mixture. However, all of them stopped the reaction almost completely.
Tetrabutylammonium decatungst@t(TBADT190), Cu(dap)Cl 95, [Ir(ppy}(dtbbpy)]Pk (204-Pk)

and [Ir{dF(CBppyk(dtbbpy)Pk (216 PFk) were tested as novel photoredox catalyst for theh-
activation oftert. amines. The first two catalyst$90 and 195, could not drive the reaction forward

at all. The latter two,204 and 216, were successfully used in this reaction. CataBk let to
comparable results as cataly2d4 but is more complex to prepare and more expensive. Depending
on the substrate either ®BbpyxCh (1-C}) or [Ir(ppy)}(dtbbpy)]Pk (204 Pk) proofed to be the best
catalyst’® The best obtained yields using each catalyst are disglay@able 11.

The vyield decreased when cataly®04 was employed instead oflL for the coupling of
2-(4-methoxyphenyhl,2,3,4tetrahydroisoquinoline (2b) and isoquinoline derivative7a 27b

(cf. Table 11,24b, 24d, 28a and 28b). Using204 for the reaction of2a with aliphatic enones or
nitriles, the yields stay the same or increased slightfy Table 1124a 24g 24h and 24i). To our
delight, a moderate to great increase in product formation was observed for catal#tin
combinationwith chalcone derivativesf. Table 1124c, 24e and 24f). In one case the yield could be
boosted from 56% using Ru(bp@} (1-C}) to 93% using [Ir(ppydtbbpy)]PE (204-PE) (cf. Table 11,

24¢).
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Table 11.Comparison of the best results obtained using Ru@spy{l:-Ch) and [Ir(ppy)(dtbbpy)]Pk (204 PF)

©©\1 Ru(bpy)sCly (1-Cl,) or
Q [Ippy),(dtb-bpy)IPF (204-PFe)

R']
I R MeCN, blue LED

N 24a: N 24b:
Cat1: 58% Cat1: 63%
Cat 204: 68% o Cat204: 37%

24c:
Cat1: 61%
Cat 204: 83%

24d:
Cat1: 43%
Cat 204: 33%

24e:
Cat1: 56%
Cat 204: 93%

24f:
Cat1: 53%
Cat 204: 66%

N 24g: N 24h:
Cat1: 50% Cat1: 31%
Cat 204: 50% Cat 204: 33%

O/
© 0]
28a (R = Me):
Cat1: 28%
N 24i: Cat 204: 14%
Cat1: 27%

NC Cat 204: 31% 28b (R = Ph):
Cat1: 35%

Cat 204: 18%

The substrate dependency of the catalysts can be explained by the different redox potenféi$ of
and 1. 204 has a lower initial oxidation potential, therefore the oxidationté isoquinoline2 to a
radical catiorb is less feasible. On the other hand it has a greater reduction potential, improving the

reduction ofthe h-carbonyl radica6to an anionl86 (Sheme 62).
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pC™ pC"
I
Ph

N. pc-1)

25a 26a 24a

Scheme 62Proposed reaction mechanism of a photocatalytic conjugate addition.

Aniline derivative208 and 212 could be identified as suitable substrates for this coupling but the
yields stayed low, even when the reaction was conducted in a micro reactor system. For both of

them [Ir(ppyX(dtbbpy)]Pk (204 Pk) proofed to be the best catalyst (Scheme 63).

~N
[r(ppy)a(ctbbpy)lPFg N7

i;L\ (2 mol%) e)
MeCN,
blue LED,

room temp. 209 (12%)

[Ir(ppY)o(dtbbpy)IPFe Q\/\(

i;L\ (2 mol%) o)
MeCN,
blue LED,
room temp.

213 (44%)

Scheme 63Photocatalytic conjugate addition using aniline derivatives.

In conclusion we were able to further enhance this unprecedented photocatdlyti@ctivation of
tert. amines and their coupling to Michael acceptors. Vieds were in a moderate to good range

using2-phenyktetrahydroisoquinoling2a) but decreased when otheert. amines were applied.
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All reactions discussed in chapter 1.2 to 1.5 were conducted between the end of 2010 and the end of
2011. To the besof my knowledge there was no report dwh -radicals generated by visible light
photoredox catalysis without pr&unctionalization until we submitted the manuscript covering this
work to Organic Letters (Sunday, Oct®23011)’° apart from one report by MacMillaet al. that
appeared online three days earlier (Thursday, Oct!, ZD11)’® We got aware of this publication

later during the revision process. All other groups working in this field like Stephesisah®®

Ruepinget al>® or Kéniget al.”” proposed athat time an iminium ion as key intermediate.
As mentioned before, MacMillagt al. were the first to reportN-h -radicals generated by visible light

photoredox catalysis as intermediate in their coupling of aniline derivé&@d2and cyanobenzene
217(Scheme 64%°

CN
[N, Ir(ppy)s (218) O\Q
N NaOAc, DMA,
Fl’h 26 W fluorecent light bulb '
CN
217

room temp., 12 h

212 219 (96%)
CN
|r(ppy)3 r(PPY)3 Q\©\
|
Ph CN
CN
217
Ir(ppy)s* CN /CN'
NC
{ \ T~ N g
Ph N N— ! CN
I CN Ph
Ph
220 221 222

Further examples:

[o
P
NJ\@\ E)lh f}l o
Ph 2Et
CN CN Ph

224 (96%) 225 (94%) 226 (54%)

Scheme 64Photocatalytic arylation of aniline derivatiwe.

In the proposed reactionmechanism 1,/Dicyanobenzene2(l?) is reduced to the corresponding
radical anior222by excited Ir(ppy. Ir(ppy)’ on the other hand oxidizert. amine212to radical
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cation220. After deprotonation, radica®221is formed which is similar to our proposed intermediate
25 (cf. Scheme 62). Radic2P1recombines with radical anio®22forming anion223which leads to

product219after cleaving off a cyanide anion (Scheme 64).

Right after our publication, Nishibasfaiet al. NELI2 NIISR GKS LIK2(2 @mind t @ iA 0 3
radicals and their addition to electron deficient alker@&7 (Scheme 65§° The proposed reaction
mechanism is the same as we propose for the photocatalytic conjugate addifioBcheme 62).

However, the reported substrate scope differs.

R2
) . [Ir(ppy)2(dtbbpy)]BF, R
1 R . R\N/\R5 (204:BF4, 1 mol%) EWG
R %EWG R3 NMP, R4 5
room temp., 18 h Ns R
R
227 228 229
R2 CO,Et
R1
EWG CO,Et
R%.
Ph\N N RS
| |
Ph R3
229a (R' = Me, R? = EWG = CO,Et) (90%) 229f (R®=R*=Ph, R%=Me) (89%)
229b (R! = Ph, R? = EWG = CO,Et) (89%) 2299 (R® = 4-MeOCgH,4, R* = Ph, R® = Me) (80%)
229¢ (R' = "Pr, R? = EWG = CO,Et)) (91%) 229h (R® = 4-CICgH,, R*=Ph,R®=Me)  (79%)
229d (R' = Ph, R? = CO,Me, EWG = CO,Et) (79%) 2299 (R® = 4-MeOCgH,4, R* = Ph, R® = Me) (80%)
229e (R' = Ph, R = EWG = CO,Me) (36%) 229i (R®=R*='Pr,R%=He) (94%)

Scheme 65Trapping of photocatalytically generatésh -radicals228with electron deficient alkene27.

The best yields were obtained usiNgmethylpyrrolidone (NMP) as bent and [Ir(ppyXdtbbpy)|Pk
(204-PEK) as catalyst. Conducingxperiments in MeCN or MeOH let to no product formation. In
contrast to this, we obtained the best yields using MeCN as solvent and did not obtain any yield
when the reaction was conducted in NMP. All reactions were conducted 2¢hRF] as catalyst

and the formation of product229a decreased dramatically from 90% to 35% when Ru¢Bby)
(1-BR) was employed. In contrast to this some of our conjugate additions gave higher yield4 using
as catalyst, primarily when isoquinolines other tHzawhere usedcf. Table 11). Suitable alkenes for
this reaction are electron deficiemthylidenemalonate228while our best yields were obtained with
electron rich chalcone<f. 229avs.24e). In the presented reaction, all applicable alkenes contain at
least one es#r moiety (Scheme 65). In contrast to this, esters, apart from lack3iedo not lead to

any product formation employing our reaction conditions. The reaction worked well using aniline

derivatives ¢f. 22%-g) and aliphatictert. amine ¢f. 229). A trend that was also visible in our
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experiments usin@04 as catalyst was, that methoxy substituents on tit@ryl moiety decrease the
yields €f. 2299 vs.24d and 24d). Overall, Nishibayashiand our group’ discovered nearly the same
reaction at nearly the same time but under different reaction conditions and a different substrate

scope.
More than one year after our repditof this reaction, Yooet al.were able to accelerate the rate of

this reaction and further increase the yields through the addition efjdiv. of trifluoroacetic acid
(TFA) (Scheme 66).

Ru(bpy)sCl, (2 mol%)
N N N TFA (1 equiv.)
MeCN,
0 23 W fluorescent light

50°C,5h

2a 23a 24a (90%)

Scheane 66 TFA as coatalyst in photocatalytic conjugate additions.

In this publication they showed that only acids with a pKa value very close to 1, e.g. TFA, can enhance
this reaction by activating methyl vinyl keton23g). All other acids decrease théeld or stop the
reaction completely. TFA is used to protonate the Michael system and activate it to be attacked by an

isoquinoline radicaldf. Introduction Scheme 31).

In the following years more reports on the photochemical generatioN-bfradicals got published.

These reports are summarized, amongst others, byeX#®® and, more recently, by Zhet al®
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2. Photocatalytic Oxidative Mannich Reactions

Mannich reactions have proven to be a useful tool in synthetic organic chentsglinng applied in
many total synthese®:

In 2011 the group dflagnus Rueping developed a photocatalytic variant of the Mannich reaation (
Introduction, Scheme 10}. They were able to couple tetrahydroisoquinoline derivati®e and
acetone with the help of the photoredox catalyst Ru(kpyg (1-PFk) and L-proline (L8) as cecatalyst.

As key intermediatehtey propose an isoquinoline iminium ion which is attacked by an enamine. The
same iminium ion intermediate has also been proposed by other groups @siag substrate in

photoredox catalysis®

Not only Mannich reactions, but also vinylogous Mannich reactions are an important tool in organic
synthesis. For example Doyl al. 6 SNB 6t S (2 &K2¢ (KAaminodyli K (K
butenolides(232) under mild reaction conditions (Scheme 8%7%. K Sbutyrolactone motif is found

in nearly 10% of all natural products and therefore new ways to synthesize and functionalize these
structures are of great interest to the synthetic commurfity

In the proposed reaction mechanism, dirhodium compR&QL oxidizes dimethylaniline208) to

iminium ion233which is subsequently attacked by furan derivat?&®, a vinybgous enole, to form

the desired produc32 tert-Butyl hydroperoxide (TBHP) serves as stoichiometric oxidizing agent,

regenerating dirhodium comple231(Scheme 67).

‘Bu-OOH (1.2 equiv.
MeOH
208 230 60 °C, 9 h 232 (95%)

)
Uonps
C-H Oxidation ©\ _ 230
N+
I

233

©\ 0 231 (1 mol%) Nf\ﬁo
- F OTIPS o
s e

Scheme 67Vinylogous Mannich reaction by Dogeal.®?
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With these literature examples in mind we set out in fall 2011 to develop a photocatalytic vinylogous
Mannich reaction.230 was synthesized according to a procedure by Rasis@l. and tested
afterwards for its photostability> Neither by TLC nor NMR analysis any conversion could be detected
when 230 and Ru(bpyCt (1-C}) were mixed in degassed acetonitrile and irradiated foh24ith

blue LEDs. Therefore it can be concluded thahe envisioned reactio@30will not be activated by

the catalyst itself and should only be attacked by the photochemically generated iminium ion.

As shown in the previous chapter, dimethylanilir2®8 was successfully deployed as substrate in
photocatalytic conjugate additions and therefore also the iminium io2@8 should be accessible by
photoredox catalysis. The yields usi@@8 in the previous chapter were not satisfactory and
therefore the reactions were conducted in an EMFmicro reactor syem as employed in
chapter 1.6.

In the first experiments the feasibility of this reaction was tested. Therefore different conditions for
the reaction of dimethylaniline208) and (furan-2-yloxy)triisopropylsilane(230) were screened.
Several catalystsiffierent modes of action, additives and light sources were examined as well as the

influence of oxygen on the reaction.

Reductive quenching cycle Oxidative quenching cycle

D MVZ*
PC* | 5
D* - |hv: VIVARE
A A | D* D

Scheme 680xidative quenching cycle of a photoredox catalyst (PC: photoredox catalyst, MV: methyl viologen
(134b), D: electron donor).

In the first two experiments it was envisioned to address the oxidative reaction pathway of
Ru(bpyiCL (1-C}) or [Ir(ppy)(dtbbpy)]Pk (204-Pk) with the help of methylviologed34b. 134bis
used to oxidize the excited photocatalyst; in casé afRU' species is generated, in case264an ItV
species. These oxidized catalysts exhibit strong oxidation potentials. In c26d thfe potential is
E-(IrV/Ir'") = 1.21 Ws. SCE in MeCN aridoffers even a slightly higher potential of #FRU"/RU") =
1.26 Ws.SCE, in MeCN (Scheme 88Jhis reaction pathway was, for example, successfully used by
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Yoonet al. to perform [2+2] photocycloaddition reactions with styrene derivativefsI(troduction,
Scheme 45/

Table 12 Photocatalytic vinylogous Mannich reaction

Photoredox catalyst | -
o IS ©\ (5 mol%) N\/(O\PO
UO N~ additive, MeCN, ©

| blue LED, room temp.

230 208 232
(1 equiv.) (1.1 equiv.)
N — — —‘ (PFe)2
additive: —NC/>—<\://\N -
134b
" irradiation . .
entry catalyst additive degassed device time yield
micro 3h 0
1 Ru(bpyiChL (1-Ch) 134b yes reactor 30 min 0%
[Ir(ppyX(dtbbpy)]Pk micro 3h 0
2 (204 Pk) 134b yes reactor 30 min 0%
[Ir(ppy)(dtbbpy)]Pk micro 3h 0
3 (204 Pk) none yes reactor 30 min 0%
[Ir(ppy)(dtbbpy)]Pk Product
4 (204 PF) none no LEDplate 22 h detectable

Applying Yoon's reaction conditidfiso this system230(1 equiv.) and®208 (1.1 equiv.) were mixed

with methylvidogen (34b) (15mol%) and 3nol% photocatalyst in acetonitrile. The solution was
degassed by freeze pump thaw, taken up in a syringe and pumped through a LTF micro reactor with a
retention time of 4h. Full conversion but no product formation could beetted employing this
pathway using either Ru(bpydb (1-C}) or [Ir(ppy}(dtbbpy)]Pk (204 Pk) ( entry 1¢ 2, Table 12).

Using 204 as catalyst in degassed acetonitrile utilizing the reductive quenching cycle led to no
product formation as displayed in entry 3, Table 12. On the other hand, a promising first hit was
found when the reaction mixture was not degassed; this implies thggen functions as reducing
agent to regenerate the initial catalyst. In this case small amounts of pr@8#tould be detected

viaNMR analysis (entry 4, Table 12).

All of the above depicted reactions did not work well or at all. It was assumed ttsatstidue to a
poor iminium ion generation which might be caused by a to high oxidation potential. Therefore
p-methyl-N,N-dimethylaniline(234) was chosen as new substrate instead of dimethylanilBs)(

234 has an oxidation potential of & 0.65 V?® vs. SCE in MeCN which is roughly 0.1 V lower

compared to dimethylaniline208) (E,= 0.76Vvs.SCE, in MeCRf.
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Promising results were obtained right away whemethyl-N,N-dimethylaniline(234) was employed
as substrate an@04 as catalyst. The reaction mixtures were not degassed, utilizing the reductive

pathway and pumped through a LTF micro reactor.

l [Ir(ppy)2(dtbbpy)]PFg | =
) [TIPS . N (5 mol%) N 5 o)
UO /©/ MeCN, micro reactor, /©/

blue LED, room temp.

230 234 235
(1 equiv.) (2 equiv.)
20%
*
15% *
T
2 10%
(O]
2 *
5%
0% ‘ T T 1
0,0 2,0 4,0 6,0
time / [h]

Scheme 69 Optimization of the reaction time of photocatalytic vinylogous Mannich reactin.Yields

determined by'H-NMR analysis usingmtrobenzaldehyde as internal standard.
Within one hour already 8% product formation could be observed and afitet &% o235 could be

detected by*H-NMRanalysis. Unfortunately the reaction did not preckany further after 3 h. The

maximum obtainable yield was 17% with respec28D(Scheme 69).

90



Main Part Photocatalytic Oxidative Mannich Reactions

Based on the so far obtained results we propose the following mechanism, proceeding via the

reductive pathway, for this reaction:

/N

Ir(ppy),(dtbbpy)* Ir(ppy)2(dtbbpy)*™

|
N\
0, Q/
TIPS
234 @0’
Ir(ppy),(dtbbpy) | | YV | _—
-+
o N N 230 Nﬂo
TN AT O
\j 237 235

Scheme 70Proposed reaction mechanism of the Photocatalytic Vinylogous Mannich Reaction.

It is assumed that trimethylanilin234in the first step reductively quenches the excited stat 04,
forming radical cation236 and an I¥ species. This 'Ifrcomplex has a reduction potential of
E-(IM"1r") =-1.51 V y¢s. SCE, in MeCN) and is therefore capable of reducing molecular o3§/gen.
The resulting radical anion abstracts in the next step a hydrogen atom faglical cation236,
forming iminium ion237. Cation237is subsequently attacked by vinylogous en®8$), giving rise to

1 -aminoalkyl butenolid@35(Scheme 70).

In order to increase the yield, the influence of sterically different silyl protection groups was
investigated. TMS protected furan derivativiE3 was prepared according to a procedure by
Boeckmanret al.*°

13 (1 equiv.), dimetyhlanilne 208 or trimethylaniline 234 (2 equiv.) and ©ol% of

The following experiments were concled using(furan-2-yl-oxy)trimethylsilane
[Ir(ppy)k(dtbbpy)]PE (204 PE) in acetonitrile. The clear yellow solution was pumped through a LTF

micro-reactor at different rates and irradiated with eight royal blue LEDs (1 W). The results are

summarized in Table 13.
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Table 13Photocatalytic Vinylogous Manniceactionwith (furan-2-yloxy)trimethylsilang13).

blue LED, room temp.

[ [Ir(ppy)2(dtbbpy)]PFg I -
o JM™Ms N (2 mol%) N g °
MO MeCN, micro reactor, ©/
R R

13 208 (R =H) 232 (R = H)
(1 equiv.) 234 (R = CH,) 235 (R=CH;)
(2 equiv.)
entry amine time yield®
1 208 50 min 5%
2 234 50 min 6%
3 234 3 h 30 min 12%

a) Yield determined byH-NMR analysis usingmitrobenzaldehyde as internal standard.

Usingdimethylaniline 208) in this reaction yielded 5% of product within one hour (entry 1, Table 13).
Conducting this experiment with trimethylaniline34) led to the formation of 6% of product (entry

2, Table 13). Prolonging the reaction time th gave ris to 12% product (entr@, Table 13,).

Additionally to this,tert-butyl(furan2-yloxy)dimethylsilane(238) was synthesized according to a

1% TBSethers offer a much higher stability towards acid and

procedure published bfZasiraghet a
base hydrolysis rooxidations and reductions than Thhers but a lower one than TIPS ethers.
In case of stability towards acid hydrolysis the relative ratesdLéke: TMS (1) < TBS @I0) < TIPS
(700000) %

For this screening we used the conditions determined for subst28tein the experiments before
and varied the amount of photocatalyst used. The experiments were conducted tsitg
butyl(furan-2-yloxy)dimethylsilane (238) (1equiv.), trimethylaniline 234) (2equiv) and
[Ir(ppyk(dtbbpy)]PE (204 PK) as photocatalyst in acetonitrile. The clear yellow solution was pumped
through a LTF micro reactor at a rate of OmBb/h, which corresponds to a retention time of

2 h 40 min, and was irradiated with eigiatyal blue LEDs (1 W).
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Table 14 Photocatalytic Vinylogous Mannich Reactwith tert-butyl(furan-2-yloxy)dimethylsilang¢238).

ﬂo
(0]

o TBS . N [Ir(ppy)2(dtbbpy)IPFg N
UO /©/ MeCN, micro reactor, /©/
blue LED, room temp.
238 234 235
(1 equiv.) (2 equiv.)
entry catalyst time yield®
loading
1 1 mol% 2h40 min  18%
2 2 mol% 2h40 min  18%
3 5 mol% 2h40 min  28%

a) Yield determined byH-NMR analysis usingnitrobenzaldehyde as internal standard.

Using 2 mol% [Ir(ppy(dtbbpy)]Pk (204 Pk) led to the same vi

eld as using 1 mol% (enty2l, Table

14). To our delight 28% &-((methylf-tolyllamino)methyl)furar2(5H}one (235 were generated

when 5 mol% catalyst were employed in the reaction (entry

Having the economic and ecological viability of the reaction in mind, the amount of catalyst was not

further increased.

3, Table 14).

After these promising first results, Stephensen al. were able to publish a synthetically useful

method to perform photocatalytic vinylogous Mannich react

ions (Schemé®71).

Ru(bpy)sCl,
N o) TMS (1 mol%) N
© [y
\© Y BrCCls (3 equiv.),
DMF, blue light, 3 h; Q)
then no light, 12 h
)
2a 13 11b (55%)
(1 equiv.) (1 equiv.)
0 JTMS
Ru(bpy)s?*” Br UO
BrCCls _N* 13
blue light, 3 h \© no light, 12 h

Scheme 71Photocatalytic vinylogous Mannich reteon developed by Stephensat a
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They developed an interesting method to generate a stable iminium iesogliinoline2a with the
help of BrCGland were able to trap this ion with a variety of nucleophiles, amongst ethéth
TMSFuran13 (cf. Introduction, Scheme M).

In conclusion a new way to functionalizebutyrolactoneswas established and investigated. We
were able to obtain up to 28% yield when Tfn (238 (1 equiv.), trimethylaniline 234)

(2. equiv) andlIr(ppy)(dtbbpy)]Pk (204 Pk, 5 mol% as photocatalyst were mixed and irradiated
without degassing in a micro reactor at a pumping rate of 0.66 mL/h which correlates to a retention
time of 2 h 40 min.

Stephenson et apublished a very similar approacbkgarding the same class of substrates right after
these promising first results; therefore this topic was not further pursued. In contrast to the method
developed by Stephensaet al. and the Rhodium catalyzed reaction developed by Deylal. our
approach does not need a sacrificial electron donor or acceptor apart from ubiquitous oxygen,

making this process environmentally begin.
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3. Studies towards the Synthesis of Jamtine

3.1 Introduction and Retrosynthetic Analysis

In this chapter, | would like to focus on our efforts to synthesize jamtine, which | undertook with
Puneet Desai a Bachelor student from Bhopal, India.
Jamtine 239) is a natural product occurring in the climbing sh@bcculus hirsutyghat growth in

the south east of Pakistan (Figure6).

239

Figure 6.Structure of jamtine and climbing shr@wocculus hirsutus

The plant hawarious applications ithe traditional local medicinelt is known to lower the level of
blood sugar due to itantihyperglycemic activity? The structure was resolved by Rehmenal. in
1987 by complex 2ENMR studies® Padwaet al. published the first total synthesis of ¢(gmtine.
The key step of theirymthesis is an unselectivihionium/N-acyliminium ion cascadeleading to
jamtine £39) in 13 linear step$’

The first asymmetric synthesis was reported a year later by Simgired. They were able to
introduce chirality bydesymmetrizatiorof a ring fused imide with the help of a chiral lithium amine
base?® With this method they could synthesize jamtir286) in six linear steps with an overall yield

of 20%.

Due to our interest in photochemistry, especially the photoredox catalysis wsitiguinoline
derivatives, we intended to develop a new synthetic route for jamtR2&9) with a photocatalytic key
step. Our retrosynthetic analysis is shown in Scheme 72.

Opening of the lactam and protection of the amine would lead to struc24® which can be

furnished in a Tsujlrosttype reaction from previously formed triflat@41 The key step is the

97



Main Part Studies towards the Synthesis of Jamtine

photocatalytic coupling of isoquinolin243 and cyclohexanone derivativ&44 leading to molecule
242

MeO MeO

MeO Tsuji Trost

type

lactamization . MeO reaction . MeO
e — —

239 240 241
MeO
ether photocatalytic MeO o
i key ste
249 —tormation, MeO™ ) = ¢ T (F;MP R m + MeOOC
MeO "PMP

Scheme 72Retrosynthetic analysis jamtine (1) with photocatalytic key step.

In the envisioned forward synthesis, the first step will be a photocatalytic coupling of isoquinoline

243 and cyclohexanon@44in a Mannichtype fashion to give rise to addition produ2d42 Similar

reactions have been performed by Kéeigal. (Scheme 73 and Stephensoet al. (Scheme 743

The group of Kdnig was able to coaigimethyl malonatel4 and isoquinoline2a with the help of
eosin Y 245 as photocatalyst under green light irradiation givititc in excellent yields (Scheme
73)%°

O o Eosin Y (245)
(2 mol%) N.
+
N\Ph MeOMOMe neat, green LED, Ph

room temp., 10 h MeO OMe

o O
2a 14 11c (88%)

O " | 2Na*
CO,
Br N Br
Eosin Y (245):
O (6] 6]
Br

Scheme 730xidative coupling reaction égdoquinoline2aand malonatel4.
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Stephenson on the other hand used the same method as described earpeeftrm iminium ions
to perform such coupling&f. Introduction, Scheme-8).%® The addition of either dimethyl malonate
(14) or methyl acetoacetate (246) to the preformed iminium ion §-Br] furnished the desired

products in good yields (Scheme 74).

O O
MeOMOMe N.
14 (5 equiv.) Ph
K,COj3 (5 equiv.) MeO OMe
O O
11c (69%)
Ru(bpy)sCl, B°
24 (1 mol%) @Jr |
BrCCls (3 equiv.), Z N\ph
DMF, blue light, 3 h, O O
quant. 6:Br
MOMe N.
246 (5 equiv.) Ph
OMe
O O
11p (68%)

Scheme 74Photocatalytic Mannich reaction with preforméalinium ions.

Based on these literature examples the oxidative coupling of isoquin8ii3eand cyclohexanone
244 under photocatalytic conditions should be possible. The only difference would be that in this
reaction a quaternary carbon center is formed compared to tertiary ones in the reports by Kénig and

Stephenson.

The next step, the formation of the triflic ethewould be analogous to a method published by de

Leraet al. (Scheme 75Y°° N-phenyltriflimide (248 was used to transfer the triflate moiety.

0 _Tf
1) LDA o
THF, -78 °C, 2h
2) Th A
247
249 (72%)
248
0°C,12h

Scheme 75Generation of triflate enolat@48reported by de Lerd”

The TsujiTrost reaction of moleculg41to furnish ester240would be another key step of this total
synthesis (Scheme 76 A). Similar reactions have been successfully performed in the synthesis of a
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variety of other natural products. Exemplary, a synthesis Williams et al. is shown in
Scheme 76 BY*

A)
Pd(OAc),
_______ PPhs
CO, MeOH
241 240
B)
OTf (6] OMe
) Pd(PPh3), (5 mol%) 0
CO, NEt; (5.3 equiv.)
MeOH / THF
R reflux, 3 h ,
OMe KOMG
250 251 (72%)

Scheme 76Tsuji Trost type reactions in natural product synthesis.

This would be followed by the removal of the PMP group with ceric ammonium nitrate (CAN), which
has been demonstrated for example by Buchwaldl.!®? The synthes of jamtine 239) would be

concluded by the formation of lacta@B89in overall 5 sequential steps (Scheme 77).

240

Scheme 77Envisioned deprotection and lactamization to obtain jam&38.
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3.2 Photocatalytic oxidativecoupling reactions

It was envisioned to generate the iminium ion of isoquinolgzeand trap it with a cyclohexanone
derivative in a similar fashion as Koret al. did® As model substrate®-phenyt1,2,3,4tetra-
hydroisoquinoling2a) andethyl 2-oxocyclohexanecarboxylafg52) were chosen.

By screening different photoredox catalysts the optimal catalyst tfos reaction should be
determined first (Table 15). In further experiments the right solvent and the right choice of additives

will be investigated.

Tablel5. Catalyst, solvent and additivergening fo suitable reaction conditions.

yield  obtained

entry catalyst solvent additive o83 product
1 Eosin Y245 MeCN - 0% 254
2 Ru(bpyiCL (1-Ch) MeCN - 0% 254
4 Cu(dap)Cl(195 MeCN - 0% 254
[Ir(dtb-bpy)(ppy)IPFs _ 0
3 (204PF) MeCN 0% 254
[Ir(dtb-bpy)(ppy)IPFs _ 0 )
5 (204PF) DMF 0%
[Ir(dtb-bpy)(ppy)IPFs _ 0 ]
6 (204PF) DCM 0%
7 Ru(bpyCh (1-C}) MeCN 5 % (v/v) KO 0% 254
8 Ru(bpyiChL (1-Ch) MeCN NaCQ (1.3 equiv.) 0% 254
9 Ru(bpyiChL (1-Ch) MeCN Cu(OTH(1.3 equiv.) 0% -
10 Ru(bpyiChL (1-Ch) MeCN NaOH (1.3 equiv.) 0% 254
11 Ru(bpyiChL (1-Ch) MeCN TFA (1.3 equiv.) 0% -
12 Ru(bpyiChL (1-Ch) DMF BrCGl(3 equiv.) 0% -

a): 2a, BrCGJ (8) and Ru(bpy)Ch (1-Ch) were irradiated in DMF for 3 h to preform the iminium i0rThen irradiation was
stopped and252 added.
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