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1 MOTIVATION

Uin anything at all, perfection is finally attained not when there is no longer
anything to add, but when there is no longer anything to take away, when a
body has been stripped down to nakedyless.

Antoine deSaintExupéry: Terre des homn(£839)

What sounds like an invitation to simple living or minimalism is ratftee main goal of any invention
proclaimed by the French pioneering aviator and authafriting initially on Y mo d airplargs (in

1939) he finds perfection in a machine, designed so simple that humans forget about its presence
while using it Thus, themachineengineeringc ul mi nates in a Yspontaneé
mysteriously fused tsimpghedsbtoeereffrom nhtare insteas ofngsacklly o b e
invented. Nonethelesst still remains amanmade toof!] But does thisnechanisatiordistract men

from nature? In contrast, de Saiixupéry argueshat it joins people to each otheFurthermore,it

aids people to rediscover, explore, and analyse natureis Tmotivates technical development to
strengthen the progress of our civilizatiohe ultimate principle within this development is to reach
inconspicuousness in a positive meaning. Technology has to fulfil its functionalities effortless without
forcing itsef into perception or distraction othe user. Even more important, it must not frair

neither nature nor humans in social or econonsiatus, now and in the future. Perfection is reached
through accomplishment of this tenéi. To de SainExupéry, an early, vague idea of sustainability

can be ascribedhat is today more urgent than ever and advamgiin the common consciousnegs.

peak was reached in 2015 as tbeited Nations(UN) general assembly announced 17 sustainable

development goalg! Globally accomplished, these shall guide future evolutions.

What does this meafi r om a wiéwpaint? €dntyasy to the customary practice of the last
centuries, bemicals andchemicalprocessesnust be designed safand environmentally friendly

while at the same timeonserving resource®lso, long term congquencesnust beeliminatedto

allow for the well-being for future generationg\ main partwithin this isto reducethe production of

toxic waste, often originatettom solventsi®4 Therefore, new pathways have to be discovered instead
of refining conventional routes little by littleln fact, these are the key points ofegen and sustainable
chemistry[>%] Driven by environmental and societal problems, these were increasingly accepted and
established during the last years. Albeit, much more effort must bdarta realisea completely

sustainable civilization.

One possibleéimplementation and subject of the present thesis mechanochemistryThe term
describesa subdiscipline of chemistry wherghemical reactionsireinitiated by mechanical forc8!

This technique is characterised byconomic efficiencyscalability, and the mainly solvent free
conditions!®19 Although known in ancient time$il mechanochemistryplayed a minor role during
the last centurybut re-emergedis a green alternativia the past few decadesigdomirantly adapting

procedures from earlier solutichasedchemistry!’?l In mechanochemical catalytic reactions for
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instance catalyst complexes are used with ligantdtet originally ensural solubility in the former
reaction medi!*®! Sinceno solubility is necessary in the solvent free reaction enmirent, the
complexes can bsimplified to ligand freesaltsand the salteevento pure metal powder catalysts.
However,the catalyst recycling from the reaction mixture remains difficult fmwnmplexes salts,and
metal powdersalike. They are mostlydepleed afteruse, thwartingsimplicity, and sustainability

ambitions!14

To overcome these drawbacks, theatlmtegration would reduceomponents and fuse parts together.
Therefore, the reactor itself is the simplest catalyst. In a machine like a ball mill, that means the use
of catalytic milling material- milling balls and vesselé subsumedin t he concept of
me ¢ h a n o c,ahich ik theesisential topic of théhesison hand This concept reduces the catalyst

to the active metal withoutany additional componerg Likewise, the catalyst accounts for the
reacti onys e n omigsyronglysipplified, andpeopeasrstaps are reduckddetail,the
palladium catalysed Suzuki couplirag well aghe copper catalysed Ulimann reacti@aupling,and

Glaser coupling will be investigated.

All in all, mechanochemistrynight enablétos t r i p a catalyst Ydown to i

the Ymachiney, meani ng t he dosreoftihemillingmaterial.dhisal yt i c

attempt towards waste reduced, sustainable catalysis is investigated in this tAdmis, diret
mechanocatalysis may help to bring our civilization back to the naturadoordance with the idea of

de SaitExupéry and irthe spirit of sustainable living.

r

n
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2 STATE OF THEART

2.1 Sustainability, Green Chemistry and Green Metrics

Sustainability was defined by the UN World Commission on Environment and Development as
Ymeet i ngsoftheepreserd without compromising the ability of future generations to meet

t hei r o WrAs sueh & id anjuncompromising prerequisite to ensure pinelongedexistence

of our civilization. Accordingly, froon a chemi stys viewpoint it me a |
(denoted as the UN 17 Sustainable Development Gdatshis field to take part in this evolution and
conductsustainable chemistrlf:1>16Af f i | i at ed t hgreeachemi sttrlyd§ ,t ¢ hmt g
often used tantamount especially in media, has a nagopJiocus on minimizing personal and
environmental hazardg:17:18lIn turn, the green (in the meaning of ecological) chemistry netxds
mergethe economic andhe societalaspectsowing to their systematic interconnectianto truly
accomplish sustainabilit}|?! Thi s areays guiding |ight was igni
introducing the 12 principles of green chemistry (d6gure2.1) as design fundamentals for chemical
substances and proces$e3.Concerning the whole life cycle of a chemical, they overall atise

efficiency and safety to reduce waste production, environmental pollution, resource and energy
consumption as well as hazards thedused amplealamitiesin the past Powered by new legal
regulations and growing social consciousness, the last decadav green chemistry broadly
established from chemical science and industry to politics, education and sécit#lNaturally,

when unsustainable chemicals and procesaee replaced by sustainable alternatives, just evaluation

of their impact is necessary.

12 Principles of
Green Chemistry,
12 Inherently
: 8 Reduce Chemical Safer Chemistry
L e e Derivatives for Accident
Prevention
7 Use of Renewable .
2 At E
om Economy Feedstocks 9 Use Catalysis
11 Real-Time
4 Designing Safer Analysis for
Chemicals Pollution
Prevention
5 Safer Solvents 1];) Des:lgxtll —
& Auxiliaries cgracation
after Use

Figure 2.1 The 12principles ofgreenchemistry![5.6]
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For this purposenumerous green metrics as tools for quantification of the ecological impact were
developed. Among the first was the atom economy (Efuyationl) that characterizes the efficiency

of a chemical conversion towards the incorporationrefgent atoms in the products like green
chemistry principle22Y] However, this is mostly of theoreticalalue in comparison of reaction types
and not suitable as standalone parameter. The E fag&qudtion2), first concepualized in 1992 by
Sheldonrepresents the actually produced amount of waste passof product in a whole process
(principle 1)B-22Values of this metric vary from <0.1 for efficient processes in oil refining industry to
>100 in fine chemicals and pharmaceuticals synthesis, meaning the productioarefthanhundred
times the product mass as wasteVarious metrics followed these witbr without including water,
focusing on solvents, carbon atoms Ef2%261 Here the mass intensity (MI, total process mass per
mass of productEquation3)?” and its reciprocalthe mass productivity (MPEquation4),i23! should

be mentioned. Both are easificcessible on the laboratory scalie the mass of all starting material.
Other metrics do not aim at the waste production directly but include the energy consumption of a
process, e.g. in absolute electric energy consumption (EEC, Equ@#®#! or equivalents of CQ

emission19.24.26]

AE % = % 0 1)
B = S ot @

MI = Total mAc/zI(slsssu(s)jii ;r:ogl:dprocess (3)
MP = @)

EEC = Power co]r\l;z::[;t]icor; ;Ozle;c:ion time (5)

Nonetheless, all these makased metrics reflect on homuch waste is produced and do not consider
thetype of waste, despite the lower environmental impact of sodium chloride is clearly understandable
compared to organic solvents or persistent organic pollutants. Consequently, other metrics with
respect to tis came up. The environmental quotient (EQ) multiplies the E factor by an
environmentally hazardous quotient Q (e.g=Q for NaCl, Q= 1061000 for heavy metaldepending

on their toxicity) 339 Deeper analysis towards sustainability is provided for example by the EcoScale
that adds economic factol8! This particular metric assigns an ideal process with 100 points
subtracted by penalty points regarding six parameters (yield, price of reaction components, safety
hazards, technical setypeaction conditions, workup and purification; see Chapet.4for details).

The final score (from 0 to 100) is ranked excellent with scores >75, acceptableir&@emuate <56

Undisputedly useful on laboratgr s c al e, the EcoScale stildl | acks

sustainabilityin industrial applicationg!®!
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This holistic analysis is allocated by life cy@sesessment that was developed in order to evaluate the
environment al i mpact of a substanctegdavefigcohs
includes raw material extraction, production, transportation, use and disposal or recycling. Ropget

of methods is used in general dimensioning or confined to specific questiblg*26.:32. 38 owever,

these studiesire data and time demanding and therefergtable only for industrial plants and pilot
projectsl17:19:320n the other hand, a holistic approach might include assessmégreenness and
sustainability on all scaleto solve the urgent environmental problems and achieve a sustainable
living. Efficient use of scientific resources is supported bggement in the early stagef chenical

product and process design. Selfidently, criticalevaluation ofthe herein presented studies towards

greenness and sustainability on the basis of the above outlinetmicsis included

2.2 Mechanochemistry

A promising pathway towards sustainable processes is mechanochentiétign area of chemisyr
dealing with chemical syntheseinitiated bymechanical force$! This principle was first delineated
300 BC. by Theophrastus of Eresus who described the grindihginnabar in a coppemortar to yield
mercury11 Although mortar and pestle remained important tools in everyday lifeboth alchemy
and early chemistry, n@rofound reports are known on mechanochemistry for the following 2000
yearsbut only parenthetical mention&®! In 1820,Michael Faraday mentioned grinding induced
reduction of silver chloride with zinc as th#ry wayy,3¢! incidentally hinting at a main advantage
seen todaylt came toWalthere Spring angbarticularly Matthew Carey Lealater in the 19" century
to conduct the first systematic investigations ithis field.3>37]1 From this small community
mechanochemistry was lifted to a serious area of sciémd®19 bywilhelm Oswald 38 His inclusion
of the term in the classes of chemistryalongside thermochemistry, photochemistry and

el ectrochemistry opened upB3¥he fieldys progres:s

In the 150 years since Spring and Ledraducing mechanical energy to perform mechanochemical
reactions surpassed the gdimg with mortar and pestle. den chemistry utilizes machine
equipment like ball mill§3! or extruders®¥! A common dternative isthe application of ultrasounf®!
However, mechanochemistry in the literature often means syntheses in ball mills as it is considered
to be in this work(3% Broad distribution of ball mills from gram to ton scale ensures the possibility for
applications from lab to industri*Z Following the definition by Ostwald, it shouldot be perceived

as specialty but asalternative reaction pathwaythat offers plentiful opportunitied?124%2] |n
particular, mostball milling reactions are performed solvent free or with negligible amounts of
solventd!?l Therefore, the main problem of chemical and pharmaceutical induistriackledi the

huge amounts of chemical wastieat mainly originatefrom solvents4 Coincidently, safety hazards
arising from these are reduced. Low energy consumption and short reaction times compared to classic
solution-based reactions enhance energetic and economic efficiéAs? Synthetic difficulties

arising from solubility problemsn conventional syntheses turn insignificant when performed in the
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solvent free ball milling environment. Mechanochemistry allows new pathways and substahites.

in all, its sustainabilitywas showcasetly numerous examplel8:414850]

2.2.1 From Mechanochemical Reactiofi®wardsDirect Mechanocatalysis

Following thegeneral definition of mechanical energy inpatr even more condensed the ball milling
environment no restrictions are set fopossible reactionsAn early discovered field is the synthesis
of materials such ametal alloys[355%53] Grinding stoichiometric amounts ofhe raw elements or
precursors provides continuous fracturing and welding of the initial particles Co-crystald5456]
formation is possible anaften requiredin the production of pharmaceutical¥’%8] Metal organic
complexes can be readily synthesizBdm precursors, simple gtal saltsor even wastg*45%62]
neglectingsolution specificproblems like low conversions or necessary purification stésBeyond
that, polymer materials are accessible such @aly(aniline)®3! poly(thiophenelf*5! poly(para
phenyleng,54¢¢lpoly(phenylene vinylend®’l or the biodegradable thermoplastic pdbctic acid.%8!
Even porous covalentorganic frameworkdt%73] and coordination bonded metal organic
frameworkg°6.72.7878] were achieved using th&lestructivey technique mechanochemistry. Heading
towards organic chemistrya multitude of reactions usually performeith solution were already
performed mechanochemicallf.”¥82l |nterestingly, even unexpected reactivity occurs like a
2-2-cycloaddition of fullerenewhereas from solution a hydrocyanation would be expected
(Equatione).[83]

C120

As catalysis is an integral part of the 12 principles of green chemigtinciple 9), catalytic reactions

are also commonly conducted in ball milRossiblereactions range fronorganocatalysi€*8lovera
heterogeneouy catalysedCO oxidatior?®! to metal catalysedreactions’®”-88l Numerousimportant
coupling reactions utilizing metal catalystsuch asMizoroki-Heck!®%99 Sonogashird Suzuki
Miyaura®2l Negishil®3 Glase®*9 BuchwaldHartwig®6-971coupling and mort288%lwyere adapted

in mechanochemical processésthe latter,mostly catalyst complexes originatéicom solution-based
syntheses are applied. These complexes are in need of meticuldesigned ligands that ensure
solubility in the reaction medium®! but suffer from low stability and high expensB5As no solubility

is needed in the solvent free environment of the ball mill, in many of the aforementioned reactions
simple, cheap and astable metal salts were shown to be suitable catalyst crosscoupling

reactiondf6.88.89.9801 homocouplingreaction$®®1%?or a click reactiori!3 However,recycling of all

Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

" Parts of this chapter were literally adopted from my publicatidt#8:280]
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these catalystis difficult and costlyi1®4 They are mostly disposed after a reaction, thwarting green

synthetic pathways!4!

A technique to @ercome this issue is the direct mechanocataly#isises the metallic milling material
itself, i.e. the miling ball or vessel as cataly$t! This allows for simple, easy to handle and cost
efficient catalyst materials. Thereby, the catalyst separation is strongly simplified, facilitating a
straightforward reuse while process steps as well as waste amounts are re@&t&8!The drect
energy input to the catalyst surface instead of dispersion in the wiralialyst containingreaction
mixture provides efficient conversiorOn the other hand, many catalytically active metals have low
hardness and robustness, causing wear that might contaminate the product. Alternatively, more
resistive alloys may initiate side reactions from the alloying me®abneer work on this concept was
done by the Mack gup, who replaced the coppdodide cacatalyst in a Sonogashira coupling by a
copper vessel and copper baliquation?).?l With the same milling material, they developed a rapid
and efficient azidealkyne type clickreaction!1%”] Expandingto other metals, theyised nickel pellets

as milling balls in aycloaddition of alkenesowards cyclooctatetraend&8k Also cyclopropanation

and cyclopropention with silver or copper foil catalyst lined milling vesselgere reported!109.110]
Other groups picked up the methodology and showed that even stainless steel milling equipment
could serve as a catalyst for hydrogen generdfitrt'2d and for the reduction of organic
compounddg!3114Fyrther examples includa crossdehydrogenative couplingsingcopper ballg15]

andC-N couplings with a brassmilling ball [116.117]

— Cu balls + vessel (7]
O == - )=
2.5 mol% Pd(PPh,),, K,CO4

Though the aforementioned wogkinclude some notable examples, direct mechanocatalysis still

comprises a huge untapped potentigktablishing such reactions in chemical processes is believed to
contribute to greenechemistry and solving environmental probler&€®! Therefore, the aim of this
thesis is to expand on the concept, discovering further direct mechanocatalytic reaativlesgaining

insights beyondhe sole phenomenology

2.2.2 Influencing Parameters in Mechanochemical Reactions

Mechanochemical reactions in ball mills underlie various parameters that differ from reactions in

solution. These parameters are classified by Stolle into technological, procebssctemical
YoYo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Vo

* The term mechanocatalysis was recently used fbe activation of precatalysts via mechanical bond
cleavagd®ll Expanding this tolirect mechanocatalysjsims to show that no activation step is necessary since
the milling materials (e.g. milling ball and vessel or exteadcrew and barrel) directly are the active catalyst
plus confine the energy input to the surface of the catalyst material in the mechanochemical process. The milling
material just needs to be chosen accordingly to the underlying readish.

& This particular reaction predominantly yielded cyclooctatetraenes whereas in solutiortrimerization to
benzene derivatives is favour&@?
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A

Figure 2.2 A: PBMFritsch Pulverisette 7 premium linend B:MBM Retsch MM400.
parameters!? Hereunder, an excerpt of the parameters most important and relevant for this thesis

shall be discussed.

Technological parameteirsclude all influencing factors of the milling material and the ball mill
itself 121 Two types of ball millsare used herein. The planetary ball n{i'BM)has the milling vessel
eccatrically mountedon a sun disk, both itating in opposite directions;ni a mixer ball mill (MBM)
the vessel oscillates on a circular gféigure2.2).12l Despite the different operational modes, both

proved to give comparable results and evenansfer of reations is possibl&#+118]

Furthermore, the milling material has huge influence. The density and ($ygpecally 5 to 30mm in
mechanochemical syntheses)f the milling balls determine the achievable kinetienergy
(Equation8).*d Together iththemat er i al ys hardness, the energy tra
This also leads on to chemical amekar resistance, regarding side reactions by leached catalytic

elements, product contamination and long term usability of the milling maté¥aVarious materials

are establishedseeTable2.1) and need to be chosen according to the requested application. On

laboratory scaleespecially hard and resistive ceramics like zirconium dioxide, silicon nitride or

Table 2.1 Overview of common milling materials and their propertig3119.20]

Milling material Composition Vickers Density 1t/ Abrasion resistance
hardness gcm

PTFE CF elastic 2.1 Very good

Glass SiG, NaO, CaO, MgO 500 2.5 Low

Stainless steel Fe, Cr 550 7.7 Moderate

Hardened steel Fe, Cr, C 750 7.8 Good

Agate SiIQ 1000 2.7 Good

Tungsten carbide WC, Co 1200 14.8 Very good

Zirconia ZrOz, Y203 1250 6.0 Very good

Corundum AlO3 1750 3.9 Good

Silicon nitride SNy 1750 3.2 Excellent
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Figure 2.3 Milling balls of typical materials (A) and different sizes (B). From left to right A: steel, W, B#Dl4 and bronz
(CuSn8). B: Zrekb, 10 and 15 m.

tungsten carbide are often used wherdasindustry prefers more cost efficient steel milling materials
(Figure2.3).11191 Since the concept of direct mechanocatalysis implies catalytically active milling
material, ths parameter is of particular interest in this worklore precisely, catalytic metals are
ductile materials of lower hardness compared to @lgovementioned ceramics. Thusbalancing
between wear resistance and catalytic activity is necessary. Alloyshwither hardness than the pure

metal like steel and bronz&igure2.3 A) may facilitate this.

Finally, the number of milling balls is significant andmknds on themill type andmilling vessel size
plus the filling degree (one third of volume each the milling balls, reactants and free moving capacity
proved ideal}l2121Moreover, a higher number of milling baltsffers higher active surface and more

possibly reative collisions, therefore speeding the conversion.
Euypn =05t mi v? (8)

Process paramet@@mprise the reaction time and temperature by analogy to classical syntheses.
addition, the frequency of the rotation or vibration of the ball mill correlatedéth the energy input
(Equation8) and hence te conversiot’21221 The implemented energy is furthermore dissipated,
elevating the temperature dependent on the milling mateliat23IThis frictional warming results in
nearly ambient temperature®.g. forpoly(tetrafluoroethylene) RTFB or zirconium dioxide at low
frequenciesandup to 120°Cwith tungsten carbideat high frequencie§2123To broaden this range,

techniques and new ball mills were invented to dedlor heat'?2! the milling vessels and therefore

control the thermal energy contribution.

Chemical parameteemcompass a huge variation and arghsrdinateto the chemical transformation.
The energy inpuis of fundamental importanctat is obliged to be sufficient for the specific reaction
and results in no conversion if it is too poB#2 In contrast,excessive energy input might degrade
sensitive component$24126] Approaches to further bias a mechanochemical reaciiociude the
introduction of an inert bulking materialto increasethe reaction massThis facilitates the energy
transfer,nomogenises the heat distriban with regard to sensitive reagenter allows smaller batch
sizes with maintained filling degreéé*1271 Also, bulking materials can adsorb products to avoid
agglomeration or slurryind!231271In the case of liquid assisted grinding (LAG), small amounts of

solvents (<0.2LsolventMd Trowder) are addeld®128lthat putatively elevate the moleculanobility [ and



10 | State of the Art

besides may alter the produselectivity[12%131] | jke bulking materials, the LAG solvent can adsorb
products, for instance to diminish the pressure if a gaseous product is relé&ddReactions with
gaseous reactants need to considerdtbafined space of theealed milling vessel or use special setups
with gas flow[® Mechanochemical syntheses offer theage of catalytic reactions thdt as already
depicted inChapter2.2.1%r do not need complexing ligands to ensure solubili§tepping further
towards direct mechanocatalysis demonstrates the interconnection of all the above discussed
parameters. Lastly, a caréfadjustmentof all parameterss required and fundamental research in this

field should continue.

2.3 C-C CouplingReactions

The formation of GC bonds plays an important role in orgartiéZ134 pharmaceutical3>136land
polymer chemistry13%13%INumerous coupling reactions were developed to tackle this proBfé&nof

whom the majority iscatalysedby palladiumor nickel specie$!32.137.141.14%A|though less common,
alternative catajsts include coppef43144iron 145 cobalt!*6l and morel4”l In most cases, these
catalyst sgcies are applied as homogeneous complexes whose ligands ensure solubility in the reaction
medium and may controkelectivity[3] Besides, heterogeneous alternatives are discussed in the
literature, utilizing supported catalystsnanoparticlesor even metallic applicationd*d152 The

following chapters outline the herein relevant coupling reactions.

2.3.1 Suzuki @upling

One of theoutstanding reactions in € cross couplings is the Suzukalso SuzukMiyaura)
coupling[*32 Akira Suzuki discovered this pathway in 1979 and due to his greagffort in cross
coupling chemistry alongside Hthi Negishi anl Richard Heck wakonouredwith the 2010 Nobel
Prize in chemistry!32 In this particular reaction, aryl or vinyl halides are coupled with boronic acid

compounds using a palladidheatalystcomplex under basic conditior{§&quation9)./153.154]
Br /@ Pd(PPh,), (cat.)
- 00 ;
@ EH THF, NaOEt O O ©)

The mechanism of the Suzuki coupling follows a similar catalytic cycle than othecd®alysed

reactions(Figure2.4).15! Initially, the aryl halide adds oxidatig to the Pd catalyst, forming PH In
the subsequet metathesis, the halide is ptaced by the anion of the base, followed kye
transmetallation baveen Pd and the base activated borate compound. Finally, th@idnd is formed

and the catalyst is reductively eliminated to regain the initiaPledmplex(154155]
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Pd°L,
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Figure 2.4 Schematic mechanism of the Suzuki coupling.

In generaj the Suzuki couplingequiresmild reaction conditions anaffers highselectivitywhile a
plethora of functional groups of the substratestolerated The formed inorganidoy-productsare
facile seprable However, side reactions like homocoupling of the boronic acid amisdzation occur
Especially the organoboron compounds asually air and moisture stablesommerciallyavailable,
and less hazardous thahe organostannanes in the related &icoupling.All in all, the reaction has

extensive applications in organic synthesissm research lab to industrgcalell32.13515456]

As numerous as the applications are the modifications of the Suzuki couMBmipus catalystsvere
developed that expanded the substrate scope towandsactive aryl and alkyl halides, boronic esters
and borate salt8541571Advances werefurther made in reactions towards polymer materiatg or
even replacementf the Pd catalyst by N3¢l Furthermore, heterogeneous versions wittcyclable
catalysts likeimmobilized complexes)anoparticles or Pd on support as far as séidl materialsand
otherswere deployed!52:159.160\ith the aim of greener synthesereaction protocols in ionic ligids

or simply water were establishe#f1.162]

oH 2.5 mol% Pd(PPh;),

K,CO4

Consequently, the next steps transferréte Suzuki couplingo the solvent freeenvironmentof the
ball mill.[12161This was first done 2000 by Néen et al. who used the Pd(Pfpitatalyst renown from
the initial solution-based concegEquation10).°?! Later, Klingensmith and Leadbeater simplified the
protocol by the application of ligand free palladiliracetate salt since no solubility providing ligands
are required in the solvent free mechanochemical readfi8lifzurther investigations expanded on the
scopewith respect to bases and substrates or a recyclable immobilized cdtafifstFinally, the

Suzuki polycondensation established in solution was conducted mechanochemically by Gréatz et al.,
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reaching one of the highest degrees of polymerizat{op to 164)or linear polyparaphenylenes)

reported so falEquation11).66]

oH &
Br—Q—B\ o (11
OH 9 mol% Pd(OAc), DP '

K,CO3

2.3.2 Ullmann Associated Reactiofis

A whole number of reactions is associated with the namé iz Ullmann (187893964 that are
overall mediated by copper. The classithlmann reactiondenotes the reductive homocoupling of
aryl halides which use quantitative amounts of Gugiving copper halide asby-product
(Equation12).64 Discovered in 1901t was among the first possibilities to form argkyl bondsl16]
This lead to early success @nwidespread applications, regardless of the harsh reacti
conditions!!%5166However, the Ullmann reaction dwindleds@dcatalysedcross coupling emerged
that overcame the restriction to symmetric biaryi&¢!

O,N

200°C, neat .

2 Br +2Cu —m—mmm» O Q + 2 CuBr (12
NO,

NO,

The initial reaction was performedising copper bronzend the substratemolten or dissolved in
nitrobenzené!®® The reactivity increases from chlorine faromine and iodineand is enhanced by
electron withdrawing substituentswherease.g.amino, hydroxyl or carboxygjroupsare prone to side
reactions (see Ullmann condensationthe following) [1681681Up to now, the reaction mechanism is
not fully resolved.The most widely acceptedne is basedon oxidative addition and reductive
elimination with aryl copper intermediatel®>169.170Under the classic conditions, the Cu surface was
passivated by an oxide layer whereas later alternative solvépésticularly dimethylformamide
DMF) allowed the use of activated Cu species and lowered the reaction temperdttieanpts
therefore includewashing, ultrasonication fresh reductionor use of finely distributed Cu on
support(166.168.1701 Fyrthermore, homogeneous protocols were veleped for the initially
heterogeneous reaction with Cisalts or Cl carboxylates that allow room temperaturéRT)
synthesid143.155.1665 bstitutionof Cu is possible with Ni in stoichiometric amots as pure metal or
complex66] Catalytic amounts of Ni or Pd also proved applicable but require an additional reducing
agent, usually zinc, sodium hydride, sodium fuate or others!66.170 Derived from the catalytic

pathway, green protocols were developed using water, ionic liquids or supercriticab€®olvents,

Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

*In this work, | want to distinguish between Ullmann reaction (aryl halide homocoupling, Cu stoichiometric)
and Ullmann condensation (nucleophilic aromatic substitution of aryl halide, Cu catalytic). The latter includes
all variants like Jardan-Ullmann reaction, Goldberg condensation, Hurtley reaction etc without offense and
simply shortened for practicabilityinstead the term YUllmann-typey reactions is not clearly defined but often
referred to Ullmann reaction and condensation alike and beydilis, it is not used herein.



State of the Art| 13

heterogeneous catalyst systems or microwavieadound assisted synthedig! Extensive
modifications andadvancements have been published and reviewederefore this will not be

contemplated hereif66168.170172]

Noteworthy within this thesis is a ball milling protocatealized bythe Mandouma group.’3174Nitro
aryl halides were milled using Cu balls in a custonade Cu milling vessel for 12to afford biphenyl
products up to 97% yield. The millingpt only provides the activation energy biitactures the Cu
particles, giving fresh surface and thus activatingthem for the reaction. Although the milling
materials were reusable after cleaning, they must have been consumed stoichiometiéals}
Consequently, this approactiifferentiates from the concept of direct mechanocatalysiglined in

Chapter2.2.1but, however, showcases the potential of specifically designed milling materials.

After reporting the biphenyl synthesigUllmann reaction)and using the same protogoUllmann
discovered the formation of diaryl amine from aniline with-chlorobenzoic acid (1908%! and
extended this to diphenyl ether (1905F177lin 1906 Irma Goldberg reported the first arylations of
amides and aminewith catalytic amounts of Cu and added basenitrobenzene(Equation13).[178F
The GC coupling of aryl halides witho-dicarbonyl compoundby William Hurtley followed 19291791
Overall, nucleophilic aromatic substitution reactions of aryl halides utiliziBg catalysts can be

paraphrased aslllmann condensatiosl'64

é Br Cu (cat é, (131
© K,CO, Ph-NO, ©

In the following decades, the Ullmann condensation was thoroughiestigatedand the scope was
broadened. Bond formation is feasible for N, O, C, S, P ammli@eophiles(these do not necessarily
have to be aromati@nd the aryl halide can be activatdy electron withdrawing groups i@rthoor
para position[143.155.169.180T hijs opens up a variety of possibtarget moleculesinorganic bases,
especially KCOs, C3COs and KPQy, provide the best results whereas most organic bases are not
applicabld!®® The harsh temperatures require high boiling solvents that benefit from free electron
sites due to coordination of the Cu speci8.18implementation of complex ligands proved most
successful fobidentate ones (N,N; N,O; O,0) but phosphines or others work asl{ef>180.182]
Finally, the Ullmann condensation tolerates Cu souritethe form of metal alloys, oxides saltsor
complexesTheligands can also be added separat&/182IThis represents an advéage towards Pd
catalysedreactions. Among these the Buchwallthrtwig reaction can be seen rather as supplement

than alternative, expanding the substrate scope #N®ond formationg!5°!

YoYoYo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

* Retrospectively, these were the primal steps in cross coupling chemistry although nowadays the first thought
of it aims atPdcatalysis Interestingly, the chosen substrates already providettiochelating substituents that
still are important today43.180]
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The mechanism of the Ullmann condensation is not clearly elucidated. Widely accepted is a proposal
including an oxidative addition and reductive elimination cycle similar to Pd cross
coupling[143.144.155,164,169.18gwever, it depends on the specific reaction syst&iHl64 Radical

mechanisms were also discussed but have beemdedunlikely.[155164]

The growing interest in green and sustainable chemiseturned the focugo Cu as catalyst material
due to its lower toxicity and cost compared to nickel and palladitii Modifications arose primarily

for the halide functionality that was excimged by organboron, silicon, stannane, leadismuth or
iodonium compounds, giving a number of independent name reactiovisich will not be outlined
herel'64180Remaining with the halide substrate, green protocols were dewslopsing water as
solvent, recyclable heterogeneous catalysts or energy efficient microwave irradiation for

heating!169.181]

Finally,the group of Cravotto reported a mechanochemical protocoNerylation in a ball mill using
Cu powder catalyst(Equation14).183] |In as little as 30nin milling time they achieved up to
quantitative yidds, outperforming ultrasound and conventional synthe&#l Although this study
focused on aliphatic amino alcoho(svith high selectivity for N-arylation) and diamines, it is a

promising approach for future sustainabt&u catalysis in ball mills.

| &) l&JI\/\
©/ + HZN\/\OH —_— OH (14‘
Cu (cat.) ‘
KOH, Al,O,
Despite the focus sen G-C couplingdn this thesis the Ullmannreaction andJlimann condensation
were studiedaltogether.In principle, GC couplings arghowever, within the scope of the Ulimann

condensation.

2.3.3 Glaser @upling

The homocouphg of phenyhcetylene with CuCl as catalygt aqueous ammonia solution was first
described in 1869 by Carl Glaser. ldiscoveredthis reaction to proceed via intermediary Cu
phenylacetylide that readily reacts tdl,4diphenylbutal,3diyne with atmospheric oxygen
(Equation 15).1841 Later this was expandetbwards the oxidative homocoupling @aérminal alkynes

in general and named after him as Glaser coupling.

= _ CuCl (cat.) = _ o, .
N TR /A N "'—— (5,

H,O/EtOH H,0/EtOH

The formed diyne motif is highly unsaturateglus offers high thermal and moisture stabilityhus,
the Glaser coupling has widespread ufee example irthe early synthess of heterocycleB85186AIso
natural products and repli@s are accessible like antimicrobjalantitumor or pesticidal

compoundg!87:188lFyrthermore macrocyclesr even polymer materials angossible187189]
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The mechanism of the Glaseoupling is not yet resolved and seems to depend on the reaction
conditions!!®”] The best accepted proposal by Bohimann et(Bluation16)i1°% is based on the
discovery of thereageny s aci dity influence. Al kynes with
aromatic alkynes show highereactivity than les acidic, for example aliphatienes. The terminal
alkyne is deprotonated and forms @-complex with the Cl species. This complex dimegis,
undergoing oxidation to Cliby O, or another oxidant. Finally, the 1 @yne product is formd due to

reductive elimination, regaining the Cgatalystl155.187.190]

L L 2@ 2@
codar) g \C’“] R a
+Cu' (ca Z v .
2 (a | + (16
/ Base / cu . "Cﬁ /C( - Cu! (cat) /x'/
UL R

Variations of thiscoupling were developed and in some references are summarized as-G{isgon-
Hay coupling!!88l The Eglinton couplingusespyridine-methanolas base and solvent to allow a faster
and especially homogeneous reaction without the need of an additional oxif@rtiowever, this
requires stothiometric amounts of coppkracetatd!>>191 The Hay variant returns to catalytic
application of Cl salts with O, as oxidantand further usestertiary amines, e.g. pyridine or
N, N, fetramétiéylethylenediamines base and ligari¢P2193with these, the solubility of the Cu
catalyst is improved and the scope broademnedardsthe use oforganic solvent$t>® In the recent
years, the range of catalyst ligands, bases and oxidants was extB#8&d. Here, exemplarilythe
addition of N-bromosuccinimide by Li et &% should be mentioned. In combination witBul as
catalyst, this is charged tm situ form l-iodoalkyne that couples with terminal alkyne tgive the
desired product®4 This approach intermingles with theearly related CadieChodkiewicz coupling
towardsasymmetric diyne$t® While the latteragainutilizes Cd salts as catalyst and amine bases,
onereagentis added ad-haloalkynell5188ln contrast the Glaser coupling wittdifferent reagents

would merely yieldstatistic mixtures of product§Equation17).[94.186]

Rl — = Rl

+ RZ—=——X s RI= + .

HX + Rl—=—=——=——R? - RI—== - pl=—=R2 ar
CuCl (cat.), Base CuCl (cat.), Base, O, 5 R
R*—=—==—R

Modern approahes of the Glaser couplingre performed on surfacesf Cu or noble metalg26.197]
This gave advance especially in the formation of polymer mateR&g2°IFurther efforts were made
to establishprotocolswith supercritical carbon dioxide or ionic liquidhs less toxic and environmental
friendly solverts. Totally solvent free protocols weralsoconducted!®® A notewarthy microwave
assisted synthesiutilized aCuCk catalyst andpotassium fluoridéaluminaas basé°% The group of
Stolle adapted this in a mechanochemical Glaser coufifthghey used the KF/ADs base gstem
together with Cul and 14liazabicyclo(2.2.2)octai@ABCO,Equation18). Quantitative yields could
be achieved in as little as hdin reaction time. In this studyalso cobalt and nickel saltshowed

activity, but reduced,while CuO as well as Pdglead only to trace amounts of produét! The group

h



16 | State of the Art

of Mack picked up the methodology and used Pd@#Rir Pd(OAc) catalysts with simple potassium
carbonate as base, superseding an additional oxid&drithey needed six hours of milling teeach
comparable yield. Moreover, they used the Pd catalyst irCa milling vessel, giving 80% vyield
Interestingly, fom a blind experimentip to 16h milling time without Pd species and solely Cu milling
material no product was isolategespite the primordial Cgatalysechature of the Glaser coupling’

&

2 R— T R———R (18
5 mol% Cul ’
KF/Al,O; DABCO

2.3.4 C-C Coupling in Polymerization

Synthetic polymers are ubiquitous and the importance e€C€oupling reactions in polymer chemistry
was already outlined. Unfortunately, polymer materials are mainly petroléaased and their
perdstence causes a main share of environmental pollué8h2°2 Biodegradable polymers from
renewablefeedstockmay overcome this deficiigreen chemistry principld0) Beyond rubber and
plastics specifically tailored polymersrewidely neededn optics, electronics, catalysigteen energy
generationgas storagemedicineand so ori!37.138.201Thys highly functional polymerscan tale part

in development towards sustainabilif}#2°1 Accessing theseand implementing the intended
propertiesrequires meticulousdesign andprecise synthdsincluding the formation of GC bonddg238]
Coupling reactionsoffer a versatile tool on a molecular scale and this holds true for polymer
synthesed!37139]

Classic synthess of polymers areften restricted by solubility problemeesultng in low degrees of
polymerization. Therefore,large amounts of solventssolubilizing groups orenergy demanding
synthetic routesare introduced!37:139.202.203Contrarily, recent studies on sustainable polymers
predominantly focused on renewableedstockand biodegradable prodtts instead of synthesl3?4
208] Mechanochemical reactions have proved a sustainable patf#at42andmay contribute to the
filling of this void. Since theynherently overcome solubility problem®21 polymerization reactions
especially benefiandmodificationsturn obsoleteThis preserves the functionality andhiproves to a
greerer synthesis.Meanwhile a plethora ofestablished and evehitherto inaccessiblepolymer
materials wassynthesizedin this fashion and depicted in Chapte2.2.1%1239.2071 The coupling
reactions tackled in this work were already used in polymer syntheses rhbathanochemical
polymerization isonly known for the Suzuki couplindf® This showcases the untapped potential of

mechanochemistry in polymer chemistry which is etbpted to be challenged herein.
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3 RESULTSAND DISCUSSION

3.1 Suzuki Polycondensatidn

The Suzuki couplings an important representative of-C cross coupling reactiorthat is also applied

in polymer chemistry(see ChapteR.3.). A material accessible vighis pathway is polypara
phenylene)PPPXhat is promising as conducting polymer in optand microelectronic&%8.209This
polymer is insoluble but chemically and thermally stable. Hoaetheestablishedolution-based or
electrochemical syntheses suffieom low yields and molecular weight&! A technique to overcme

these issues is the mechanosynthesis in ball mills. Besides, this offers green potential through waste
reduction and higher efficienc§:#ll Utilizing this pathway, it was recently demonstrated that a
mechanochemical Suzuki polycondensation is possible even \withple palladiui aceate
catalystl®! This yielded PPRvay faster than solution or electrochemical syntheses. In addition, the

reached degree ofgtymerization (DP) was greatlglevated®

In this work, the system of a mechanochemical Suzuki polymerization shall be advanced considerably
by using the milling equiment itself as the catalyst. Thisepresents substantial advance since
processing steps areduced and the separation is greatly simplifiédith this goal in mind, a stepwise
strategy was chosen by first adapting a wkiown Suzuki polymerization of-4bromophenylboronic

acid toPPPwith Pd(OAc) salt as catalyst, then transferring it to Pdlack metal powder and finally

to solid Pd milling balls and therefore a direct mechanocatalytic approsedHigure3.1). In detail,

the influences of miing material, milling time, catalyst concentration, halide function of the

monomer, and mill type on the reaction yield abd were targeted.

3.1.1 Suzuki Polycondensatiowith Pd PowdelCatalyst

Firstly, areference reactionvas conductedising Pd(OAg)with milling balls and vessel made from
ZrOz in a PBM PPRewRef(Table3.1) was obtained witha yield of 47% and a DP of 69 aftem3@

Pd(OAc), Pd° Pd balls

Degree of Heterogeneity

O e Ok
Br B >

OH PBM / MBM n
4-Bromophenylboronic acid PPP

Figure 3.1 Mechanochemical Suzuki polycondensation reaction-bfdmophenylboronic acid to give PPP. The Pd cat
was subsequently advanced and simplified from a Pd salt to Pd black and finally to simply Pd milling balls.

YoYoYo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Ve Ve

* Parts of this chapter were literally adopted from my publicatié#?] An overview of all conducteéxperiments
is provided in Chapteb.2.3
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milling time at 800revolutions per minute (rpmif¢! After that the catalyst wasswitched to P8black
metal powderln a usual synthesis, 1.484(7.2mmol) 4bromophenylboronic acid, 8.5(61mmol)
KoCQOzas a base and 4.7mol% ((h840l) catalyst were used in a PBM with 22 milling balls it
size) placed in a 4BL milling vessel. After milling, the resulting reaction mixture was washed and
dried overnight (see Chaptér.2.)}. The samples PRBw1,-2,-3,-6 were miled with ZrQ;, steel, WC,
and SiNs4 milling balls/vessels, respectively. The higher density of the milling equipment resulted in
a higher yield, but a lower DRfter 4h milling. Higher density and thus higher mass of the milling
balls corresponded to an elated kinetic energy during ball impactsee ChapteR.2.3, which
favoured the conversion efficiency of the polymerization. In turn, a higher katlpact led to a

fracturing (see ChapteB.1.5 of growing polymer chains resulting in a lower D#:210

The highest DP was achieved using the milling equipment madesnfiSivhich is the hardest ntarial
used herein(1750HV)(211.212] put in turn the lightest.This was used to continue investigatirthe
influence of the milling time (PRR2w4 to-8) on yield and DP. Going from 2 tahof milling did not
change the yield drastically, while aftert6the yield was increased to 34%. On the other hand, the DP
reached a maximum of 56 afteh4PPRBgw-6), with further milling leading to fracturing and lowering

of DP.

Subsequently, the PHdlack catalyst amountvas reducedWith 2.3mol% (PRBw9) the yield was
nearly the same, but with 0.5mol%, it was drastically reduced to 5%df?BP@. The amount of

Table 3.1 PPPobtained by mechanochemical Suzuki polycondensation in PBM.

Sample Vessel/ball Reaction Amount of DP Yield /%2 Halide function
material time/h catalyst of monomer

PPPrgu-Refl¢l ZrO, 0.5 9.3mol% Pd(&c). 69 47 Br
PPPrgu-1 ZrOo 4 4.7mol% Pd black 18 59 Br
PPPpam-2 Steel 4 4.7mol% Pd black13 56 Br
PPPew-3 wcC 4 4.7mol% Pd black10 81 Br
PPPegu-4 S\ 2 4.7mol% Pd black34 19 Br
PPPegem-5 SieNa 3 4.7mol% Pd black45 14 Br
PPPeeu-6 SikNs 4 4.7mol% Pd black56 22 Br
PPPeam-7 SiNa 5 4.7mol% Pd black40 19 Br
PPPrgev-8 SigNa 6 4.7mol% Pd black32 34 Br
PPPrem-9 SigNa 4 2.3mol% Pd black55 20 Br
PPPrem-10 SikNs 4 0.5mol% Pd black48 5 Br
PPPeem-11 SiN4 4 4.7mol% Pd black 0 0 Cl
PPPegu-12 SiN4 4 4.7mol% Pd black79 66 I

DP and yield measured five times with a standard deviatios 686.2] Yield calculated from mass of insoluble polyn
after washing with water, 10wt% HCI, ethanol and acetdfieDOverestimated due to impurities from WC abrasion.
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catalyst did not affect the DP, meaning that the equilibrium of polymer chain growthfeacturing

was mainly dependent on the density of the milling balls as mentionedhapter3.1.5

Thereafter, the halide function of the monomeras exchangedlue to its known influence in Suzuki
couplings. PPP was not obtained with-cllorophenylboronic acid (PRBw11l), whereas
4-iodophenylboronic acid gave the highest yield (66%) and DP. TH® literature supports the
observed trend of increasinreactivity from chloride to bromide and iodid®:213 Thus, firther

experimentsvere continued with 4iodophenylboronic acid as the monomer.

To verify the catalytic nature of the reactioit, was also performeavithout Pd catalyst{PPRew16)
or with the base substituted by NaCl as inert bulking mate(RPRBew17) In both cases, no product

was formed, confirming the need for a catalyst and a base in this reaction.

3.1.2 Characterizationof PPP

The resultingPPPmateriak (in the following exemplarily shown for PRBw12 were crystalline,
according to thepowder Xray diffraction (PXRD) pattersi(Figure3.2 A).[224 The Pd black catalyst
remained as impurity within the sample but could be removed by washing with 3#@pwater and
ethanol. The Pd could be entirely dissolved without modificat of PPP (seeAppendix
Figure7.4). No abrasions of milling material werfieund according to PXRIPAppendixFigure7.1, see
Appendix Table7.1 for calculated Pd particle siyand energydispesive Xray spectroscopyEDS
AppendixFigure7.3). Only the WC milling equipment showed high abrasion and therefore remained

as an impurity (PPFsm-3).

The PPP materials hadGiH ratio obtained by elemental analysis close to theoretical valypéndix
Table7.2), and showed the characteristic Fourteansform infrared (FTIR) spectrum Figure3.2 B
and Appendix Figure7.2 A). This method was used to determinthe DP by measuring the ratio of
bandsat 690cm? (attributed to terminal phenyl rings}o that at805cnt! (principal band ofpara
substituted benzeneings)?15216l(Chapter5.2.). The materials were also investigated via Raman
spectroscopyRigure3.2 C andAppendix Figure7.2 B) where characteristic bandsould beobserved

at 1220cm ( ipra-ring(C-C)), 128@NT1 ( iper-ring(C-C)) and 160@nT ( iy.piand C-H)) 2171 These can also
be used to determine the chain length of PPP by fitting the spectral peaks by a Lorentzian fi##8tion
and comparing the intensities of the peaks at 128¢" and 128@&nvL[21% The intensity ratio 12s0: 11220
decreases with increasing number of phenyl ringSigire3.2D) from ~22 (biphenyl) to~1
(para-sexiphenyl). All measured samples show lower values about 0.5, qualitatively validating the high
DP calculated from FIR spectra Kigure3.2D). In contrast, quantification of the polymerization

length via Raman is not possible with tiereinobtained datd?16]
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Figure 3.2 Spectra ofsample PP#m12 (1) and the respective monomer (2). A: PXRD pattern of polymer, calc
from.[212 B: FTFIR spectra of monomer and polymer. C: Raman spectra of monomer and polymer. D: Intensity ratio o
bands correlated to DP %11 and FFIR.

3.1.3 Direct Mechanocatalytic Suzuki Polycondensation

In the nextstep, Pd milling ballsvere testedas the catalystThe milling setuphad to be changesince

using 22 Pd milling balls, as in all other PBM experiments, was too expensive. As an alternative
approach,a MBM was used Recently, several publications have shown how to transfer a Suzuki
coupling reaction from PBM to BM without affecting the reation outcomel®2:99.220As additional
evidence, firstwas shownthat yield and DP of two reference materials synthesized Mwith
Pd(OAc) (PPRiem-Retl) and Pd black (PRBu-Ret2) as catalysts were comparable to the results
obtained in a PBM with bromophenylboronic acid (PREW-Ref and PP#w-1) as well as with Pd
black catalyst and-4#odophenylboronic acid (PBBw12) However, in the case of BM longer milling

time wasnecessary due to the lower energy input and a different mixing regime compared to PBM

(for characterization of samples obtained in MBle Chapter.1.2.
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Table 3.2 PPPobtained by mechanochemical Suzuki polycondensation in MBM.

Sample Vessel/ball ~Reaction Amount of catalyst Abrasion DP Yield / %!
material time/h / mg / 94

PPPvuem-Ref-1 ZrO: 8 4.7mol% Pd(OAg) - 50 50

PPPuvsm-Ref-2 ZrOz 8 4.7mol% Pd black - 52

PPPuem-1 ZrO-/Pd 8 1 Pd ball 590/16 115

PPPvem-2 ZrOo/Pd 8 2 Pd balls 290 /8 99 31

PPPvsm-3 PMMA/Pd 8 2 Pd balls 120/3 118 50

PPPuem-4 PTFE/Pd 8 2 Pd balls 165/4 200 43

PPPuvsm-5 ZrOo/Pd 4+4 2 Pd balls 35/1 199 18/23

PPPvem-6 PMMA/ZrO, 8 4.7mol% Pd black - 123 100

DP and yield measured five times with a standard deviatiott 680.2] Relative abrasion was calculated from actual |
weight. ! Yield calculated from mass of insoluble polymer after washing with water, 10wt% HCI, ethanol and acet

Using ae Pd milling ball ¢ 3.69) resulted in a small yield (6%), but a high DP (115)RRP). The
high energy impact with one milling ball had a high conversion efficiency but only a few possibly
reactive collisions occurred. Also, inefficient mixing of theaction mixture with one ball may have
caused the poor yield. Adding a second milling ball (R&RP2) improved the mixing and increased
the number of possibly reactive collisiobsit decreased the average velocity and therefore the impact
energy of the nlling balls because of a reduced free path. As a result, the yield increased(Ba%ton
290mg) to a level nearer to that of PR&+1 while the DP of 99 was comparable to that obtained with
one Pd milling ball.Interestingly, the abrasion (298g) was lower than with one Pd ball (PRBv-1:
590mg). This differencenight be explainableince one ball has higher impact energy and thus the
material is probably more prone to abrasion. Nevertheless, both values diminish the reusathility
milling balls. Thus milling vessels of sofir materials were testeith order to reduce the Pd abrasion.
Using a poly(methyl methacrylate) (PMMA70 HV)221] yvessel the abrasion (120g) was nearly a
third while the DP rose to 118 (PR#&u-3). Remarkablythe yield was also increased to 50%. The even
softer PTFE~40HV)222] vessel yielded PPP in 43% while an tanging DP of 200 was reached
(PPRism-4).Contrarily, the abrasion was slightly higher (16%). The reaction mixture was obse

to stick to the walls of the nofpolar PTFE milling vessel wherettee more polar PMMA and Zrgxid

not show thisbehaviour Therefore, friction between thewvo milling balls might be enforcedcausing

the determinedabrasion

3.1.4 Exploration ofHeterogeneity

In order to establish the heterogeneous nature of the reaction proton@xperimentwas performed

while periodically sampling 10fhg of the reaction mixture every two hou(®PRism-5). After 4h the

YoYoYo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Ve Ve

* The approach PPium-2 was repeatedwo times,giving a deviation in DP of £%and in yield of +2%. This
addresses a good reproducibility of the direct mechanocatalytic Suzukcpotenstion.
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milling was briefly stopped and the Pdilting balls were replaced with Zr@balls of the same size.

The reaction and millingverethen continuedWhile monitoring the reactionit wasfound that it had
significanty slowed down 8% yield in the first #; 5% addional yield within the next 4h of milling
without Pdballs compared to additional ¥43yield if milled with Pd balls). The increase of product in
the absence of Pd milling balls can be explained by the minor abrasion of Pd from the balls in the first
phase of the reaction (for characization seeChapter7.1.3. Interestingly, due to the lower density

of the Zr&, compared to the Pd milling balls, the polymer fracturing was reduced, resulting in a higher
DP (199 compared to 104 for RiRR-2, for detailed results seéhapter7.1.3. Moreoverno soluble

Pd speciesould be identified, thus supporting heterogeneous reaction pathway.

In additional experiments, common complexation ligands such as triphenylphosgRiRRiem-8) or
1,5cyclooctadiene(PPRisv-9) were addedto the reaction vith the aim of Pd stabilizatiof#23]
Unexpectedly, this did not lead to PPP mateilials assumed thathe ligands were coordinated to the

Pd surface of the milling balls and therefore blocked the catalyst sites making them inaccessible for

the monomer. Thigurther strengthensa heterogeneous reaction at the surface of the Pd.

3.1.5 Consideraions aboutthe Mechanism

The preceding fracturing tesshowedthe influence of polymer degradation on the DP during milling
as adrastic degradatiorwas observeavhen milling anisolated polymer. The initial DP of 120 was
reduced to 39 after B milling in PPRemFrc(SeN4 material analogue to PREw-8) and to 36 after &
milling in PPRiem-Fre(ZrO2material analogue to PRRw-2). Furthermoregas chromatographynass
spectrosopy GGMS) analysesevealednumerous soluble aromatic fragmeniBhis clearly proves
the degradation effectand substantiates the aforementioned equilibrium of polymer chain growth

and fracturing to cause the observed DPs

In samples PREw9 andPPRew-10 the amount of Pd black catalyst was reduced to 2.3 and 0.5mol%
respectively. As a result, the DP (Ri2R9: 55, PP 10: 48) was not affected significantly compared

to PPRem6 (56). This observation might indicate a sigq@wth mechanism forlte polymerization
reaction. In the case of a chagrowth polymerization the DP should have increased with reduced
catalyst amount. In contrast, the results from MBM contradict the hypotheses of agstepth
mechanism. Therefore, the reduced DP with irased yield is out of trend and with high DP no
unreacted monomer should be found. However, considering the observations of the degrading DP by
milling of the polymer a determination of the mechanism by DP alone is prone to error. In general,
the polymerizdéion mechanism was not determined at this point. Mechanochemical reactions are often
supposed to follow radical mechanisms, and radical mechanisms in polymerization are mostly found
in chain-growth reactions. In the case of this mechanocatalytic Suzukympetization one could also
speculate about a radical mechanism, but no proof for this hypothesis was found and further

investigations are necessary.
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3.1.6 In situMonitoring

Subsequentlythe reaction coursevas monitoredby in situ Raman spectroscopy*2?2°land byin situ
synchrotron PXRI$252271at the DESY PETRA Il beamline P02 Hence, the reactiowas conducted
in a transpaent PMMA milling vessel and compared Pd black with Pd milling balls as catalysts.

As seent Figure3.3 A the conversion of the monomer could be followed by the decreasing Raman
band of the monomer at 158011 (a). The intensity of the main PPband at 1606m* was too low

for following reaction kineticsKo2COsz showed a band at 10&0 (b)that was decreased with ongoing
reaction. At 81&nvl, the intensity of the main band from PMMA milling vessel was nearly constant
during the whole milling time and therefore suitable as an internal refererfdditional temperature
measurement showed the typical course of mechanochemical realfidffsl with a reached
equilibrium of 44°C. The short time negative amplitudes are caused by stop and restart of the mill due

to ad e v i ncaemum milling time of 99nin.

The in situ Raman data for PRIgw-6 (Figure3.3 A) showed a fast reaction where all monomer was
depleted after a few minuteS'he in situ PXRD pattern Eigure3.3 B) coincided with the Raman
monitoring and therefore provided a qualitative proof of the monomer converswhereas the Pd
black catalyst reflex intensity at 5.28n remains costant.Resulting polymers from PRRBu-6 were
much longenDP 123) than those obtained in Zs@nilling vesselwith Pd blackcatalyst(PPRisu-Ret2,
6%, DP2)with significantly higher yield (100% compared to Gdag to reduced fracturing in the
softer vessel.

According toin situ Raman data, the reaction proceeded slower with Pd milling balls \RRB,
Figure3.3 C). After 2h of milling the monomer was almost fully converted whereas the yield of
insoluble polymer was much lower, indicating the formation of smaller oligomers that were soluble
in ethanol or aetone. This was supported by @S analysesof the organic washout solution in
which traces of iodobenzene, iodobiphenyldaiodoterphenyl were identifiedsee Chapter.1.4.
Additional thin layer chranatography(TLC)revealed éroad variety of soluble organic compounds

including monomer, boronic acids and oligophenyls (€&wapter7.1.4.

3.1.7 Green Metricsand Sustainabilityof the Suzuki Polycondensation

In a last step, the optimization and mechanistic studies of the Suzuki coupling were contemplated by
sustainability analysis.The AE reveals a low value of 38 (on the basis of bromide as halide
functionality) for this particularconversiontowards the biphenyl motif within the polyphenges.
Numerous solutiorbased synthetic alternatives, for instance Ullmann coupling, WiHitiig reaction,
Grignard reaction or oxidative coupling with CugAICl3,22%-230however, have even lower AE of 29

to 22. Thereby, these require stoichiometric amounts of hazardous metals (Cu, Na, Mg) or metal salts

(CuCb), whereas the Suzuki couplimroceed<atalytically.In contrast, electrochemical coupling of
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benzen&15216.231lfeatures high AE of 97while electrochemical syntheses acharged energy
efficient?8232land hydrogen supposedly formed lag-productis a valuablebiofuell'* Hazards therein
arise fromelectrolytes needed in exced¥:216.229nfortunately, no data regarding yield and energy
consumption were found for this method, wherefoneerely a solutiorbased methody Sprick et
al?%3l was contrasted to mechanochemical protocols with Pd(QARY black and Pd milling ball

catalysts

Initially, the energy consumption was assessed with workup procedures excluded due to difficulty in
getting exact data on a lab scale. TE&C of the mechanochemical and ditemechanocatalytic
reactions arene to two orders lower compared to the conventional synthe3266XWh kg 1), both
due to lower power requirements andharter reaction times (se€able3.3). Among the ball milling
protocols, the direct mechanocatalysis consumes the most en@@§¥iem-4: 489&Wh kg1) on
account of the longest milling time. Consequently, BEPRef wih Pd(OAc) catalyst and only 3@nin
reaction time reaches the highest energy efficiel€£C= 150kWh kg1) with the reviewed Pd black
catalyst samples in between, further influenced by the varying yi8idilar behavioumas observed
regarding the MP\(ice versa the reciprocal MI)he poorest result was calculated for the conventional
synthesis(0.64)because of the required solvemtll mechanochemical protocols reached higher MP
(1.2- 5.0)in the same order atheir yield (seeTable3.3).

Finally considering the workup procedures (inaccurate estimation of the required amounts of

chemicals has loar impact compared to the solely malsased green metrics Ml / MP), the EcoScale

Table 3.3 Green metrics of the Suzuki polymerization calculated for conventional, mechanochemical and
mechanocatalytic syntheses.

Type Conven- Mechanochemical Direct

tional 12331 mechano-
catalytic

Sample code P1% PPRewReff®! PPRgw6 PPRewl12 PFPvew-6 PPRiv-4

Catalyst Pd(PPB4 Pd(OAc) Pd black Pdblack Pd black Pd balls

Halide function Br Br Br I I I

of monomer

Yield / % 77 47 22 66 100 43

Reaction time /h 48 0.5 4 4 8 8

AE 38 38 38 31 31 31

Power input /W 400 155 155 155 80 80

EEC /kWh kg 32653 150 2564 855 2105 4896

MI 156 38.7 82.7 27.6 19.8 48.4

MP 0.64 2.6 1.2 3.6 5.0 2.1

EcoScalé’! 61.5 47.5 28 56 76 41.5

[l This reaction used an approach with igibromobenzene and tenzenediboronic acid as monomers instead of
bifunctional monomer in the mechanochemicahd direct mechanocatalyticeaction. The saltion-based approac
additionally was performed under inert conditions and led to a DP of al#ut’l Due to different DPs and thus mol:
mases the EcoScale was calculated pemniol of phenyl rings incorporated in the polymer product.
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was determined. The results showed strong variation from 28 up t¢s@6Table3.3). While cost,
safety and process parameters sum up to similar penalty points (for details see Chadpfethe main
influence originategrom the different yields, presetting the order in the EcoScale. Hence, the highest
result of 76 éxcellentis achieved by sample PfH-6 with quantitative yield followed by a clear
margin by the solutioAbased synthesiéP1S, 61.Bcceptable

In general, he mechanochemic&uzuki couplingowards PPP surpasses any other method in terms
of DP.Furthermore, it has higher energy efficiency combined with lower environmental impact than
the conventional synthesis. Althougthe direct mechanocatalysis does not reach the best results in
this context, its facile catalyst separation and reusability provide advantage. Consequently, it is
desirable to increase the yield and reduce the abrasion in order to strengthen the direct

mechanocatalytic protocol.

On the other hand, as Pd black powderisuitablecatalyst ad the leaching test (PRBw-5) showed

but reducedconversion after Pd ball substitution, the abraded Pd might be reused as catalyst material.
To proof this, the reactio in PBM was conducted with powdery Pd waste instead of Pd b{fook
characterization see Chaptérl.). The obtained PPP material with bromide nooner (PPPsm13,

yield 14%, DP 51) was comparable to Pd black catalysbgRBR In contrast PRRw14 with iodide
monomer showed lower yield (11%) than BRF12 (66%, DP 79), whereas the DP increased up to 99
maybe due to the slower reaction. In genlertis not necessary to use commercial Pd black since this

is a possible way to reuse Pd waste e.g. abraded and isolated from the catalytic milling balls.

3.1.8 Conclusion

In summary, the solventree environment of a ball mill allows tase Pd black or direlst Pd milling
equipmentcatalyst instead of conventional Pdsalts or Pd complexes, as shown here for Suzuki
polymerization of parasubstituted phenylboronic acids t&®®PP With Pd black catalyst and
4-iodophenylboronic acid as the monomer, a gogédld and high DP were achieved in PBM using
SiN4 milling material, while full conversion to long chain polymers was obtained if8BM using softer
PMMA vessel.Besides, the mechanochemical Suzuki coupling could also be conducted for the
synthesis of 1,3;&iphenylbenzene from phenylboronic acid and 1;&jBromobenzengfor details
seeChapter7.1.5.

The overall results showed a decreased reaction velocity from Rc@o Pd black and Pd milling

ball catalyst. Longer reaction times have led to the fracturing of the formed polymer chains using hard
milling equipment, such as Zrfand Pd, whereas in soft PMMA and PTFE milling vessel high yields
and DPs could be achied. These surpassed the DPs obtained by solution or electrochemical
processes, which is beneficial for PPP application in optal microelectronics. Especially the PTFE

milling vessel gave one of the highest DPs (200) reported so far.
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In situRaman and PXRD investigatiomgere used to monitor the conversion of monombrcreased

yield observed with diminished abrasion refuses the need of a certain amount of abradédditgy
established ligands from solutielmased homogeneous procedures did not improve the catalytic
activity. The results from this study indicated a most likely heterogeneous reaction at the surface of
the milling ball. This time andenergy efficient method opens up a sustainable pathway for jnan

important PdcatalysedC-C coupling reactions.
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3.2 Copper Mediated Coupling of lodobenzene and Ethylenediarhine

Copperis a versatile and highly potent catalydtie to its easily accessible oxidation states fronf Cu
to Cu'l [143.144,180.23f]amely the Ullmann condensation and related reactions offer a huge platform to
synthesize various structural ntifs and applications are further growing*3.166.169.18¢}owever, Cu in
catalysiswaseclipsedfor a long time by the later discoverdet166.180.234Growing demand for green
and sustainable synthesis lifted the néoxic, more abundant and thus cheap Cu back in the spotlight
during the last decadd¥!#169.180.23¢h the context of this work, theequiredgram scale is much easier
andcost efficientavailablefor Cu thanfor Pd, especially wheaxpanding from milling balls tanilling

vessels.

Initially, the focus was set on the Ullmann reaction making use of théngiball abrasion for coupling
and providing an alternative pathway towards PPP. The previous work of Mandouma!ét&flwas
adapted to te PBM setup with Cu powder or milling balldeither milling of 1,4dibromobenzea or
14di i odoben zdiodebiphenylr(10 gleach)with excess (3f) of Cu powder using Zre)
milling material in PBM(800rpm) for up to 12h gaveany PPP. The sanreas observed with the 1@L
ZrO2 milling balls replaced by heavier X8Bm Cu balls, whose abrasion behaviour continuously
generates fresh surface. Even reproduction of the published nitroaryl halide coupling towards dinitro
biphenyls  failed!’3174  Therefore,  4iodonitrobenzene,  -hloronitrobenzene,  and
2-chloronitrobenzene with Cu powdesr Cu balls were used. The latterare also tested usingteel
and WC milling material.Consequently the focus had to be reset, now aiming at the Ullmann
condensation that beneficiallysesCu in catalytic amounts and might be transformed to direct
mechanocatalysis. This particular reaction waleeadyrealized adN-arylation mechanochemically by
Martina et al. usinga simple Cu powder cataly$t83] Again, as starting point the literature results
were reproduced. This was succesbfutonductedtowards N-phenylethylenediamineNPE) using
the PBMsetup However, unintended sideroducts occurred, precisethe biphenyl(BP) expected
from the Ullmann reaction. The following chapters concentrate on the reaction systemistorgs of
iodobenzenglB), ethylenaliamine(EN), base ancCuthat revealedtself to be far more complex than

anticipated Milling parameters, materials ancbmponents were studietb resolve the underlying

processegFigure3.4).
I Milling time _Milling material ( H A
©/ Ball mill &D Base ©rN\/\NHz
1B = .
HN o~ Copper mediated coupling NPE
EN .
C Nucleophile Aryl halide
u KOH Direct mechanocatalysis BP )

y

Figure 3.4 MechanochemicalCu mediated coupling oiB and EN to give NPE or BP dependent on the investigat
parameters.
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* An overview of all conducted experients is provided in Chaptes.3.2
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3.2.1 Adaption of Literature Synthesis anRole of Grinding Auxiliary

In a first step, theprotocol from Martina et al. was adapte@iherefore, 448 L4.0(hmol, 1eq.)IB,

802\ L .@nim3l, 3.0eq.)EN, 256mg (4.0mmol, 1.Ceq.) Cu powder, 2.6 KOH and 2.@ basic AlOs

were placed together with 22 steel milling ball® ¢hm diameter) in a 45L steel milling vessel. The
mixture was milled for 30nin at 800rpm in the PBMfollowed by extraction withdichloromethane
(DCM) for GGMS analysisThis yieldedthe desired\NPE in 85% yield GGMS, for mass spectraee
Chapter7.2 while the conversion ofB was 99%IBrem-1). Further analysis revealed the formation of
5%diphenylated ethylenediamine, 6% aniline ar3BP as sideproducts that were not reported by
Martina et al Nonetheless, a direct mechanocatalytic attempt was conducted, replacing the steel
milling balls by seven Cu milling balls (Xdm diameter) without additional Cpowder(IBrem2). NPE

was obtained in éower yield of 77% (conversion 90%). The outcome of diphenylated ethylenediamine
was also reduced to 1% whereg@sBP and 6% anilinevere found. The formation of sid@roduct

might originatefrom higher energy inpit from rotational speed (80@m vs. 65Gpm) and milling ball

size (10 or 1&5m vs. 2 and =Jm)that facilitatesdipherylation andsubsequentiegradation to aniline
Particularly, with hard steel milling balls7Q0HV 211 4.02g each the system is ma prone to
dipherylation. The softerbut heavier Cu balls (70-110HV,[2352361 15 8g each ba)l showed high
abrasion (526.81g / 0.48%), exceeding Cu powder application by a factor of 4 and giving BiRgre

supposedly formed vithe Ullmann reaction.

Despite showing the general transferability, these results require closer investigadiemce, blind
experiments using Cu powdeas catalyst were conducted. Replacing the grinding auxiliary by
additional KOH resultedNPE in >99% vyield without detectable sigeoducts (IBrem3, conversion
100% Consequently, ADs is not necessary as auxiliary in the present setup and instead fdesita
side reactions by alternative reaction sites or impuriti€®0s, N&O). Further experiments were
therefore conducted without ADs to simplify the reaction system. ReplacikgdH by norbasic KCI

| INPE [ ]BP [ Jothers

[Bpgm1 [ |
IBPBM—2 ___________________________|__|__|____
[Bpgp-3

IBpg4
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IBpgy6

IBpgp6-2h ||
IBPBM-E)-Sh
IBpgp-6-12h
[Bpgp-7
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Figure 3.5 Yield of NPE, BP, andside-products of samples synthesized in PBM.
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still lead toNPE in 99% yieldlBpewm-4, conversionl0®%, diphenylated ethylenediamine 1%) due to the
basicity and excess of the reagdfi itself. Omitting the Cu catalyst instead ga8#® in 96% yield
(IBpem-5, conversionl0®%b terphenyl £6). With this, théBP formation is clearly not Cu mediated and
thus follows not the Ullmann reaction pathway. A catalytic variant is unlikely as wslhce no
reducing agent is present. Instead, the reaction is performed in ambient air, providingidative
atmosphere Transferring the approach to solution environmenagg no conversion after 24 at
reflux in isopropanol (IBorl). Hiding the EN ruled out the Ullmann condensatiomut also did not
give BP or another product(IBpem6) after 30min milling time. Overall, the necessity of Cu catalyst
for C-N coupling is poven. The CC coupling is not a classical Ullmann reaction but requigdsin a
role to be determined.

The unclear function ofEN was first thought to accelerate thBP formation via LAG. Thus, the
milling time of the reaction withoutEN was prolongedGoing to 2h of milling, trace amounts (<1%)
of BP and iodobiphenyl were foundIBrew6-2h, conversion <1%increasing t019%BP and 23%
iodobiphenyl (conversion 42%jter 5h (IBpen6-5h). Finally raising the time to 12h gave >999%BP
(IBrem6-12h conversion 100Y0However, low intensity was observed atmhger phenylenes might
have been missed in GEMS analysesThus, EN is not essential to th&P formation but strongly

facilitating it.

Table 3.4 Samples obtained by coupling i andEN in PBM and in solution.

Sample Reagent Cu source Base Miling  Conversion Yield Yield
material /% NPE /% BP /%
IBpem-1 EN Powder  KOH + AbO3 Steel 99 85 3
IBpem-2 EN 7x15mm  KOH + AbOs Steel 90 77 6
ballda!
IBpem-3 EN Powder KOH Steel 100 >99 -
IBpam-4 EN Powder KCI Steel 100 >99 -
IBpem-5 EN - KOH Steel 100 - 96
IBrem-6 - Powder KOH Steel 0 - -
IBpam-6-2h - Powder  KOH Steel <1 - <1
IBpem-6-5h - Powder KOH Steel 42 - 19
IBpem-6-12h - Powder KOH Steel 100 - 99
IBpem-7 EN Powder KOH wC 100 >99 -
IBpem-8 EN Powder  KOH ZrO2 100 92 8
IBpem-9 EN Powder KOH ST\ 100 - 54
IBpem-10 EN 7x15mm  KOH Steel 100 - 71
balld®!
1B sor-11¢] EN - KOH - 0 - -

[a] Abrasion 526.8ng / 0.48%3! Abrasion4465 mg /040%.[< Reaction was performed iiso-propanol at reflux for 24.
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3.2.2 Roleof Milling Material

The former used grinding auxiliary ADs has a highhardness Vickers hardnessl1750HV,
3.95g cmr3)[12:2371 compared tothe steel milling equipment (708V, 7.7g cnd)21 what might
influence the reaction course. To substantiate this hypothesis, milling materials of different hardness
and densitywere tested Milling balls and vessel of WC-{0D0HV, 14.3 cnm3)211] yielded >99%
(IBrem7, conversion 10@) and lighter ZrQ (12MHV, 5.7g cnr3)[120.2381 9204 of NPE (IBpem8,
conversion 10%,BP 8%). Switching to S\ (1750HV, 3.25y cnrd)l120.21resulted in 549%8P (1Bpam9,
conversion 10%) plus the yet unobserved azobenzene (A€3pposedhas homocoupling product of
intermediary formed aniline However, the inensities were lower compared to equally prepared
GCMS analyses, indicating lower yields for bothcaadditional products that couldot be detected.
Utilizing soft but heavy 15nm Cu milling balls (7a10HV, 8.93y cn3)[235.236lin a steel vessel again
favouredBP in 71% yield (IBsv10, conversion 100%). The higher energy input due to the bigger

milling balls facilitated side reactions that formed azobenzene (11%) and terphenyl (18%).

In sum, the heavy milling materialsteel ard WC selectively facilitate the -G coupling with
guantitative yields. Usingjghter ZrO> gives both EN and GC bond formation with strondgavour of

the aminationwhich is similar to AbOs. Thelightest but hardest materigiNa4 solely resulted inC-C
coupling and significant amounts of azebhzene whose formation pathway remaingclear. This
underlines the influence of the energy input and transfer, which is strongly connected to the milling
materials characteristics.

3.2.3 Rde of Ball Mill and Cu Catalyst Application

The energy input was already outlined to play a crucial role that can also be altered by the type of ball
mill used for the reaction. Thus, the reaction was transferred to the MBM, using\ 222.0mmol,
leq)IB, 401 16.0mmol, 30eq) EN, 128mg (2.0mmol, 1.0eq.)Cu powder and 2.§ KOH together

with two milling balls (10mm diameter) in a 2BL milling vessel. Milling the reaction mixture for
30min at 30Hz resultedNPE in >99% yield for both steel and Zz@illing material (IBusm-1 and 2
conversion each 10Q%o sideproducts were found)The changedenergy input in MBM compared to

PBM seems to shift the selectivity entirely towarddNCcoupling.

This encouraged a new attempt towards direct mechanocatalysis, replacingettesteel milling balls

by Cu balls (1@nm diameter) wihout additional powder catalyst. This yielded 33%NSfE (IBmewm-3,
conversion 33%). The low hardness and weight (4.08 g) of these balls caused a strongly reduced yield
combined with high abrasion d39.3 mg (1.70%gwitching to one Cu milling ball of 16:1m diameter

(15.8 g, abrasion 62.5 mg / 0.40%) altered the outcomeZdnmuplingbut BP in 94% yieldlBvew-4,
conversion 10%) pluss% terphenylSubsequently, milling balls witthe smaller dieneter of 10mm

but made of theharderCu alloys bras¢Cuzn36, 12A55HV)23°land bronzgCuSn8, 120 75HV)240

were tested. This resulted in the formation of sol&@# with yields of 91%IBwewm-5, conversion 91%
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abrasion 5.8ng / 0.13%with brass and >99%Byew-6,conversionl0®so, abrasion 1rag / 0.03%with
bronzeballs Again, the influence of energy input is demonstrated, switching the selectivity simply by
using a heavier milling ball of the same material (Cu) or harder milling balls of comparable mass (brass,
bronze). Thusthe GC coupling is facilitated while simultaneously the i coupling is slowed down
because of less aWable Cu from abrasion thamdm addedpowder catalyst.

At this point, increasing corrosion of the steel milling vessels was observed due to theydtases
KOH andEN. To prevent theleachingof metal ionsinto the mixture and affecting the reactiotr
although not observed so fdrfurther experiments were conducted using Zr@illing material that

has evinced identical performance in MBM

3.2.4 Roleof Base

The non-basic KCI instead of KOHaveNPE quantitatively in PBM(see IBem4) and the same result
was observed iMBM (Bwew-7). However, different bases were evaluat&dCOz yielded99%of NPE
(IBvem-8, conversion 10%).Instead,potassiumtert-butoxide KOtBuU) lead to 92% oBP (IBvew-9,
conversion 10%, 8% terphenyl). Using NaOB\gw-10,3%BP, conversion 4%) or CsOiBfem-11,
2%BP, conversion 2%generallyshowed low conversionpreferably toBP, although both contained
traces ofNPE (<1%,) iodobiphenyl and terphenylThis implies acceleration of the-C coupling with
increasing basicity. Competitively, the basicity is not pivotal foiNCoupling but the catiorto form
a matching ion pair with odine. Although fromhard and soft acids and basd4SAB principle
recently discussed in mechanochemistgesium should be preferrééf24llthis particular reacton

systemfavourspotassium as catian

Without Cu catalystKOH interestirgly gave guantitative yield oBP (IBusm-12.1)which does not fit
to the basicity course. To rule oaatalysingimpurities, different batches of KOH were tested, all with
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Figure 3.6 Yield ofNPE, BP, andside-products of samples synthesized in MBM.
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the same outcom@Buem-12.2 to 12 NPE yield >99%, conversion 100%0 reaction occurred when
Cu was omitted plus KOH replaced by K@vem-13) Therefore,an additional base is necessary for

C-C coupling andhe HSAB principle might alshaveaninfluence

3.2.5 Roleof Ethylenediamineand lodobenzene

The prdiminary role of EN in the Ullmann condensatiois the nucleophilic coupling partner fdB.
Dodecylamine, cyclohexylamine, aniline and phenol as alternative nucleopfiBggv-Real to 4)
gave no result. Thu€N might also activatehe Cu catalystby acting as ligandn the GN coupling
Since no G&C coupling occurred either, it has additional functionality likewise in this pathway.
Consequentlyalternative complex ligandwere tested ithout Cu catalyst Reactivity, however poor,
was ony observed wherusing 1,2propanediaming9%BP, conversion 9%lBvev-Rea5). Various
amines (1,4 exaneliamine, 1,8octanaliamine, triethylamine, cyclohexylamine, anilindgtrabutyl
ammoniumchloride as phase transfer catalyat typical complexing agest(N, N, {ie&amblidyt
ethylenediamine, phenanthrol@ ethylene glycol, glycerol) did nomediate the BP formation
(IBusm-Reab to 15)

Subsequently, the halide scope in theQCcoupling was evaluated, again without success for
4-iodoanisole, 4odonitrobenzene, -4odopyridine, 4bromoiodobenzene and bromobenzene
(HAmBwM-1 to 5) Altogether, loth Ullmann condensation an@-C coupling remain confinedo the
system containindB, EN, and distinct potassium bases pltmvards GN couping Cu powder or

milling balls.

Table 3.5 Samples obtained by coupling 8 andEN in MBM.

Sample Cu source Base Miling  Conversion Yield Yield
material /% NPE /% BP / %
IBmem-1 Powder KOH Steel 100 >99 -
IBmem-2 Powder KOH ZrOo 100 >99 -
IBmem-3 2x10mm Cu ball& KOH Steel 33 33 -
IBmem-4 1x15mm Cu balP! KOH Steel 100 94 -
IBmem-5 2x10mm brass ball§ KOH Steel 91 - 91
IBmem-6 2x10mm bronze ball§! KOH Steel 100 - >99
IBmem-7 Powder KCI ZrO; 100 >99 -
IBmem-8 Powder KoCOs ZrOo 100 99 -
IBmem-9 Powder KOtBu ZrOo 100 - 92
IBmem-10  Powder NaOH ZrOo 4 - 3
IBvem-11  Powder CsOH ZrO; 2 - 2

[al Weight per milling ball 4.08) (density 8.93 cn3), abrasion 69.61g / 1.70%b] Weight per milling ball 15.8 (density
8.93g cn3), abrasion 62.5g / 0.40%4¢1 Weight per milling ball 4.42) (density 8.4% cnv3), abrasion 5.&1g / 0.13%.
[l Weight per milling ball 4.04 (density 8.7¢ cnv3), abrasion 1.2ng / 0.03%.
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3.2.6 Discussion

In total, the reaction system of millind3 andEN together with a base and a Cu source evokes different
conversions and hence products. These compBiBe NPE, and azobenzene and tlsuformation of

C-C, GN or N=N bonds.Thefollowing statements aggregate the results of gtady so far.

() The GC coupling towardsBP (Equation19 proceeds Cu free and therefod®esnot follow the
Ulimann reaction pathway. A possibly catalytic variant with an active impurity is unlikely due to
reproducible resultsisingdifferent batche or purity grades and lacksraducingagent in the ambient
atmosphereAlternative ligands toEN should have promoted this pathway as well.seems more
likely that there isa radical pathway due to facile -Cbond dissociationFurthermore, radical
mechanisms were often reported for mechanochemical reactii’2424¢l Formation of benzene,
iodobiphenyl and terphenyl traces while no conversion occurred with added ascorbic a&cid
scavenge(IBuem-14)or in solution (IBsor1) supports this hypothesis. Light but hard milling materials
favour this conversion due to bettemergy transfer to the reaction mixturdHowever,the Cu alloys
brass and bronze giv8P although theirhardnesss lowerthan of all other milling materialsexcept
Cu itself This might originatefrom low abrasion and consequently less available Cu #havsdown
the C-N coupling. Other substrates thanB do not undergo the homolytic bond cleavage and no
homocoupling product is formedlhe tested disubstitutedryl halides have more polar-Cbonds
owing to mesomeric and inductive effects of the secondary substitdatdissociation of the more

stable GBr bond in bromobenzene the energy input is not sufficiéf,
KOH, EN ,
O- - oo

Potential radical pathway
1B BP

Still unclear is the role odEN and KOHin the G-C coupling. Complexatiowould be only provided by

EN whereas other ligands were not suitableufihg the course of the study different batches were
used, contradicting catalytic impuritiegll) Due to the ambient conditions, oxidation &N might

give reactive intermediates although in @@S analyses no such species couldidentified. The
functionality of the base is assumed to mainly provide the potassium cation and harsh conditions in
combination with the basi&N. Otherwise NaOH and CsOH win have given higher yields. All in

all, the nature of theBP formation requires further extensive investigation.

(I The GN coupling towardsNPE (Equation20) most likely follows the CucatalysedUlimann
condensation pathway. Whereas high amounts of $2em beneficial, additional base is not required
with excess of basiEN as reagent(lV) Primal evidence towards a direct mechanocatalytic protocol
was revealed by using Cu milling balls of d&Gn diameter. The harder alloys brass and bronze
apparently equire longer milling time for &N coupling as mentioned befor&his is supported by

findings from the Suzuki coupling (see Chap®&f), showing activity of the milling balls themselves
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but on cost of increased reaction time compared to metal powder catéif)sgtiowever,the fasterBP
formation must be efficiently suppressed to continue this route. In general, the reagent system herein
was confined tdB andEN in favour of the GC coupling investigation. Further studies should tackle
this limitation, (VI) supposedly giving broad scope fdhe direct mechanocatalytic Ullmann
condensation.

& ’
EN (3 eq.), Cu (cat.) N
{ - ———— [y T 20

Potential radical pathway

IB NPE

The azobenzene formatiofEquation2l) occurred merelyith very hard or heavy milling materialy
namely SeNs or 15mm Cu balls in a steel vessgland was not pursued. Consequently, explanation
thereto is scarcely possibl€VIl) Imaginable is apathway via GN coupling and subsequent
degradation toaniline as intermediatdollowed by Cucatalysedoxidative homocoupling to give
azobenzen&48249However, thisis gill a hypothesisandremains an open field of study.

SisN @ ,
O =2 oy e

1B EN Azobenzene

3.2.7 Open Questiongnd Outlook

The most important unanswered question from thiesestigationis: What is the reaction course of
the GC coupling(l)? To tackle the radical pathway hypothesis, the energy input has to be reviewed
since & energy inputthreshold would be required for homolytic € bond cleavageThis can be
realized on one hand via reduced milling frequermeymilling ball size thatmfluencethe energy input
(see ChapteR.2.2. On the other hand, the temperatuirgfluence can be evaluated througieoling of

the milling vessel. Below a critical energy input, tB& formation should be suppressed and allow for
selecive GN coupling. The temperature path would @vouredin order to pdentially sustain the
Ullmann condensationHowever, in classical environments this needs harsh conditions and might
likewise dwindle. Subsequently to clearing theCQcoupling pathwayfurther mechanistic studies
could reveal the specific roles &N and KOH(II) . Finally,if one can controlhe reaction course and

outcome:ls polymerizationtowards PPP or related materials accomplishable?

With regard to the Ullmann condensation the maijuestion isMay the BP formation be effectively
suppressedV)? If this is possible by the milling parameters, adverse effects might impair the C
coupling as well. More facile could be the substitutionIBf by bromobenzene thagave no BP.
However, te lattersubstrates usually less reactive in the Ullmann condensation. Achieving selective
C-N coupling unveils the questios complete arylation oEN possible? Therefore, the stoichiometry

has to be changed to excess of aryl halide whereas hittgeftdd excess dEN was used. An additional
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Open questions

Current status

What is the reaction course and mechanism of the
BP formation?

Is polymerization towards PPP possible?

Hints obtained towards radical mechanism

BP and trace amounts of terphenyl were reached

May the BP formation be effectively suppressed?
Is complete arylation of EN possible?
What is the substrate and reaction scope?
May direct mechanocatalysis be performed with less

abrading alloys and what is the reaction mechanism?

Some reaction systems provide selective C-N coupling
Monoarylation and trace amounts of diarylation obtained
Restriction to C-N coupling of IB and EN reaction system

Direct mechanocatalysis demonstrated with Cu balls

What is the origin and synthetic pathway of

Confined to very hard or heavy milling material

azobenzene formation?
\ J

Figure 3.7 Open questions and current status of@G GN, and N=N coupling.

base would be mandatory. Expanding on thidat is the substrate and reacti@tope(lll andVI)?

This includes overall aryl halides, alternative amines and could be generalized to N, O, C, S, P, Se
nucleophiles. The plethora of Ullmann condensations shown for classical condit{ses
Chapter2.3.2is equally thinkable in the solvent free environment of ball millke Cu catalyst should

be reviewed with regards to reducing tteemount of Cu powder. But more importantMay direct
mechanocatalysi of the Ullmann condensatiobe performedwith less abading alloy milling
materials and what is the reaction mechanightt and V) ? With this, a pathway towards green and
sustainable Ullmann condensation would open up and further strengthen the stdt@s among

catalytic coupling reactions.

The last question refers to the azobenzene observed vétly hard or heavymilling material: What

is its origin and synthetic pathway(VIl)? Therefore, focus on this product is required that
overextended the scope of this worRlind experimentsfocusingon SiN4 milling balls and vessel
should be conductedln situ monitoring may provide insights but is difficult to implement.
Transparent polymer vessels (PMMA, PFA) seem unsuitable due to their low hardness. Alternatively,

an SgN4 vessel equipped with aaptical windowmight enable the gaining of insights

Amalgamatedthe studyon the presentiodobenzenethylenediaminecopperbase reaction system
showcases the impact of milling parameters and demonstrates the huge margin offered by tiese. T
complex Inkage of concurring reactionwaswithal scarcely scratcheduperficially. Digging deeper
into these is claimed to offer broad synthetic applications of mechanochemical and direct
mechanocatalytic reactions. Furthermore, elucidating the depicted systernaetprio understand the

processes and mechanisms occurring in a ball mill.



Results and Discussiol| 37

3.3 Glaser @upling’

The Glaser coupling is an efficient tool towards symmetric-diyghes whosebenefits hae been
recently outlined (see lapter2.3.3. However, the green potential of the Glaser coupling
depreciated either by solvents in classical pathwaysbgrtoxic and environmentally heardous
additivesin mechanochemical synthesagile many known protocoldack catalyst recyclabilityin
general A direct mechanoatalytic approachmay overcome these issueasnd its development
(Figure3.8) will be outlined in the following chapterdMoreover, the above discussed Suadipling,
and Ullmann reaction proved able to use simplewder or bulkmetal catalysts whereas theCu
powderappliedin the mechanocbmical protocol by Schmidit al. was not suitablé4 This challenges
the capability of direct mechanocatalysis with regardttee Glaser coupling and beyond to further

potential applications.

3.3.1 Direct Mechanocatalytic Glaser Coupling

As a starting point, the experiments of Schmidt ePdland Oltermani#>?were reproduced using the
Retsch MM400 MBMn a typical synthesis, two milling balls (diametetOmm) were placed together
with 55A L (ol BA) phenylacetylene and 3@ (21.7mmol) KoCOz as base and bulking material
in a 25mL ZrQ, milling vessel and miéd for 90min at 30Hz (for detailed procedure s&€&hapters.4
characterizationis provided in Chapterg.3.1and 7.3.4. In case of powder catalysts mdl% were
addedand two ZrQ milling balls were usegdgiving 43%f 1,4diphenylbutal,3diyne OPB) with Cul
catalyst(DPB1).% Most importartly was confirmed thatCu powder is not capable of replacing the 'Cu

salts in this reaction, although the milling time was extended tardf (DPB2). This was expected

State of the Art: This Work:
N\__Conventional N\

Mechanochemical Direct mechanocatalysis
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Figure 3.8 Evolution of Cu catalyst in the Glaser coupling of phenylacetylenes towards direct anechatalysis using C
and Cu alloy milling balls and vessels.
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* Parts of this chapter were literally adopted from my publicatiéf®! This work was furtherbasecbn the master
thesisof Maike Oltermann from 08/2019 to 03/20%2%} which | supervisedSomeo f t h i expetinteets i s y
were herein repeated to eliminate the influence of oxygen deficiency in the reaction migges=Chapteb.4.).
Furthermore, the workup procedure was changed to achieve higher reliability, causing different reguits.
overview of all conducted experimentgth indication of the repeated experimenis provided in Chapteb.4.3

& |n spite of the changed setup, this yield coincides with the one reported by Schmidt®&taithough their

milling time was merely 1@nin. Moreover they determined the yield via G®IS whereas in this work a fast
evaporation of remaining reagent was observed that might tamper the outcome. Therefore, herein a gravimetric
method was chose(see Chapteb.4.).
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Table 3.6 Direct mechanocatalytic Glaser coupling using catalytic milling balls.

Sample Ball material Vickers Weight per Total abrasion of  Yield / %
(Cu content / wt%) hardness of ball / g balls / mg / %
milling balls
DPB-1@  ZrO;(0) ~1200 3.19 0.3/<0.01 43
DPB-2IPl  ZrO; (0) ~1200 3.19 0.2/<0.01 0
DPB-3©  Cu (100) 70110 4.08 302.7 /1 3.70 47
DPB-4[  Bronze (92) 120175 4.04 2.3£0.3/ 52+1.3
0.03+ 0.003
DPB-5 Brass (64) 120155 4.42 8.0/0.09 53
DPB-6 Monel (30) 2106336 3.83 16.6/0.21 17
DPB-7 Ni (0) 90-130 4.67 41.6/0.49 3

[a] 9.5mg (10mol%) Cul added as catal{®t3.2mg (10mol%) Cu powder added as catalgistdapted from[250 with
0.5mmol PA instead of 2.0nmol.[d Repeated fronf?>0 with different results due to changed work up procedure.

but dishearteningnonetheless, sincthe studies of the Suzuk#>! and Ullmanii'83 reactiors showed

that metal powders could indeed act as catalysiso see Chaptezland3.2.

Nevertheless, in an attempo transfer this reaction into direct mechanocatalysige ZrO, milling
ballswere replaced by two 16 im Cuballs(segrigure5.3). With this,DPB in a 46 yieldwas observed
(DPB-3). Thereby, a direct mechanocatalytic Glaser coupling witl &uplied as milling ball catalyst
was enabledalthough typically Cland CU salts are used?lus, the yield slightly exceeded the one
obtained with Cul catalyst, proving the direct mechanocatalytic approach benefld@kever, Cu
balls, expectedlyproduced enormous abrasion (302.7 mg) over the course of tharfie reaction
and consequentlproved too soft to be considered suitable catalysts. To mitigagedrawback while
keeping the direct mechanocatalytapproach,the milling balls were turned to ones olfiarder and
readily availableCu alloys!?>% The screeningwas startedwith milling balls made of bronze (CuSn8).
This approach led to a higher yield of 52% while reducing the abrasion by a factor dDRE31). In
order to verify the reproducibilitythis experimentwas repeatedive times with comparable results
(52+ 1.3%)Oltermann alreagl conducted a cycling studwith the same milling balls and reduced
milling time of 20min (33+ 1.9%6) Both show only slight variations and showcase ttleroducibility

of the protocol.

Satisfied with the performance of bronze, other alloys were studied. Brass (CuzZn36) balls @uth a
content of only 64wt.% showed little abrasion (8.0 mg) as asd comparable yieldf 53% (DPB5).

In order to further reduce th&u content Monel K 500 (NiCu30Al, 30wt.% Cu) balls were employed
but the yield decreased to 17% and the abrasion was also slightly hith&mg, DPB-6). Since the
effect of the allojng metals cannot be ruled out at this point and Ni is knowndatalysethese

reactions in solutio*251.2524|so Ni balls were tested. These balls merely yielded 3%-{)BBd also
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caused high abrasiorf41.6mg). Therefore,Ni catalysts turned out inappropriate in this direct

mechanocatalytic protocohnd theCu appears to be the active commpent.

3.3.2 Screening of Reaction Parameters

After establishing the feasibility, several reaction parameters vgereened for the bronze system. In
a first stepthe milling time was varied and after 2@in milling DPB was isolated in 2% vyield
(DPBt-1, repeatd from!25%) and with 180min of milling 61% could be isolateBRBt-3). However,
no quantitative yield could be reached orby extending the reaction time. Instead, with prolonged
milling time of 300min the yield decreased to 40@PBt-4) and further on b 29% with 48énin
(DPBt-5), meaning the degradation of produ€@PB. The longer milling time inadvertently also
caused higher abrasions.

The investigation of different basegas already done by Oltermar#® However, it was repated due

to the changes in the reaction procedure with sufficient oxygen in the milling vessel (see
Chapterb.4.), giving comparable resultflable5.15 DPBb). Reactivity wasshown besides BKCOs
solely for RbCOs (52% DPBb-7), C2COs (52% DPBb-8), and KQBu (46%DPBb-11). Carbonates
with smaller cations (LICOs3, N&COs) as wellas KHCGs did not facilitate a conversion. Even with
more basic salts like 0, and KOH no product was obtainedlso, the mechanochemically

established KFand potassium acetatd(QAC) as second in@anic salt were not suitable.

Another key parameter in mechanochemistry is the filling amount of the milling vessel since with
lower reaction mass the free path length of the milling balls and therefore the kinetic energy is
increased, likely pushing theonversion further (see Chapt&2.2/%21 Anyhow, with reduced
amounts of 2.@ KoCO;z (52%, DP#-12)the yield remained unaffected whereas with §.8:COs the
output is diminishedto 37% (DP#-13) For the base is still provided in excess, this should not
influence the reaction. Instead, the evaporationrefgent (seeChapter5.4.) might explain this
behaviour The higher energy input with lower base amounts also caused increased abrasion,

revealing these approaches infeasible.

The variation of the standard protocol byther parasubstituted phenylacetyleneeagents
(4-bromoethynylbenzene, BEB and  4ethynylbiphenyl, EBP) vyielded 2%  of
1,4bis(4bromophenyl)butal,3diyne (BPB) and 42% ofl,4di([1,1-biphenyl]-4-yl)buta-1,3diyne
(BBB). This alteration between theeagentss in line with the reactivity reported in the literatur&>3
although the overall yields are lower on the basis of the methéldo, these yields aréower than
from Oltermanni25% but claimed moreaccurate due to the gravimetric yield determination instead of
calculation from!H-nuclear magnét resonance NMR) spectra Moreover, an attempt towards

polymerization of 1,3/8riethynylbenzene TEB) was carried out but with no result. Only traces of
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" Interestingly, for both Monel and pure Ni balls no side reactions known from Ni catalysis occurred, such as
cyclotetramerizatiof8.28lor hydrogenation11.113]
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bright yellow insoluble solid potentially poly(1,3,8riethynylbenzene) PTEB), were found whose
mass was too small for isolation and characterization, indicating thessity of specific optimization

for polymerization.

Altogether, the screening experimenproved the robustness of the direct mechanocatalytic Glaser
coupling towards the examined influencing parameteihe established system can now be
investigated further in order to answer several key questions relating to direct mechanochemical

reactionswith alloys as catalysts and in general.

3.3.3 Catalytically Active Milling MaterialsRWhat needs to be made out dfiem, the

vessel, the ball or bot/?

To tackle thisquestion bronze milling ballsvere combinedvith a bronze milling vesseadccording to
Oltermannri?5% (seeFigure5.4; only one milling ball was used, due to the smaller vessel sizepé&il

was obtained in 61% vyield PPBv-1, Table3.7). The equal hardness of milling ball and vessel
(126175HV)24 resulted in a low abrasion d8.8mg (combined vesselballs). If only the vessel is
made out of the active material and the balls out of the inert Z¢€120HV),1120-238khe yield reached

71% DPBv-2). The total abraion was also rather low at 5rig (despite the harder Zrgballs, the
vesselsvere well reusable, see Appendtigure7.22). Consequently, milling vessels made of a harder
aluminium bronze alloy (CuAl10Ni5Fe4, Aronze,176220HV 254 seeFigure5.4) were tested The

yield and abrasion of the Abronze vessel with a bronzealh of 63% PPBV-3; 3.5mg abrasiol is
comparable to the bronzkeronze system while, finally, milling with a Zréball in the Akbronze vessel
resulted in the secontiest yield of 67%DPBVv-4) with strongly reduced abrasion (OrBg combined
vessel and &ll). These results prove that an increase in catalytic surface is beneficial for the reaction
while a harder material leads to a higher energy transfer and is desirable especially for the ball. If
feasible, a catalytically active milling vessel with indxlls seems to be preferable. Furthermore, the
strong influence of milling material known from mechanochemistry holds true for direct

mechanocatalysis the Glaser coupling systef¥

Table 3.7 Catalytic activity of milling balls vs. vessels.

Sample  Vessel material Ball material ~ Total abrasion vessel and balls/  Yield / %

mg / %
DPB-v-1 Bronze Bronze 3.5/0.001 61
DPB-v-2 Bronze ZrO; 5.0/0.002 71
DPB-v-3 Al-bronze Bronze 4.8/0.002 63
DPB-v-4 Al-bronze ZrOo 0.9/<0.001 67

Repeated fron?>0with different resuts due to changed work up procedur@u content of thealloy milling materials:
Al-bronze 81wt¥Bronze 92wt%.
B lblb 161616460616 1616461616 161616 1616 16 06 16 16 16 1 16 16 16 1o W6 16 16 16 16 46 16 146 16 46 16 16—

* These experiments were also part of the master thesis of Olterr#8#However, herein the protocol was
optimized bysealing of the selfnade vesseland thorough washout of the reaction mixturelhis altered the
results with improvedreliability. Thus, the outcome was rediscussed.



Results and Discussiol 41

3.3.4 Exploration of the Reactive Site

To verify the catalytic nature, experimentsere repeatedwith the bronze milling material replaced
by ZrO,, base substituted by KCI or under an inert argon atmospl{pfeBm-1 to -m-3).259 |n all
caseswith 0.5mmol PA no product was formegdconfirming the need of &u containing catalyst, a
base and oxygen in this reactio®Itermann already substantiateti¢ oxygen consumptiorwith in

situ pressureand temperatureneasuremers, despite a different milling setug

Since in classical reactions the catalytic cycle runs betweena@d Cl, control experiments were
performed to determine the involved Cu species in thieect mechanocatalytic approach. Therefore,
complex ligands were added to mask'Gpecies (1851g  iguingline-4 , -dicarboxylic acid; BCA)
or Cu' species{00mg ethylenediaminetetraacetic acid disodium salt dihydr&BTA), respectively
The used amounts of complexing agent representfaléd excess (with respect to the stoichiometry of
the complexation) of highest bronze ball abrasion when product was obtaiiadreas with BCA the
yield dramatically dropped to 3% and the characteristic purple [Cu(BICApmplex was formed
(DPBm-4; see Appendix Figure7.25),125% EDTA did not affect the reaction outcome significantly
(DPBmM-5; 46% vyield vs52% for standard®® Consequently, Ctioxidation state seems to be not

reached in contrast tthe classic reaction mechanism.

During the study, darkening/reddening and loss of shine of theonzemilling ballswere observedf

they were not used for someeeks, meaning the formation of cuprous oxide on the surface whereas
after a reaction the balls were bright shining (deigure3.9). Due to handling irmmbient atmosphere,

a nonvisible oxide layer might be also present after short time periods. In order to excluge &s
initial catalyst (Schmidt et al. eliminated CuO as possible catalyst in their W#yk Oltermann

performedthe aforementioned ball cyclingy intermediate reusaithout negativeeffect.250

While it was already established thafu powderis not catalytically activethe abrasion from the
bronze milling ballsvas also checked herefore the base with incorporated abrasion (70@ bronze
particles according tescanning transmission electron microscop$IEM and EDS see Appendix
Figure7.24) was recycled from theeference experimenfPB-4). To this 55AL (0.5mmol) of PA were
addedand the mixture was milled for 9fnin with two 10mm ZrG; balls. In this second cycle the yield

i Before After : Bronze ZrO,

7

Figure 3.9 A: Bronze milling ball dark and matte before the reactiefterwards it was bright and shiny. B: Bronze (DRE
and Zr& (DPBm-1) milling ball taken directly from the reaction mixture without cleaning. The bronze ball was blan
to adsorbed hydropHhuic intermediate whereas on Ze@he reaction mixture adhered.
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Figure 3.10 Setup ofin situ Raman experiments. A: Overview of the measurement setup using aB08T™BM placed in
safety box with horizontal pason of the Raman probe. B: Close up view of the Raman probe adjusted orthogona
facet of the PFA milling vessel. The laser beam is focused to the inner wall of the milling vessel with the aim of m
reagent band intensity. C: Close up viewaftinished milling, the reaction mixture turned yellow (DRB-9-i). D: Rama
spectra of reference compounds and the bronze ball surface immediately after finished reaction. InterrRédiateis
formed on the surface of the milling balbléo seeFigure3.9). Due to surface enhanced Raman scattering effect:
intensities are modulated. The band at 1@8® depicts remaining BCOs from cautious cleaning.

of DPB was only 3% PBm-6), which might be caused by insufficient washing of the balgs
excludes the abrasion as cause of the reaction. The only possible catalytically active site is thus the
ball/vessel surface. Tarther verify this, a bronze balbf the standard approactvas takendirectly

after the reaction and Raman spectware measureat variousspots. On several occasions a tdf
acetylene signal at 193fn! was observedvhich is in line with the literature reference of Cu
phenylacetylide PA-Cu)[?%¢l The formation of PA-Cu on the surface of the bronze ball as
intermediate species in thdirect mechanoatalytic reaction protocolwas thereby confirmedsee
Figure3.10D)." It was also prove that PA-Cu indeed couples t®PB when used aseagentinstead

of PA with 45% yield (DPBn-7). Even without bronze ball cataly&tPB was formed, however, with
lower yield of 31% (DRB-8).

3.3.5 Reaction Mechanism of the Glaser Coupling

To elucidate the mechanism, the reactismas monitoredin situvia Raman spectroscopy. Therefore,
the transfer of the reaction into a transparent 20L perfluoroalkoxy polymer (PFA) millingessel
with one bronze milling ballDPB-m-9-i) was required The reaction could be followed by monitoring
t he p(C—C) PAithdyappeai ab2dl€nr!arid mDPB at 2215 (Figure3.11A). While
PA was consumed constantly but not completdDB was formed after an incubation time of b@in
(yield 39%)This could be reduced torfin by utilizing two bronze ballsPPBm-10-i; Figure3.11B;

yield 42% Interestingly, no vibrations dPA-Cu at 193Ccnr! were detected in the situ experiment.

YoYoYo Yo Yo Yo Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Vo Yo Yo Yo Yo Yo Yo Yo Yo Ve

* PA-Cu was also formed spontaneously when Cu powder was impregnated ®Rihfor 24h in air (see
AppendixFigure7.26).
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Figure 3.11 In situ Raman monitoring and intensity profile of A: DPf-9-i synthesized with one bronze milling bz
B: DPBm-10-i synthesized with two bronze milling balls. C: DRB-11-i synthesized withPA replaced byPA-Cu as reagat
and one bronze milling ball.
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Together with the incubation time these two findings poitowards a heterogeneous formation of the
intermediate on the ball surface which is then convertedi®B in a second step.

To confirm this theory,again PA was replaced byPA-Cu. For ths experimentno incubation time
was detected@{PB-m-11-i; Figure3.11C; yield 41% Since catalyst, intermediate and energy impact
coincide on the surface of the catalyst milling ball, the direct mechanocatalytic approach provides a
high effectivity of possiblyreactive balwall hits and thus enables the Glaser couplindich is
impossible with Cu powder as cataly§thus, the catalytic cycle igproposed to starfrom CP, that
forms PA-Cu under oxidation by air. Further on, this couples wiBPA or a second edualent of
PA-Cu to form the desired produddPB under oxidation of the terminal acetylenic carbon while'Cu
is reduced back to QUEquation22). Therefore, the observed incubation time framsitu Raman is
inevitable to saturate the milling ball surfacgith PA-Cu. Finally, the formation of water as by
product from oxygen and acetylenic hydrogen wasalysedby Karl Fischer titrationof a reaction
mixture with KOtBu as basésee Chapteb.4.3. These measurements proved challengarglshowed

a substantial water content (6291.1mg HO) even in the blind experiment owing to the base handling
in ambient conditions. The water comie in the reaction mixture is significantly elevated to
13.1+ 1.1mg whereas with a yield of 46% only 2afy water should have been formed. However, the
higher difference may resulh water formation from deprotonated intermediate and water adsorbed
on the bronze milling ball surface. All in athis resultgives a farther hint tesubstantiate the proposed
reaction mechanisniEquation22).

Base e}
O="5[0=]—~0=—=0
+0, &"‘—[Cu"] + H,0
PA [PA-Cu] DPB

22,

3.3.6 Alternative Oxidant Supply

The oxidant plays a main role in the Glaser coupling. For this reaiother investigation targeted
the alternative supply of oxidant. It is known from literature, that the introduction of iodine proved
beneficial as additiVé®”] or catalyst instead of &£u species?®d Therefore, 6.4ng (5mol%)2lwere
added in the standard reaction protocol (D#®R)). It is charged to form intermediary-ibdoalkyne
that couples following the Cadie€hodkiewicz pathway(see Chapte.3.3. However, this did not
affect the outcome and yieldddPB in 50%.

Oxygen as usual oxidant is available only in certain amounts inside the closed milling vessel and

thereforeis a limiting factor. Accordinglythe reagentamount in the standard procedure was chosen
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* Exchanging the catalytic bronze milling balls by inert Zr@nd adding Culpowder catalyst still had an
incubation time of ca. in, which supports the reaction mechanism discussed in Chap&B8(DPBm-12-i,
37% vyieldAppendix Figure7.27). However, this does not contradict the heterogeneous pathway with bronze
milling balls as discussed above.
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to provide an excess ofAsee Chapteb.4.). In order to reach higher output in one bat¢he addition
of potassium peroxomonosulfat&KISG) as solid oxidant was tested, that is well established in
mechanochemical reactioff$:259.260For this purpose, an excess amount of 22¢2.0mmol) PA was
used while the other reaction parameters were kept unmodified. Interelstitige yields weresimilar
usingsolelyKHSG under inert atmosphere (19%; 32Q, 1.1eq KHSQ;; DPBo-2) or the combination
of KHSG and oxygen21%; 15&hg, 0.5eq KHSG under ambient atmosphere; DRB3), to the result
from Oltermann without KHSG under ambient atmosphere (19%89! This means no significant
advantage from the extra oxidandespiteits higher standard reduction potential (+1.85KHSQ261]
vs. +0.40/ OJ262), A reaction with ambient atmosphere and 32Q (1.1eq) KHSG added was
furthermore monitored vian situ Raman (DP®-4-i; 18% yield). This showed the sasmirseasthe
standard reaction except an initial increase of tAé intensity due to poor mixing of the pasty

reaction mixture in the soft milling vessel (see Appen#ligure7.28).

In a second attemptnore oxygen was provided by a pause of milliagery D min (total 90min
milling) in which the vessel was opened to exchange the atmosp{id& DPBo-5). However, this
again did not improve theeactions output,presumablydue to evaporation oPA (seeChapter5.4.).
With further increased amount dPA (440AL; 4.0mmol; DPBo0-6-i) the yied droppedto merely 5%
while the reaction mixture got pasty and caused poor mixing and milliagyway, the solid and
therefore better processibBEB gave the samgield (5% BPBo-1-i)."

Finally, the bronze flow vessel approach of Oltermann was conful#®! Therefore, the in house
made bronze milling vessel with two screw connected tubes was reused, flushing synthetic air through
a reaction approach with 50mig (0.28nmol) BEB reagent during milling.BPB could be isolated in

75% yield(BPBo-2) whereaswithout flushing in a bronze vesse(BPBo-3) only 44% yield was
obtainedIn sum, Q proved as oxidant of choice in the direct mechanocatalytic Glaser couplimgeW

an interrupted and opened reaction will not start off again, it is applicable for d sedigentto provide

oxygen and pressure compensation during milling and thus, the output can be greatly enhanced.

3.3.7 Green Metricsand Sustainabilityof the Glaser Coupling

In the end of this chapter, the direct mechanocatalytic Glaser coupling is tevhbatedtowards
green chemistry and sustainability asped®enerally, itprovides highAE of 92and simply water is
formed ashy-product Thissurpasses the Cadi@hodkiewicz coupling (AE 71,Equation17) as most

common alternativeroute that besidesyields quantitative amounts of toxic and gaseous hydrogen
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* Reactions DP®-6-i and BPBo-1-i were also monitored vidn situ Raman (see Appendikigure7.29 and
AppendixFigure7.30.

& As likewise shown folDPB the yieldof BPB in a bronze vessé4%, BPB-3)is elevated compared to the use
of two bronze balls in a Zremilling vessel(30%, BPB)
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Table 3.8 Green metrics of the Glaser coupling calculated for conventional, mechanochemical and direct mechanoc:
syntheses.

Type Conventional Mechanochemical®4  Direct Mechanocatalytic

Sample code Entry 132631 24194 K2COs Entry 4 DPB4 DPBv-4

Catalyst Cul Cul Cul Cul Bronze balls Al-bronze
vessel

Yield / % 99 93 43 99 52 67

Reaction 183240 120 10 10 90 90

time / min

AE 92 92 92 92 92 92

Power input 10 10 80 80 80 80

/W

EEC/ 350 213 77 33 2282 2903

kwh kg-t

Ml ¢ 11.3 88.6 52.5 22.5 116.1 90.1

MP¢ 8.9 1.1 1.9 4.4 0.86 1.1

Ml ¢ 196 2847 567 246 526 385

MP 1.42 0.64 0.18 0.41 0.19 0.26

EcoScale 45.5 37.5 46.5 69.5 70 77.5

[a] No masses of chemicals used during workup and purification were available. Therefore, the amounts were estir
(for details see Chaptér.4.2.

halides’ Confined to the Glaser couplinghe direct mechanocatalysis is comparedstdution-based

and mechanochemical protocols

First of all, theenergetic requirements were assestseeTable3.8). Washing and isolating procedures

are claimed to have similar energy requirements and therefore raveincluded Conventional
syntheses showed loECof 350kWh kg (Singh et al?83) and 21&Wh kg?® (Li et all*®4) that is

even undercut by themechanochemical reaction{ and 33kWh kg?). In contrast, he direct
mechanocatalytic approachesxceeded this byfar, respectively 228RWh kg?! (DPB4) and
2903kWh kg (DPBv-4). While the conventional aths mainly benefit from theRT reaction
conditions without energy intensive heating, the advantage of mechanochemical synthesis is the short
reaction time. Both criteria were not matched by direct mechanocatalysis. Moreover, the small batch
sizefurther deteriorates the balance and turnsubfavourablefrom the energetic viewpoinbn this

scale

Evaluation of the process mass shows wide variation, solely regarding the chemical conversion. The
conventional synthesis of Singh et al. has the significantly highesi ®B.9due to the small amounts

of utilized solvent Less mass productive are the chanochemical conversions subordinate to their
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*However, theCadiotChodckiewicz mupling enables asymmetric diynes that cannotdadecively accessed via
Glaser couplingsee ChapteR.3.3.
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yield (KoCGs, 1.9; Entry 4, 4.4) and the lowest MiRas calculated for direct mechanocatalysis and the
conventional route by Li et al. (MP0.86(r 1.1, seeTable3.8). All ball milling protocols instead
contain excess base/grinding auxiliary with high density. Furthermore, the closed milling vessel limits
the batch size in contrast to an open flask that alosupply of sufficient @through air exchange.
Involving the workup procedures taeterminethe total processMP; (for details see Chaptér.4.2

gives valuesin a similar range for all protocol¢see Table3.8). These results (although merely
estimated for conventional syntheses) show the strong impact of workup and purification, adding up
to approximately 70 to 90% of the whole process massaatmhsibly diminishing the advantage of

the conventional reactions.

The EcoScale is less dependent on the absaluteunts of all process chemicals and thus allows more
just evaluation Even though the direct mechanocatalysias amonghe lowest MR, in theEco®ale
assessmerit achievedthe highest rating of 77.@0DBRv-4, excellentDPB4, 70 acceptablethanks to

the entire avoidance of hazardous chemicadxcept thereagentPA itself. The mechanochemical
synthesis with DABCO has alightly lower butacceptabl&coScale @35. All other protocols merely
attain inadequatg37.5- 46.5, sedable3.8) due to the poor yield (mechanochemicaldQs) or the
various hazardous solvents used in the workup and purification throughout the conventional
syntheses (for details see Chap#8.3. In combinationwith MP, this means direct mechanocatalytic
approaches pragce similar amounts of waste to conventional and mechanochemézadtions,but

the toxicity of the waste is drastically reduced at least towards the syntheses compared herein that

were chosen amrding to their mild reaction conditions.

A major advantageof the direct mechanocatalysis is the easily reusalnld longtime stablecatalyst
system providedespeciallyby alloy milling balls and vessels. During the optimization study one set
of bronze balls was used for more thanI85f milling with less than 1% of total weight loss and no
decrease of catalytic performance after 30 reactitmsonventional and mechanochemicinthess

the catalyst is disposeidstead Although not quantified herein, improved sustainability of the direct
mechanocatalysis ithereforestated. However, to quantify this benefit, a whole life cycle assessment
would be required as even the EcoSaldes not considerecyclability of reagentsOn the other hand,
van Aken et al. encouraged modification of their initial parameters and penalty p&ifitdowever,
even the common EcoScathowed theadvantages of direct mechanocatalysis and deasigmew

parameters would surpass the scope of this thesis.

3.3.8 Conclusion

In a nutshell, a directnechanocatalyticGlaser couplingof phenylacetylenesvas developedysing
elementalCu and Cu alloy as milling balls and vessels in as little®&min with a yield of up to 7%

and no sideproducts. The use of common alloys like bronze increased the yield and reduced the
abrasion by a factor of 100 compared to the pGreThe best results were attained by a milling vessel

made out of the catalytically active metal in combination with inerilling balls.
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The reaction was successfully conducted for different phenylacetylenes whereas polymerization of
TEB was notfruitful. Supposedly, higher conversion rates are therefore necessary. This might be
implemented via the flow cell vessel setup.

Furthermorethe intermediatewas founddirectly on the milling balls and thus the milling tools as the
active sitewere establishedHence, the bronze milling balls outperform conventioall catalyst due

to the focusing of energy input and catalytic sifThis also explained the observed induction period
and the lack of intermediate in then situ Raman measurement@xygen was confirmed as most
suitable oxidant, whose crucial role was demonstratBahally, these experimentswere usedto
propose a mechasm for the directmechanocatalyti€&slaser coupling. The use of alloys significantly
broadens the scope of direct mechanocatalysis and opens up a concept of utilizing specifically tailored
catalytic alloys in cascade reactions



Summary and OutI004 49

4  SUMMARY AND OUTLOOK

In this thesisthe concept of direct mehanocatalysisvas establishedor metal catalysd coupling
reactions in ball millsTherefore Pd and Cu milling materials were successfully utilized as catalysts.
Especially the implementations with the Suzuki and Glaser coupling reactions gave excellent results.
By means of the Cu mediated couplinglBf, the limited effort towards direct mechanocatalysisas/
superseded by a sigeaction. However, insights were gained into the strong dependency on milling

parameters with the ability to switch between different products by small changes in the setup.

The first part of thisthesis focused on the Pd catadysSuzuki polycondensatigrwhose outstanding
importance in organic chemistry consequently led to numerous mechanochemical protocols using
catalyst complexes and salts, as well on molegwad polymer scale. Based on previous work, this
was explored on thgolycondensation of “alophenylboronic aciddowards PPP This polymer
material is insoluble and thus difficult to access via conventional pathwhya. first step Pd metal
powder was introduced as catalyBt a PBM protocalA screening of parameterevealed the best
result with a DP up to 79 using hard but lights8i milling material, 4iodophenylboronic acid
monomer and 4 milling time. Longer milling times and heavier milling material led to increased
yield on cost of the DP through fracturing gblymer. The versatility of this approach was proven by
coupling of 1,3,8ribromobenzene with phenylboronic acid to 1,3rfphenylbenzene. Upcycling of
isolated Pd waste is possible in replacement of the Pd black powder catalyst. Transfer to MBM is also
feasible. Subsequently, the catalyst was advanced to Pd milling balls in the MBM sgtinm
auspicious resultsigain, substantial influence of the milling material was discovered. Soft polymer
milling vessels reduced the abrasion of the Pd millingaline of the highest DPs (200) reported so
far was obtained in PTFE milling vessels. Furth@ights were gained via situ Raman and PXRD
monitoring. Mechanistic studiesould reveathe heterogerous nature of the reactiomnterestingly,

the additionof common complex ligands inhibited the reactidrhe green metrics for reactions using

Pd powder or milling balls reach better values than a compaddtion-basedorocess. Main benefits

are the low energy consumption and reaction time as well as facile catalyst separation and reusability
in case of direct mechanocatalystaiture experiments should target the current limitations. The yield
might get enhanced througfurther optimized reaction conditiond.AG also already proved versatile

in mechanochemical Suzuki couplings. Lowering the milling ball abrasion would further strengthen

the reusability and ease the product purification. Wear resistant Pd alloys migiviighe this.

In the second part, th€u mediated reactions associated with Fritz Ullmann were tacktadt are
immensely versatile in their accessible produdike classical Ullmann reaction was not realizable in
the ball mill. A mechanochemical Ullmanomrdensatiorof EN with 1B was successfully adapted and
developed towards direct mechanocatalysis with Cu milling balls. HoweBBrformation occurred
as side reaction that was hitherto not known in the balllmMost likely, it follows a radicapathway,

but further investigation is necessary to provide evidence. Strong influence of parameters like milling
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material hardness, bas@avourably potassium basespr additive impeded structured analyses.
Especially direct mechanocatalgsusing harder Cu alloy directed towards GC instead of GN
coupling. In return, alteration of theparameters allowed for swift and facile shift between the
products, reaching quantitative yields for bothltogether, the observations were restrictedI® and

EN reagents fo yet unexplored reasons.uRher investigation needs to resolve the reaction
mechanism of théP formation. When this is cleared, following studies are able to focus on either of
the reactionsit Ullmann condensation an8P formation. A huge variety of Cucatalysedcoupling
reactions would then open up, apart from the herein ugdd towards plentiful nucleophiles. Finally,
when GC coupling is subdued, direct mechanocatalytic Ullmann coupling is most likely possible using

wear resistive Cu alloys and thus irease sustainability.

The third part treated with the CiatalysedGlaser coupling that has importance in the synthesis of
natural products and porous materials for gas storage or photocatdk$i$2Although Cu powder

was no suitable catalyst, direct mechanocatalytic approach with Cu milling balls was readily
successful. Furthermore, Cu alloy milling balls increased the yield while the abrasion was réguced

a factor 0f10Q The feasibility of the protocol wagreatly enhancd and was at optimm (52% vyield,
2.3mg/ 0.03% abrasion) with bronze milling balisa next step, the type of catalytic milling material
was evaluated, whether milling balls or vesselade ofthe active alloy give better resultén inert,

hard ZrQ& milling ball in a caalytic milling vessel proved ideakith yields up to 71%plus lowest
abrasion Optimized reaction conditions were determined using carbonate bases of potassium or larger
alkali metal cationsduring 90min of milling. Longer reaction times did not lead tuantitative
conversion, instead they facilitated degradation of product. The Glaser coupling was also
demonstrated on other substrates. Alternative oxidants to atmospheric oxygen were ineffdatual.
situ monitoring showed an incubation timeluring which intermediary PA-Cu was formed.
Mechanistic studies verified the formation tife intermediate directly on the surface of the catalytic
milling ball, thus a reaction mechanism similar to accepted pathways in solution was propBged.
means of the Glaser cpling, the potential of direct mechanocatalysis was demonstrated, arising from
the combination of catalyst and energy input at the surface of the active milling matéiaen
metrics calculation gave results in between compared conventional synthesegeudqg the use of
hazardous chemicals was significantly reduced and cumulated to higher Eca&iiadss. Following
research should tackle the small batch size for higher throughput and energy efficiency. Furthermore,
the yield might be pushed further bynaoptimized flow vessel setup &fAG. 2D and 3D materials

appear obtainable and small amounts of added solvents might also act as porogens in the latter.

In all three surveyed reactions strong influersoef the milling materias, in particulartheir density

and hardnesswere illustrated. These characteristics modulate the energy input to the reaction
mixture. They are even more important within direct mechanocatalysis since the milling material
catalyst has to be robust, wear retsnt and thus reusable but without impeding the catalytic activity.

Furthermore, the destructive potential of this technique disclodedughout the Suzuki and Glaser
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coupling studiesParticular caution is required in the synthesis of insoluble subst&sor materia

which is the strength of mechanochemistry in general. Other parameters are alsgetdully
elucidated. Fundamental research in this area could provide better understanding in order to direct
and control sensitive reactions like tieéu mediated coupling ofB andEN in this work. In general,
enormous potential slumbers in mechanochemistry that is even less awakened in direct
mechanocatalysis. The unification of affordapyleusableand easy to handle catalysts with the milling
materialmay provide splendidly green and sustainable pathways. The general concegilsa huge

field of possible applications beyond the examples showcased herein. A plethora of cross coupling
reactionscatalysedby Pd, Cu, Ni, Pt, Fand other metalsould bedeveloped. In generany metal
catalysed reactionn a direct mechanocatalytic fashion onceivable. Moreover, alloys proved as
versatile catalysts in the Glaser coupling and outperformed pure Cu millifig.bdsing an alloyof

two or more catalyticnetals would open up onrpot multistep syntheseautilizing the same milling
material and simply changing the milling parameters or adding another readgenther on cascade
reactions in one batch are imaginable. All in all, direct mechanocatalysisaadibmpany us on our

way towards a sustainable civilization.

VAs for the future, gur task is notto foresteb ut t o enabl e it .V
Antoine de SairExupéryThe Wisdom of the Sand3itadelle,1948)
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S5 EXPERIMENTAL SECTION

5.1 Materials and Methods

5.1.1 Chemicals

Table 5.1 Chemicals used in this thesis.

Chemical CAS Number Supplier Purity
1,10Phenanthrolire 66-71-7 Merck for synthesis
1,2Propanaiamine 78900 Sigma Aldrich 99%
1,3,5Tribromobenzene 626391 Alfa Aesar >99%
1,3,5Triethynylbenzene 7567637 Sigma Aldrich 97%
1,4Cyclooctadiene 111784 Sigma Aldrich >99%
1,4Dioxane 12391-1 Sigma Aldrich 99.8%
1,6Hexanediamine 124094 Sigma Aldrich 98%
1,8Octanaliamine 373444 Sigma Aldrich 98%
1-Bromo-4-ethinylbenzene 76696-1 TCI Chemicals  98%
1-Bromo-4-iodobenzene 589877 Fluorochem 98%

2 ,-Biguinoline-4 |, -dicarboxylic acid 1245132 Fluka 0%
4-Bromophenylboronic acid 546%74-3 abcr 95%
4-Chlorophenylboronic acid 1679181 TCI Chemicals >97%
4-Ethynylbiphenyl 2907900-3 Sigma Aldrich 97%
4-lodoanisole 696628 Sigma Aldrich 98%
4-lodonitrobenzene 636986 Alfa Aesar >98%
4-lodophenylboronic acid 5122996 TCl Chemicals >97%
4-lodopyridine 1585487-2 TCI Chemicals  98%
Acetone 67-641 BCD Chemie 98%
Alizarinred S 136223 Sigma Aldrich n.a.
Aluminium oxide basic 1344281 Sigma Aldrich n.a.
Ammonia 133621-6 Merck 25wt% in HO
Aniline 62533 Alfa Aesar >99%
Bromobenzene 10886-1 Merck >98%
Caesiuncarbonate 53417-8 Sigma Aldrich 99%
Caesiumhydroxide hydrate 12260456 Sigma Aldrich >90%
Copper powder 7440508 Merck pure
Coppet iodide 7681654 Sigma Aldrich 99.999%
Cyclohexylamine 10891-8 SigmaAldrich 99%
Deuterated chloroform 865496 Deutero 99.8%
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Chemical CAS Number Supplier Purity
Dichloromethane 75092 Fisher Scientific  99.9%
Diethyl ether 60297 Honeywell puriss.
Dodecylamine 124221 Sigma Aldrich 98%

Ethanol 64175 VWR Chemicals technical
Ethyl acetate 141786 Merck N99. 5%
Ethylene glycol 107211 Honeywell M9 9. 5%
Ethylenediamine 107153 Acros 99%
Ethylenediaminetetraacetic acid 6381926 Grussing 99%
disodium salt dihydrate

Hydranal Coulomat AG 67-561; 111422, Fluka n.a.

Hydrochloric acid
lodobenzene
IsePropanol
L(+)Ascorbic acid
Lithium carbonate

N, N, Neéranieykethylenediamine

n-Pentane

Potassium peroxomonosulfate
Palladium black

Palladiunt acetate

Phenol

Phenylacetylene
Phenylboronic acid
Potassium acetate

Potassium carbonate
Potassium chloride
Potassiunfluoride

Potassium hydrogen carbonate
Potassium hydroxide
Potassium hydroxide
Potassium hydroxide

Potassium phosphate
Potassiuntert-butoxide
Rubidium carbonate

Sodium carbonate

744609-5; 288324,

6800708-9
7647010
591504
67630
50817
554132
116189
10966-0
37222665
7440053
3375313
108952
536743
98-80-6
127082
584087
7447407
7789233
298146
1310583
13106583
13106583

7778532
86547-4
584098
497198

VWR Chemicals

37wt% in HO

Alfa Aesar 98%
Sigma Aldrich Q9 9. 5%
AppliChem 99%
Merck 99%
Sigma Aldrich Q9 9 %
Geyer Chemsolute for analysis
Sigma Aldrich n.a.
abcr 99.9%
TCI Chemicals  >98%
Baker 99%
Sigma Aldrich 98%
abcr 98%
Grissing 99%
Grissing 99%
Grissing 99.5%
Sigma Aldrich N9 9 %
Grissing 99%
Fisher Scientific  85.5%%
Sigma Aldrich 99.9%
Sigma Aldrich semiconductor
grade
Sigma Aldrich 97%
Sigma Aldrich Q9 8 %
abcr 99%
Grissing 99.5%
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Chemical CAS Number Supplier Purity
Sodium chloride 7647145 VWR Chemicals 99%

Sodium hydroxide 1310732 VWR Chemicals technical
Tetrahydrofuran 109999 Acros dry
Tetra-n-butylammoniumchloride 1112670 abcr 95%
Triethylamine 121448 Carl Roth N99. 5%
Triphenylphosphine 603350 Alfa Aesar >99%

Uisge beatha 64175 n.a. 4052%

5.1.2 Milling Balls

Brass (Cuzn36, UNS C2700@)lling ballswith a diameter of 10nm were purchased from Dr. lhme
GmbH.The average weight of one milling ball is 4#8.01g (density 8.4% cnd).

Bronze (CuSn8, UNS C52100) milling balls with a diameter of M&®5wvere purchased from KGM
Kugelfabrik GmbH & Co. KG. The average weight of one milling ball is #041g (density
8.79g cn3).

Copper (UNS 11000) milling balls with a diameter ofrifn were mrchased from Dr. Inme GmbH.
The average weight of one milling ball is 1%8.4g (density 8.9 cnvd). A share of thes€u balls
was ground with sand until a diameterfalOmm was reachedThe average weight of oneEOmm
milling ball is4.08+ 0.36g.

Monel K-500 (UNS NO05500, Monel) milling balls with a diameter of 9/%2%were purchased fra
Red Hill Precision Balls Inghe average weight of one milling ball is 3.88.01g (density 8.4 cn).

Nickel (UNS N02200) milling balls with a diameterldfmm were purchased from Dr. Ihme GmbH.
The average weight of one milling ball is 460.01g (density 8.93 cnt3).

Palladium milling balls with a diameter of about @m were purchased from SMT Metalle Wimmer.
They were prepared by arc melting and tiefore not of perfedy spherical shape. The weight of the
milling balls was about 3.§ (density 12.@ cnr3) and reduced over the experiments due to abrasion.

Silicon nitride (Type SNCB5) milling balls with a diameter of mbn were purchased from Fritsch
GmbH. The average weight of one milling ball is 1198.03g (density 3.2% cns).

Tempered steel (1.4125, AISI 440C) milling balls with a diameter ofrt were purchased from TIS
Walzkorpertechnologie GmbH. The average weight of one milling ball i2 4@02g (density
7.7g cnrd).

Tungsten carbide (YG6X, G10 surface) milling balls with a diameter ofrir@ were purchased from
Zhuzhou Good Cemented Carbide Co., Ltd. The average weight of one milling ball s 028y
(density 14.3) cmrd). The WC balls measured had already been used to a difféegmee, this explains

the high standard deviation in the mass per ball.
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Table52Vi cker s har dness ofeladicitpoiomilingmateriamo d ul us

Material Vickers hardness / HV YoungOs modul Reference
Al-Bronze 176220 115 (254]
Brass 126155 99115 (239]
Bronze 126175 109115 [240]

Cu 70110 130 [235,236]
Monel 210336 180 [236]

Ni 90130 207 (236,264]
Pd 40-100 121 [265]

PFA ~4( 0.5 [266]
PMMA ~70¢0 3.2 [221]
PTFE ~4(! 0.4 [222]
SizN4 1750 300 [120,211,212]
Steel 700 ~215 [211,267]
wcC ~1700 630 [211,268]
Z2rO» ~1200 210 [120,238]

[l Estimated fromShore D hardness §%). [Pl Estimated from Shore D hardness9@. Due to the low values, exa
comparison is not feasible.

Zirconium dioxide (Type Z¥S) milling balls with a diameter of 1dm were purchased from

Sigmund Lindner GmbH. The average weight of one milling ball is 3.095g (density 6.@ cn3).

5.1.3 Milling Vessels

Aluminium bronze Cu Al 10Ni 5Fe 4, -BJN®Sn zCs5§3,0 Daatd) sYillkiy wessels
with a volume of 14mL for use in the MBMwvere made irhouse.

Bronze (CuSn8, UNS C52100, density 87013 milling vessels with a volume of 1ML for use in
the MBMwere made irhouse.

Hardened steel (1.4125, density 7gZcnt3) milling vessels with a volume of 28L and 45mL for use
in the PBM were purchased from Fritsch GmbH.

Hardened steel (1.2379, density 7¢Zcnt3) milling vessels with a volume of 8L and 25mL for use
in the MBM were purchased from Retsch GmbH.

PFA (density 2.1% cn®) milling vessels with a volume of 2L for use in the MBMwere made in

house.

PMMA (density 1.18 cn®) milling vessels with a volume of 28L for use in the MBMwere made

in-house

PMMA ThermoJar (density 1.18& cn®) milling vesselwith temperature sensoand a volume of

25mL for use in the MBMwas purchased from Bolido Technologies.
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Figure 5.1 Construction scheme of custemade milling vessels (bronze,-Atonze, PFA).

PTFE (density 2.2y cnv®) milling vessels with a volume of 28L for use in the MBMwere purchased
from Retsch GmbH.

Silicon nitride (SNCBS5, density 3.2bcnt3) milling vesselswith a volume of 20nL and 45mL for
use in the PBMvere purchased from Fritsch GmbH.

Tungsten carbide (cobalt stabilized, density 14gnr3) milling vessels with a volume of 2L and

45mL for use in the PBM were purchased from Fritsch GmbH.

Zirconium dioxide (yttrium partially stabilized, density 5. cnr3) milling vessels with a volume of
20mL and 45mL for use in the PBM were purchased from Fritsch GmbH.

Zirconium dioxide (yttrium partially stabilized, density 6.0§cnr3) milling vesselswith a volume
of 10mL and 25mL for use in the MBM were purchased from Retsch GmbH.
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5.1.4 Methods

Ball milli ng was performed intwo different setups, either through rotatioin the PBM or shaking
in the MBM. As PBM &titsch Pulverisett@ premium linewas usedThe20mL milling vesselavere
equipped withten milling balls of 10mm diameter In the 45mL milling vessels, 22 milling balls of

10mm diameter or seven milling balls of bdm diameter were used.

MBM experiments wereby defaultperformed in a Retsch MM40Qith two milling balls of 10mm
diameter placed in a 28L milling vesselVariations aregiven individually for each experimentn
situ Raman monitoring was carried out withnalnSolido TechnologiesSIT-500 MBM in remote

operation.

Elemental analyses were carried out on a vario MICRO cube Elemental Analyzer by Elementar
Analysatorsysteme GmbH in CHNS made

FT-IR was carried out on a BRUKER Vertex 70 with a Specac GoldenAIR unit. A resolution of
2cnm! was utilized and the resulting spectra were treated with ATR correction by the OPUS 6.5

software.In the case of the liquid analytes the pressure device was not closed tight.

GC-MS analyses were carried out with a Shimad2€MSQP5000 sing electron ioniation at 200C
injection temperature. The used colin was a Trajan BPX5 (length &, inner diameter 0.261m and
film thickness 0.2%um). The interface temperature was 3@ The standardemperature prgram for
the column was conducteftom 50°C (1min hold) to 200°C (3K minY) and further on to 360C
(15K min, held for 1min). Forhigh boiling analytes an extended temperature progrénom 50°C
(2min hold) to 200C (1% min1) and further on to 360C (1K min-, held for 10min) was used

Green metrics were calculated following Equatioristo 5 (ChapteR.]). Necessary datavere taken
from reference reactionsr acquired in own experimnts, unless otherwise statedlhe abrasion of
milling materials in ball milling reactions was included according to the particularly determined
weight loss The EcoScalewas assessdd accordance twan Akery s p r(se€Tabe®3).3l More

details are given under the particularreactiprs s.ect i on

In situ temperature measurements were carried out using an InSolido Technologies TermoJar

System. The measuring interval was one second.

Karl Fischer titration was performed using a S| Analytics TitroLine KF trace titrator. The analyte

solution was Hydranal Coulomat AG frofduka.

NMR spectrawere recorded in deuterated chloroform (CR)C$olution atRT on a Buker AC 300 P
operating at 30MHz for IH and 75MHz for 13C. Chemical shifts are given in ppm relative to
tetramethylsilane. For!3C additionally to bpadband decoupled spectra, 138istortionless
enhancement by polarization transfepectra were recorded.
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* Parts of the following chapters were literally adopted from my publicatiffz280!
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Table 5.3 Penalty points for calculation of the EcoSc&fg.

Parameter Penalty points

1. Yield (100- %yield)/2

2. Price of reaction components (to obtain 10 mmol of end product)
Inexpensive (<$10) 0
Expensive (>$10 and <$50)
Very expensive (>$50)

g w

3. Safety
N (dangerous for environment) 5
T (toxic) 5
F (highly flammable) 5
E (explosive) 10
F+ (extremely flammable) 10
T+ (extremely toxic) 10

4. Technical setup
Common setup
Funnel, syringe pump, gas pressure regulator
Unconventional activation technique
Pressure equipment, >dtm
Any additional special glassware
(Inert) gas atmosphere
Glove box

Wk PFEkr DN O

5. Temperature/time
RT, <1h
RT, <24h
Heating, <1h
Heating, >1h
Cooling to 0°C
Cooling <0°C

g b~ W NP O

6. Workup and purification
None
Cooling toRT
Adding solvent
Simplefiltration
Removal of solvent with boiling point <15C
Crystallization and filtration
Removal of solvent with boiling point >15C
Solid phase extraction
Distillation
Sublimation
Liquid-liquid extraction
Classical chromatography

W W wMNNPFEOOOOOo

[EEY
o
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PXRD patterns were collected in reflection geomettyi t h a PANal yti cal Xy Per
(Dectris Mythen 1K detector) or MALVERN PANlytical Empyrean 3 diffractometer (PIXcellD
Medipix3 detector). Both wereperated a#0kV and 40mA with a Gemonochromator using C«K 0 1
radiation. The obtained diffractograms we@mpared with diffr&tion data from ICSD data base.

In situsynchrotron PXRD twedimensional images were collected at the DESY/PETRA IIl beamline
P02.1 using a Perkin Elmer XRD 1621 flat panel detector consisting of an amorphous Si sensor
equipped with a Csl scintillator (pixel number 28x 2048, pixel size 200200um?2). Diffractian

images were subsequently integrated in edienensional PXRD patterns with the DAWN Science
packag€ usi ng a wa0.6207&8mg Fohcreating a 2D figure, integrated diffraction
patterns were baseline corrected withe SonneveleVisser algorithm?70]

Power consumption wasobtained using a VoltcrafSEM3600BT energy meter.

Raman spectra were obtained using a RENISHAW inVia Qontor Raman microscope with 50x
objecive (numerical apertureNA = 0.50, 8.2 mm free working distance). The wavelength for the
measuremat was 532imor 785nm. Dependent on the sample properties, laser power, exposure time
and accumulations were adjusted to give clear spectra. Slightly fluorescing samples were bleached for
30s prior to acquisition. All obtained spectra were treated withsmic ray removahnd baseline

correction using WiRe 5.1 software.

Forin situ monitoring both wavelengths were used witfibre optics and a5x (NA = 0.12, 14 mm free
working distance)or 4x objective (NA=0.13, 40nm free working distance)The objedwve was
adjusted to the milling vessel to ensure measurement of the reaction mixture. The spectra were
collected fromone to six accumulations with-30s exposure time (100% laser power) each without
an interval between thacquisitions.Data processing itluded cosmic ray removal using WiRe 5.1
software followed byrocessing withMATLAB 9.9The data were smoothed using the Savitzkplay

filter in the spectral dimension with a span fifur and a polynomial order afvo followed by the time
dimension with a span ofen and a polynomial order ofwo. Baseline correction with asymmetric
least squares algorithm was run with smoothing factof,l&symmetry factor 0.0001 and maximum

iteration number of 20.

Scanning electron microscopy (SEM)and EDSimages were obtained using a Hitachi SU8020 SEM
eguippedwith a secondary electrodetector. Prior to the measurement the samples were prepared on

an adhesive carbon pad and sputtered with gold to obtain the necessary electronctigitgu

STEM analyses were carried out in a @®rrected Titan Themis 68600 XFEG microscope with a
high-angleannular darkfield detector (73 352 mrad) using a camera length of 48n in combination
with EDS chemical mapping. The microscope was optiedzwith a convergence serangle of
~23.8nrad, a beam size of ~Gh and a ~15pA current. Identical location microscopy measurements
were performed employing a JEOL JERBOO microscopevith a Schottkytype emission source
working at 200kV, equipped wih a GatanOneViewlS camera ¢00by 4000pixel, 25fps). The lattice
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resolution of theSTEM images was 0.08m. The pdnt-to-point resolution is 0.20m, and 0.14m for
STEM. The spherical aberration and the chromatic aberration weremth7and 1.3nm, respectively.
EDS mapping was performed with the equipped double Silicon drift detectith a solid angle of
0.98sr with a detection area of 108m?, and with 133V spectral resolution. For sample preparation
a lacey carbon supportedu grid, size 40@nesh was used.

Solid-State ultraviolet -visible (UV-VIS) spectra were measured in reflection geometry using a
VARIAN Cary 4000 with a HARRICK Praying Mantis unit. Theasuredange was chosen from 200
to 800nm with 1 nm step width. The sources were switched at 86@ The crude samples were mixed

with an excess of BaS@rior to measurement.
5.2 SuzukiPolycondensatioh

5.2.1 General Synthetic P cedures
Mechanosyntheses of PPP in the PBM

For the experiments ilPBM 4-halophenylboronic acid4.23mmaol), Pd black (36Gmg, 4.7mol%) and
K>CQO;z (8.510g, 61.58nmol) were placed together witB2 10mm-diametermilling balls in a 45mL

milling vessel The mixture was milled for 2 t6 h at 8@ rpm in a Fritsch Pulverisett@& premium line

PBM The samples were washed with water, 10wt% HCI, ethanol and acetone and afterwards dried
overnight at 8C°C.

Mechanosyntheses of PPP in MBM

The experiments ilMBM were conducted with 4dodophenyltoronic acid (496ng, 2.0a0mmol) and
KoCQOs (2.504y, 18.12nmol) placed in a 2BL ZrO, milling vesseltogether with twoPdmilling balls
(Figure5.2) of about 10mm diameter. The mixture was milled fori8in a Retsch MM40MBM at
30Hz. For reference experiments 4.7mol% cataRd{QAc) or Pdblack) were added and thiedballs
were replaced byrO; balls. The samples were washed with water, 10wt% HCI, ethanol and acetone

and afterwards dried overnight at 8C.
Yield Calculation and C onversion

The yield of insoluble polymer was calculated from the weight of the sample after washing and drying.
The mass of Pd in the sample (Pd black deployed or Pd ball abrasion) was subtracted from the sample

weight. End groups were not considered.

The organic washing solutioawere examinedy drying under vacuum and weighing this fraction.
The total mass of substaasoluble in ethanol and acetone approximately corresponds to the amount

of nonreacted monomer calculated from the yield of long chain polymer. Besides remaining

YooY Yo Yo lo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Vo
* Parts of this chapter were literally adopted fromy publication12°]
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monomer, traces of small oligomers (iodobiphenyl, iodoterphenyl) and even deboronated iadaken
were validated via G@AS. That showedh higher monomer conversion than the yield denotkdvas
not possible to fully determine thstructure and quantity of the oligomers as well as oligomers with
boronic acid functional groupwsia high performanceliquid chromatographyMS. In addition, the
widely varying solubility impedes the analysis by this technique.

Determination of DP

Each sample was measured five times and the average of the integrals was taken in order to reduce
effectscaused by inhomogeneities. The DP was calculated fromiR-$pectra with the principal
absorption band at 80&m?! from para-substituted phenyl rings and the smaller band at 6a®"
attributed to the vibration of terminal phenyl rings. Using the intensities of these bands in
(Equation23) gives the DF215216]

pDP=2. k5 4 5 (23)

1690
Calculation of Pd Particle Size from PXRD Patterns
For estimating particle sizes D of Pd the Scherrer Equawas used with Scherrer constant

K=0. 89 ==a0®40ér. Full width at half maximum (FWHM) was determined by peak
integrationofthe (111 r ef |l ex wi th highest intensity (40°

_ K-2
D= FWHM - cos 8 (24)

Figure 5.2 Photos and microscope images (20x magnification) of Pd milling balls new (A andd@)sad (B and D) aft
more than 140 of milling. The used Pd balls show a surface roughening from impacts during milling.
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5.2.2 Supplementary Methods
Fracturing Tests

To prove the fracturing of the polymer during the millingxperimentswere performednmilling the
synthesized polymers after purification. The first experiment was conducted corresponding to
PPRem8, using the standard approach withaSi milling materal but replacing the monomer
4-bromophenylboronic acid by the insolubld®P and milling for 61 in PBM The second experiment
was conducted corresponding to RiMd-Ref2 and thus was milled for B with ZrO, milling vessel

and two 10mm ZrQ; milling balls in the MBM. The samples were afterwards washed with water,
10wt% HCI, ethnol and acetone and dried overnight at €D,

Leaching Tests

To study the heterogeneity of the reaction in sample RRP3 a standard reaction protocol was
conducted in which the Pd balls were replaced by two Zi@lls after4 h reaction time. Every two
hours, the reaction was briefly stopped, a0 mg reaction mixturezastaken from themilling vessel

to determine yield and DP.
Mechanosyntheses of 1,3,5Triphenylbenzene

For the synthesis of 1,3ffiphenylbenzene in a PBM (PP&R+15) phenylboronic acid (1.2%8
10.32mmol, 3 eq.), 1,3{Bibromobenzene (1.083 3.44nmol, 1 eq.)Pd black (26mg, 7.1mol% of
1,3,5tribromobenzene) and 03 (8.510y, 616 mmol) were placed together with210mm-diameter
SkNamilling balls ina 45mL SgN4 milling vessel The mixture was milled for # at 800rpm in a PBM.

The same reaction was carried out in MBM (RB¥7) using phenylboronic acid (732g, 6.00nmol,

3 eq.), 1,3;&ibromobenzene (63fhg, 2.00nmol, leq.), KCO: (2.504y, 181 mmol) and two Pd
milling balls in a PMMA milling vesselhe mixture was milled for & at 30Hz, washed and analysed
via GGMS. The results are shown in Chaptéd..5Both reactions PRRw 15 and PPikwv-7 are shown

as proof of principle. No further product separation or optimization of reaction parameters was

performed.
Green Metrics Calculation

The powerconsumption of the ball mills was measured during the respective reactions (PBi®00
155W; MBM 30Hz: 80W). In all ball milling reactions two vessels can be run paraker hot plate
stirring at 150°C in the reference reactidhe power consumptin wasestimated by 400V, including
condenser cooling water supply. Although maintaining the temperature of °I50s energy
demanding, thenaximum power consumption of a typical device (800 would be necessary only in
the beginningof the reaction.Workup and purification were not considered in MYJP, and EEC.
These were includedor EcoScale assessment, estimating téeahydrofuran THF) amount for

Soxhlet extraction of the product by 3@@L. The washing solutions in the mechanochemical protocols
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were considered with each 1%06L (PBM; MBM: 5@nL). However, the absolute amounts have weak

impactconfined to classification of the reaction componeygscing (see Chapteb.1.4.

5.2.3 Overview of Conducted Experiments

Table 5.4 PPP samples obtained in PBM.

Sample Vessel/ball Reaction Amount of DP Yield /%® Halide function
material time /h catalyst of monomer

PPPogu-Reflf8l ZrO; 0.5 9.3mol% Pd(OAg) 69 47 Br
PPPeeum-1 ZrOo 4 4.7mol% Pd black 18 59 Br
PPPpam-2 Steel 4 4.7mol% Pd black 13 56 Br
PPPegm-3 WC 4 4.7mol% Pd black 10 810 Br
PPPogu-4 SiN4 2 4.7mol% Pd black 34 19 Br
PPPrem-5 SkN4 3 4.7mol% Pd black 45 14 Br
PPPrem-6 SkN4 4 4.7mol% Pd black 56 22 Br
PPPeem-7 SkN4 5 4.7mol% Pd black 40 19 Br
PPPrem-8 SiNa 6 4.7mol% Pd black 32 34 Br
PPPrem-9 SkN4 4 2.3mol% Pd black 55 20 Br
PPPegeum-10 SkN4 4 0.5mol% Pd black 48 5 Br
PPPrev-11 SiNa 4 4.7mol% Pdlack 0 0 Cl
PPPrem-12 SkN4 4 4.7mol% Pd black 79 66 I
PPPpev-13 SiNa 4 4.7mol% Pd waste 51 14 Br
PPPogu-14 SiN4 4 4.7mol% Pd waste 99 11 I
PPPeew-15°  SigNg 4 4.7mol% Pd black n.a. 36 Br
PPPegm-1611  SiNa 4 - - 0 Br
PPPegm-171¢1  SiNa 4 4.7mol% Pd black - 0 Br

PPPogm-Frcll  SiNa 6 4.7mol% Pd black 39 n.a. -

All samples unless otherwise stated were prepared usingmmal reagent, 8.51¢ K2COz and 22 milling ballof 10mm
diameterin a 45mL vessel. The milling was conducted for the denoted time arp60in a PBM.[2] Yield calculated fron
mass of insoluble polymer after washing with water, 10wt% HCI, ethanol and acdtb@verestimated due to impuritie
from WC abrasionlc! 1.083 (3.44mmol, 1leq.) 1,38ribromobenzene and 1.258(10.32nmol, 3eq.) phenylboronic acii
used as reagent¥ields were calculated from GRIS analysel! Blind experiment without Pd catalysE! Blind experiment
with K2COs replaced by KCIl Fracturing test of isolated monomen(tial DP 120).




64 | Experimental Section

Table 5.5 PPP samples obtainéd MBM.

Sample Vessel/ball ~Reaction Amount of Abrasion/ DP  Yield /%"
material time /h catalyst mg / %
PPPvem-Ref-1 ZrO; 8 4.7mol% Pd(OAg) - 50 50
PPPuem-Ref-2 ZrO: 8 4.7mol% Pd black - 52
PPPuvem-1 ZrO4/Pd 8 1 Pd ball 590/ 16 115
PPPvsm-2 ZrO2/Pd 8 2 Pd balls 290/8 99 31
PPPvsm-3 PMMA/Pd 8 2 Pd balls 120/3 118 50
PPPviem-4 PTFE/Pd 8 2 Pd balls 165/4 200 43
PPPusm-5 ZrO7/Pd 4+4 2 Pd balls 35/1 199 18/23
PPPvsm-6 PMMA/ZrO; 8 4.7mol% Pd black - 123 100
PPPuvgwm- 71! ZrO4/Pd 8 2 Pd balls 12 /<1 na. 14
PPPygm-8l ZrO7/Pd 8 2 Pd balls 99/3 - 0
PPPuem-9€! ZrOJ/Pd 8 2 Pd balls 196/6 - 0
PPPvem-Frcll  ZrO; 8 4.7mol% Pd black - 36 na.

All samples unless otherwise stated were prepared using@®@2.00mmol) 4iodophenylboronic acid, 2.5@K2COsz and
two milling ballsof 10mm diameterin a 25mL vessel. The milling was conducted for the denoted time di3th a MBM.
[a] Relative abrasion was calculated from actual ball weidfitYield calculated from mass of insoluble polymer a

washing with water, 10wt% HCI, ethanol and acetolft630mg (2.00nmol, 1leq.) 1,38ribromobenzene and@32mg

(6.00mmol, 3eq.) phenylboronic acid used as reagelftsl07mg (0.4mmol, 4eq. to Pd black catalyst) triphenylphosphi
were added(® 50AL (0.4mmol, 4eq. to Pd black catalysf),4cyclooctadiene were addell Fracturing test of isolate

monomer {nitial DP 120).

5.3 Copper Mediated Coupling of lodobenzenadEthylenediamine

5.3.1 General Synthetic Procedures

Mechanochemical Coupling of IB and EN in PBM

For thestandardexperiments in PBMB (448AL, 4.0mmol, 1.0eq), EN (802AL, 12.0mmol, 3.0eq),

base (4.9 in total, each 2.9 in case of KOH plus AD3) and Cu powder (25819, 4.0mmol, 1.Ceq.)
were placed together witB2steelmilling balls of 1:0mm diameter in a 45l steel vessellThe mixture
was milled for 3dnin at 800rpm in aPBM. The crude product was extradtwith DCM andanalysed
via GGMS.

Mechanochemical Coupling of | B and EN in MBM

The experiments in MBM were conducteding B (224AL, 2.0mmol, 1.0eq.),EN (401AL, 6.0mmol,
3.0eq.), base (2¢) and Cu powder (1289, 2.0mmol, 1.0eq.) together with twasteelmilling balls of

10mm dameter in a 25nL steel vessel. The mixture was milled forr@th at 30Hz in a MBM. The

crude product was extracted with DCM aaehalysedvia GGMS.
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Screening of Nucleophiles, Phase Transfer Catalyst, Complex Ligands and Aryl Halides in
MBM

The screening experiments followed the general procedure but used #rlling balls and vessels.
EN was replaced by 6.&mol (3.0eq.) of variouseagents oiB was substituted by 2.6imol (1.0eq.)
of aryl halides. The speific amounts are shown ifTable5.6.

Solution -Based Coupling of IB and EN

For the reference reaction in solution, a round bottom flask was chawgéa 50mL iso-propanol
After dissolving4.0g KOH,448AL (4.0mmol, 1.0eq.)IB, and 802AL (12.0mmol, 3.0eq.)EN were
added Themixture was stirred at reflux for 24 while taking samples after 1, 2, 5, 12 anchZér

GCMS analyses. No conversion was observed.

Table 5.6 Amounts of nucleophilesphase transfer catalysttomplex ligands and rgl halides used in the screening
experiments.

Reagent n Reagent/ mmol m Reagent/ mg V Reagent/AL
Dodecylamine 6.0 1112 -
Cyclohexylamine 6.0 595 691
Aniline 6.0 559 548
Phenol 6.0 565 -
1,2-Propanediamine 6.0 445 511
1,6-Hexanediamine 6.0 697 -
1,8-Octanediamine 6.0 866 -
Triethylamine 6.0 607 832
Tetra-n-butylammonium chloride 6.0 1668 -
N, N, Nretramethyl - 6.0 697 905
ethylenediamine

Phenanthroline 6.0 1081 -
Ethylene glycol 6.0 372 336
Glycerol 6.0 553 439
4-lodoanisole 2.0 468 -
4-lodonitrobenzene 2.0 498 -
4-lodopyridine 2.0 410 -
1-Bromo -4-iodobenzene 2.0 566 -

Bromobenzene 2.0 314 209
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5.3.2 Overview of Conducted Experiments

Table 5.7 Samples obtained in PB{Bram) and in solution (IBot).

Sample Reagent Cu source Base Milling Conversion/ Yield Yield
material % NPE /% BP /%
IBpem-1 EN Powder  KOH + AbOs Steel 99 85 3
IB pgm-218 EN 7x15mm KOH + AbO3z Steel 90 77 6
balls
IBpam-3 EN Powder KOH Steel 100 >99 -
IBpem-4 EN Powder  KCI Steel 100 >99 -
IBpem-5 EN - KOH Steel 100 - 96
IBpem-6 - Powder  KOH Steel 0 - -
IBpem-6-2h - Powder KOH Steel <1 - <1
IBpem-6-5h - Powder  KOH Steel 42 - 19
IBpem-6-12h - Powder  KOH Steel 100 - 99
IBpem-7 EN Powder  KOH wcC 100 >99 -
IBrem-8 EN Powder KOH ZrOo 100 92 8
IBprem-9 EN Powder KOH ST\ 100 - 54
IBpem-10 EN 7x15mm KOH Steel 100 - 71
balls
1B sor-1[°] EN - KOH - 0 - -

All samples unless otherwise stated were prepared usingh4&.0mmol) 1B, 802AL (12.0mmol) EN, 4.@ base and 2
milling balls of 20mm diameterin a 45mL vessel. In case of powder catalyst 2% (4.0mmol) Cu powder were adde
The milling was conducted for 3@in at 800rpm in a PBM[a Weight per millingball 15.8y (density 8.98 cnr3), abrasion
526.8ng / 0.48%4%! Reaction was performed iiso-propanol at reflux for 24.

Table 5.8 Samples obtained in MBKiBuvewm-).

Sample Cu source Base Milling  Conversion/ Yield  Yield

material % NPE /% BP / %
IBmem-1 Powder KOH Steel 100 >99 -
IBmem-2 Powder KOH ZrO; 100 >99 -
IBmem-3 2x 10mm Cu ball&! KOH Steel 33 33 -
IBmem-4 1x 15mm Cu balf! KOH Steel 100 94 -
IBmam-5 2x 10mm brass ball§ KOH Steel 91 - 91
IBmem-6 2x 10mm bronze ballgl KOH Steel 100 - >99
IBmem-7 Powder KCI ZrOz 100 >99 -
IBmem-8 Powder KoCOs ZrOz 100 99 -
IBmem-9 Powder KOtBu ZrO2 100 - 92
IBmem-10  Powder NaOH ZrOp 4 -

IBmem-11 Powder CsOH yA(o)) 2 -




Experimental Sectio% 67

Sample Cu source Base Milling  Conversion/ Yield  Yield
material % NPE /% BP / %

IBmem-12.1 - KOH Z2rO2 100 - >99

IBmem-12.2 - KOH2nd ZrOz 100 - >99
batch

IBmem-12.3 - KOH99.9% ZrO> 100 - >99

IBmem-12.4 - KOHsemic. ZrOz 100 - >909
grade

IBmem-13 - KCI Z2rO2 0 - -

IBmem-14€!1  Powder KOH ZrO; 0 - -

All samples unlesstherwise stated were prepared using 224(2.0mmol) IB, 40L (6.0mmol) EN, 2.5 base and twc
milling balls of 10mm diameter in a 2Bl vessel. In case of powder catalyst, ¥&(2.0mmol) Cu powder were adde
The milling was conducted for 3@in at 30Hz in a MBM.[al Weight per milling ball 4.08 (density 8.93 cnr3), abrasior
69.3mg / 1.70%°1 Weight per milling ball 15.8 (density 8.98 cnr3), abrasion 62.61g / 0.40%¢ Weight per milling ball
4.42g (density 8.4% cn13), abrasion B mg / 0.13%¢d Weight per milling ball 4.04 (density 8.7¢ cn3), abrasion 1.2ng
/0.03%¢! 352mg (2.0mmol, 1.0eq.) ascorbic acid as amtkidant / radical scavenger were added.

Table 5.9 Reagenscreening (IBsvm-Rea) in exchange oEN.

Sample Reagent Cu source Conversion/% Yield BP / %
IBuem-Real  Dodecylamine Powder O -
IBvem-Rea2  Cyclohexylamine Powder O -
IBmem-Rea3  Aniline Powder O -
IBmem-Rea4  Phenol Powder O -
IBvem-Rea5 1,2propanaliamine - 9 9
IBvem-Rea-6 1,6hexanediamine - 0 -
IBmem-Rea7  1,8octanediamine - 0 -
IBmem-Rea8  Trimethylamine - 0 -
IBvem-Rea9  Cyclohexylamine - 0 -
IBmem-Rea10 Aniline - 0 -
IBuem-Rea1l Tetra-n-butylammonium chloride - 0 -
IBvem-Rea12 N, N, {te&ambtigyt - 0 -

ethylenediamine

IBmem-Rea13 Phenanthroline - 0 -
IBmem-Rea14 Ethylene glycol - 0 -
IBvem-Rea15 Glycerol - 0 -

All samples were prepared using 224 (2.0mmol) 1B, 6.0nmol reagent, 2.5 KOH and twoZrO2milling balls of 10mm
diameterin a 25mL ZrOz vessel. In case of powder catalyst 128 (2.0mmol) Cu powder were added. The milling w
conducted for 3@nin at 30Hz in a MBM.
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Table 5.10 Screening of aryl halide (Hsw-).

Sample Aryl halide Conversion/%  Yield C-N/% Yield BP /%
HA mBm-1 4-iodoanisole 0 - -
HA mm-2 4-iodonitrobenzene 0 - -
HA mem-3 4-iodopyridine 0 - -
HA mem-4 4-bromoiodobenzene 0 - -
HA mBm-5 Bromobenzene 0 - -

All samples were prepared using Zrinol aryl halide, 40A L  (al) BN, 2.5g KOH and twoZrO2 milling balls of
10mm diameterin a 25mL ZrO; vessel. The milling was conducted for 86n at 30Hz in a MBM.

5.4 GlaserCoupling

5.4.1 General Synthetic Procedures

For the standard experimenBA (55X L , mmol) &nhdK>COz(3.0g, 21.7mmol) were placed together
with two milling balls (about 10nm diameter) in a 2L milling vessel. The mixture was milled for
90min at 30Hz in a MBM. A small sample amount was dispersed in DCM to verify product formation
via GGMS. Usingthis analytic techniqueall the first experiments supposedly showed complete
conversion.t was foundthat PA evaporates quickly within some hours of air exposure. Because of
this, GG-MSwas not suitable for yield determination. Instead, the obsefyeldavour was utilizedfor
purification through exposingthe reaction mixture to air for 24 after milling in order to remove
remainingPA. Afterwards the product was washed out of the reaction mixture with D@\ solvent

was recovered from the evaporator@nre-used consistently during the project), the solution was dried
under vacuum and the yield was calculated from the dry sample weight. Product purity was confirmed
by NMR spectroscopy, showing that exposure to air and therefore evaporatiBafas suffcient

for purification of the product DPB. Especially, regarding the sustainability of the direct
mechanocatalytic protocol, no chromatography was needed for purification. The milling balls were
cleaneddried, and weighed to determine the abrasion froneight loss after every single reaction.
For purification of the product®PB and BBB after removal of DCM the dried crude products were
washed carefully with ethanol to remov&EB and EBP and dried overnight at 86C.

Figure 5.3 Used milling balls made of A: ZeOB: Cu; C: bronze; D: brass; E: Ni; F: Monel.
VoYY Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Vo

* Parts of this chapter were literally adoptébm my publication!280]
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D

Figure 5.4 Used milling vessels made of A: Zf@: bronze; C: Abronze; D: PFA.

To conduct experiments in milling vessels of other sizes the amounts of all compounds were adapted
proportionally (seeTable5.11). In the 14mL bronze andAl-bronze vessels only one milling ball was

used because two balls got stuck and the reaction mixture was not further milled.
Calculation of Oxygen Content in the Milling Vessel

In the Glaser coupling stoichiometric amount of oxitig agent is needednder classic conditions
likewise in this work, oxygen from airis utilized'84187.18%The amount of oxygen available in the

25mL milling vesselwas calculatedo ensure sufficient availability.

Vair = Viessd — Vbase — Vmilling balls (25)
_mK)CO; _ 30g _
Vease K05 = p K,CO3 — 243gem™ T 1.23mL (26)
Viniling batis bronze =2 - £ - d® = 2 - Z . 0.9525om ° = 0.90 mL 27)
Vir =25 mL —1.23 mL — 0.90 mL = 22.87 mL (28)

Vir - (0) _ 22.87 mL - 0.209
Vipos:c  24.47 mL mol~!

n0, = = 0.20 mmol (29)

Due to the stoichiometry of the reaction 0.80mol ofreagentcan couple. Thereforéhe approaches
were seto a 0.5mmol scale for 2B1L milling vessels and the amouwnasproportionally reducedfor
experiments in the 1ML vessels towards 0.28mol, respectively. Early neoptimized experiments
with higher amounts ofreagent show lower yields compared to the above noted procedure.

Table 5.11 Amounts of reagent, base and milling balls used in the differently sized milling vessels.

Reagent nreagent/ m reagent/ m base /g V vessel/mL No. of milling balls

mmol mg
PA 0.5 51.1-55AL 3 25 2
0.4 40.9- 44\L 2.4 20 1-2
0.28 28.6- 31AL 1.68 14 1
PA-Cu 0.5 82.3 3 25 2
0.4 65.9 2.4 20 1
BEB 0.5 90.5 3 25 2
0.28 50.7 1.68 14 1
EBP 0.5 89.1 3 25 2
TEB 0.3 45.1 3 25 2
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Nevertheless, some experiments with a dearth of oxygen exceedeth#oretical maximum yield.

This is caused by the not entirely gas tight sealing of the milling vessels.
Synthesis of PA-Cu

PA-Cu was prepared adapting a route frdd®l A solution of 0.54mL PA (5.1mmol) in 10g
1,4dioxane was added dropwise 1d0g Cul (5.0mmol) dissolved in 5L aqueous ammonia solution
(25nt%) while stirring. The mixture was left to precipitate for &bn at RT. After dilution with water
the product was filtered off, washed with wateethanol, and diethyl ether, and dried at 60C
overnight.PA-Cu was obtained as yellow solid in 72% yield-IIRTand Raman spectra were in good

accordance with the literaturésee Appendi¥igure7.23).[256.271]

5.4.2 SupplementaryMethods
Water Determination

The determination of water formed in the Glaser coupliwgs conductdwith Karl Fischer titration.
Therefore, the reaction usin.M0g KOtBu as base was repeated and supplemented with a blind
experimentin which the bronze ballsvere replaced by Zr@ After finished milling the close@nd
sealedvessels were transferred into a glove box and opened. Three samples of each reaction mixture
were added teeach10mL (V) of dry THF, which dissolved the KBu and incorporated water. The
water content was determined for each sampia Karl Fischer titréion and recalalated to the

reaction mixture.

Fixed parameters for the calculation of the water contéBquation30) werethe volume (V= 10mL)
and density ft=0.89g cnt3) of THE The total mass of the reaction mixture ¢x) for the blind
experiment was the amount of base (3.@)0@vhereas for thk reaction additionally the abrasion of the
milling ball (8.5mg) and the amount of product for estimated 46% vyield (B®)5yield was not
determined since parts of the product were spend in el Fischer titratior) were taken into
calculation Measurd datawere the waterconcentration(c) in THF and the mass of sampleifsee

Table5.12). From thesethe averages and standard deviations were calculated, giving BBmg in

Table 5.12 Water determination in the reaction mixture.

Sample Water concentration (c) Mass of sample (ms) of  Mass (m) of water in
in THF per sample / ppm reaction mixture /mg  reaction mixture /mg

Blind.1 126.20 621.0 5.4

Blind.2 143.28 559.6 6.8

Blind.3 139.49 441.1 8.4

Reaction.1  242.77 465.4 14.1

Reaction.2  435.88 989.0 11.9

Reaction.3  376.38 771.8 13.2

The ampleswere prepared milling 53L PA together with 3.00@¢) KO:Bu and two milling balls (blind: Zre) reaction:
bronze) in a 28nL ZrOz vessel for 9@nin at 30Hz in a MBM.
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the blind sample and 13#1.1mg in the reaction samplé&.ollowing the proposed reaction mechanism

with a yield of 46% he amount of water formed is 2rig.

m=ctvVip. T (30)

‘my
Cu Powder Impregnation with PA

The impregnation was performed adding 280 (2.0mmol; 1eq.)PA to 128mg (2.0mmol; 1eq.) Cu
powder in an open glass vial. The mixture was placed in a fume hood overnight (the main portion of
PA already evaporated) and afterwards dried fdn under reduced pressure. Bright yellow covering

of the dark red Cu powdeshowed the spontaneous formation BA-Cu that was confirmed by FT

IR spectraPA-Cu-air; seeFigure7.26).
Green Metrics Calculation

The power consumpbn of theMBM was measuretly 80W, running two vesselparallel. For stirring

in the referenceeaction,the power consumption wasstimated by@W, f ol | owi ng t he
data of a typical deviceWorkup and purificatiom were not considered in EEQMI and MP were
calculated solely for the conversidMlc and MR) and including workup (Mdand MR). The workup
procedure described by Singh ef?8P!was also applietb the approach of Li et al. (ontonventional
workupy mentioned)1°4 Solvent amounts were adapted from Schmidt et al. (3rLper 2.0nmol
batch) proportional to the batch size (s€able5.13). For drying of the organic layer, 1@of NaSQ

was assumedihe process mass of column chromatographic purification was estimated following the
method described by Pessel et @quation3l, A=59.8, CG=0.64, N= 35272 under ideal conditions

with Rf = 0.7126% The EcoScalé! assessmengave more valuable results including the workup and
purification since the absolute amounts have lower impact and all used substances are inexpensive

bulk chemicals. However, the safety hazards significantly impair the EcoScale.

C 2
Mchromatography = A-mpa+ 1.8 A-Mpy - Psoivent |R_f (1 + \/_ﬁ) +1 | (31)

Table 5.13 Masses oEhemicalsused for calculation of Mland MR.

Type Conventional Mechanochemical®4 Direct mechanocatalytic
Sample code Entry 132631 24194 K,CO;  Entry 4 DPB4 DPBv-4
Solventadded /mL 5 5 3x10 3x10 3x5 3x1.4
Brine (washing) /mL 5 5 - - - -

Na>SQ; (drying) / mg 1000 1000 - - - -

Muworkup / MQ 12251 12251 44700 44700 10773 5586

M chromatography / MQ 6266 6294 - - -

M conversion / MY 1130 8329 4569 4504 3053 1709

Miotal / MQ 19647 26874 49269 49204 13826 7295

u
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5.4.3 Overview of Conducted Experiments

Table 5.14 Investigation of reference catalysts, catalytic milling badlad alternativereagents

Sample Ball material Cu content of milling Total abrasion of balls/  Yield / %
balls / wt% mg / %
DPB-1 ZrOo 0 0.3/<0.01 43
DPB-2[! ZrO; 0 0.2/<0.01 0
DPB-3( Cu 100 302.7/3.70 47
DPB-4ld] Bronze 92 2.3+ 0.3/0.03+ 0.003 52+1.3
DPB-4.1l Bronze 92 2.6/0.032 51.9
DPB-4.2d] Bronze 92 2.0/0.025 54.7
DPB-4.34 Bronze 92 2.21/0.027 52.4
DPB-4.44 Bronze 92 2.0/0.025 50.9
DPB-4.54 Bronze 92 2.5/0.031 51.6
DPB-5 Brass 64 8.0/0.09 53
DPB-6 Monel 30 16.6/0.21 17
DPB-7 Ni 0 41.6/0.49 3
BPB Bronze 92 2.6/0.03 29
BBBU Bronze 92 6.0/0.07 42
PTEB Bronze 92 1.9/0.02 <1

All samplesunless otherwise statedere prepared using 0fBmol reagent, 3.9 base and twanilling balls of 10mm
diameterin a 25mL ZrOz vessel. The milling was conducted for 80n at 30Hz in a MBM.[a] 9.5mg (10mol%) Cul adde
as catalyst/P! 3.2mg (10mol%) Cu powder added as catalifbtAdapted from[250] with 0.5mmol reagent instead ¢
2.0mmol. [ Repeated froni?5%] with different results due to changed work up procedul®.Due to the three acetylen
groups per molecule the amount was reducedt3mmol.

Table 5.15 Investigation of milling time (DPB) and applied base (DPB.

Sample Milling time / min Base Total abrasion of balls/ mg/%  Yield / %
DPB-t-18 20 KoCOs 0.7/0.01 32
DPB-t-28 90 KoCOs 2.3/0.03 52
DPB-t-3 180 KoCOs 8.9/0.08 61
DPB-t-4 300 KoCOs 20.4/0.25 40
DPB-t-5 480 KoCOs 47.410.59 29
DPB-b-1Pl 90 KF 5.0/0.06 0
DPB-b-2I°l 90 KOAc 2.1/0.03 0
DPB-b-3Pl 90 KHCG; 1.3/0.02 0
DPB-b-4P1 90 Li2CGOs 5.0/0.06 0
DPB-b-51 90 N&COs 10.0/0.12 0
DPB-b-6l"l 90 KoCOs 2.3/0.03 52
DPB-b-7l 90 ReCOs 3.2/0.04 52

DPB-b-8F1 90 CsCGOs 2.1/0.03 52
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Sample Milling time / min Base Total abrasion of balls/mg/%  Yield / %
DPB-b-9®! 90 KsPGs 12.0/0.15 0
DPB-b-10®! 90 KOH 1.0/0.01 0
DPB-b-11! 90 KOtBu 8.5/0.11 46
DPB-b-121 90 29KC0O; 8.1/0.10 52
DPB-b-13° 90 1gKCO; 8.8/0.11 37

All samplesunless otherwise statediere prepared using 58 (0.5mmol) PA, 3.@ base and twanilling balls of 10mm
diameterin a 25mL ZrQz vessel. The milling was conducted for ttenotedtime at 30Hz in a MBM [2] Repeated fron?s0!
with different results due to changed work up proceduf® Adapted fromi2501with 0.5mmol PA instead of 2.Gnmol.

Table 5.16 Investigation of atalytic milling vessel{DPBv).

Sample Milling vessel Vesselabrasion/ Milling ball Milling ball Yield / %
material mg / % material abrasion/ mg/ %

DPB-v-1@  Bronze 3.0/0.001 Bronze 0.5/0.02 61

DPB-v-2@  Bronze 5.0/0.002 ZrOo 0.0/ - 71

DPB-v-3@  Al-bronze 3.6/0.001 Bronze 1.2/0.08 63

DPB-v-4ia  Al-bronze 0.8 /<0.001 ZrOo 0.1/0.003 67

All samples were prepared using 44 (0.4mmol) PA, 1.68 K2COs with one milling ball of 10mm diameterin a 14mL
vessel. The milling was conducted for 80n at 30Hz in a MBM. TheCu contents of the milling vessels are 92wt%
bronze and 81wt% for Alronze [2] Repeated fronf?50 with different resuts due to changed work up procedure.

Table 5.17 Mechanistic investigation§DPBm).

Sample Ball Comment Total abrasion of  Yield %
material balls/mg /%
DPB-m-1[ ZrO; Without Cu source 0.2/<0.01 0
DPB-m-2a Bronze K2COs replaced by KCI 0.5/0.01 0
DPB-m-3 Bronze Inert Ar atmosphere 1.6/0.02 0
DPB-m-4{l Bronze 185mg BCA added 0.6/0.01 3
DPB-m-5 Bronze 100mg EDTA added 4.6/0.06 46
DPB-m-6 ZrOz Leaching base from DPBreused 0.2/<0.01 3
DPB-m-7 Bronze Reagenteplaced by PACu 0.8/0.01 45
DPB-m-8 ZrO; Reagenteplaced by PACu 0.1/<0.01 31
DPB-m-9-i Bronze 60min milling time 0.6/0.01 39
DPB-m-10-i Bronze Two milling balls were used 4.710.06 42
DPB-m-11-i Bronze Reagenteplaced by PACu 0.7/0.02 41
DPB-m-12-i ZrOo 7.6mg (10mol%) Cul catalyst adde 0.1 / <0.01 37
DPB-m-13 ZrOz 3.0g KOBu for HO determination n.a. n.a.
DPB-m-14 Bronze 3.0g KOBu for HO determination n.a. n.a.

All samples unless otherwise stated were prepared using-55.5mmol) PA, 3.@ K2COs and two milling ballsof 10mm
diameterin a 25mL ZrOz vessel. The milling was conducted for 8n at 30Hz in a MBM. Sample codeindicatesin situ
Raman monitoringpreparedusing 44AL (0.4mmol) PA, 2.4 K2COs and one milling ball in a 2ehL PFA vessel and mille
in an ISF500 MBM for 9Gnin at 30Hz. @] Repeated front?>0 with different restts due to changed work up procedure.
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Table 5.18 Investigation of alternative oxidant supply (DP® BEBO).

Sample Reagentamount Comment Total abrasion of Yield / %
/ mmol balls / mg / %

DPB-o0-1 0.5 6.4mg (5mol%).ladded 2.6/0.03 50
DPB-0-20] 2.0 320mg (1.1 e KHSG added 1.6/0.02 19
DPB-0-3 2.0 152mg (0.5eq) KHSQ added 2.1/ 0.03 21
DPB-0-4-i 2.0 320mg (1.1eq) KHSG added 0.5/0.01 18
DPB-o-51 2.0 Vessel opened 2.5/0.03 19
DPB-0-8-il"l 4.0 Vessel opened 0.7/0.02
BPB-0-1-ill 4.0 Vessel opened 0.6/0.01

BPB-0-2( 0.28 Bronze flow vessel 0.1/<0.01 75
BPB-0-3 0.28 Bronze vessel 0.4/0.01 44

All samples unless otherwise stated were prepared using X££Os and two bronze milling ball®f 10mm diametetin a
25mL ZrOz vessel. The milling was conducted for 80n at 30Hz in a MBM. Sample cod¢ indicatesin situ Raman
monitoring. These reactions were conducted using@kCOs and one milling ball in a 2L PFA vessel and milled in ¢
IST-500 MBM for 90nin at 30Hz.[@ Reaction was conducted under inert Ar atmosphé&leMilling was stoppedand vesse
opened every 3fin to exchange atmosphere and provide fresh oxyd@rRepeated fron?5%1 Sample was miiéd using
50.7mg (0.28nmol) BEB and 1.68 K2COsz with one bronze milling ball in a 14L bronze vessel with two screw connect
tubes. Synthetic air was flushed through the vessel during milliflgSample was milled using 50Ty (0.28nmol) BEB
and 168g K2COs with one bronze milling ball in a 1L bronze vessel.
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7 APPENDIX

7.1 Supplementary Datdor Suzuki Polycondensatidn

7.1.1 Characterizationof PPP Samples from PBM

PPPpgy-1

PPPpgy -2

PPPpgy-3

PPPpgpy-4

PPPpgy-5

PPPpgp-6

PPP,., -7

PPPpgy-8

PPPpgy-9

PPPpgy-10

PPPpgy-11

_MHﬁMHJH___Aviku*___~_ﬂjﬁﬁigkﬂk
PPPpgp-13
PPPpgy-14

II I. 1l ,I J .111 P 11Pr,1PLIIi"|“;LJ.
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20/°

PBM™

Figure 7.1 PXRD patterns of the PPP samples synthesized in PBM. Reference for PPP was calculdfé#l RdnPDF2
[5-6819], WC: PDR [251047].

Table 7.1 Peak centréd, FWHM and calculated particle siz2of Pd from PXRD patterns for samples synthesized in PBM.

Sample H/° FWHM D/nm |Sample H/® FWHM D/nm
PPPeen-1 20.03 0.6079 14 PPPrev-8 20.03 0.6557 13
PPPeem-2 20.00 0.8006 10 PPPeem-9 20.03 0.5696 15
PPPegu-3 20.00 0.6164 14 PPPeem-10  20.03 0.6252 13
PPPrem-4 20.03 0.5761 15 PPPeem-11  20.06 0.6901 12
PPPrem-5 20.03 0.5382 16 PPPeem-12  20.06 0.5240 16
PPPeeu-6 20.06 0.5891 14 PPPeev-13  20.02 0.5279 16
PPPeem-7 20.06 0.6134 14 PPPeem-14  20.05 0.1481 56
Pd black 20.01 0.3831 22 Pd waste 20.04 0.1487 56
Table 7.2 Elemental analyses results of selected PPP samples synthesized in PBM.

Sample C/wt% H / wt% C/H measured C/H calc.
PPPegu-1 61.90 3.435 1.512 15
PPPrem-2 70.97 4.030 1.477 1.5
PPPeeu-3 70.02 3.944 1.490 15
PPPeeu-6 57.81 3.224 1.505 1.5

Yoo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo Yo

* Parts of this chagr were literally adopted fronmy publication[12°]
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A B
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Figure 7.2 A: FT-IRand B: Ramaspectra of the PPP samples synthesized in PBM.

Figure 7.3 SEM image and ED8apping exemplarily of sample PPsm-6. Pd is horageneoust distributed in the polymer.
Br depicts theend groupsn the polymer. Si originateffom abrasion from satching the frit used foproductfiltration.

A B

——— PPPyyy-12
PPPpgy-12-HCI
Pd, PPP

ISR ('

\/
)i l‘-‘ \-.\_,.1| | N'I\""u\- JI 4' |H‘
. R R R PR S A N T —t— H\“‘*M-r%w’\/’”\ﬂu o |\\J\
10 20 30 40 50 60 70 80 90 4000 3500 3000 2500 2000 1500 1000 500
20/° Wavenumber / cm™

Figure 7.4 A: PXRD patterns and :B-T-IR spectra of sample PR#+12 crude and after removal of Pd with 37wt% HCI
(PPRem12-HCI). The identical reflexes from PXRD and bands fromIRTprove that this is possible without modification
of PPP.
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7.1.2 Characterization of PPP Sgrtes from MBM

PPP,spm-Ref-1
PPPsn-Ref-2
PPPga1
PPP,5m72
PPPypm3
PPP g4
PPPygm-5
PPP, gm0

H ‘ J PPP, Pd
1 . . .l . " 1 - L 1

20 40 60 80
20/°

Figure 7.5 PXRD patterns of the PPP samples synthesized in MBM. Reference for PPP was calculai&dl fromPDF2
[5-6819].

Table 7.3 Peak centrey, FWHM and calculated particle size D of Pd from PXRD pagdor samples synthesized inBi.

Sample n/e FWHM D/nm
PPPRveu-Ref-2  20.03 0.2014 42
PPPRusm-1 20.05 0.1234 68
PPPRvem-2 20.07 0.1458 57
PPPvem-3 20.09 0.1525 55
PPPusm-4 20.06 0.1360 61
PPPusm-5 20.05 0.1536 54
PPPvem-6 20.05 0.1441 58
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Figure 7.6 A: FT-IRand B: Ramaspectra of the PPP samples synthesized in MBM.
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Figure 7.7 SEM image and ED®apping exemplarily shown of sample R¥#-2. Pd is incorporated in bigger particles
compared to PR2m6 above. | represents the end groups in the polymer.

7.1.3 Results of Leaching Test PR&u-5

Table 7.4 PPP samples from the leaching test RBN®5 after different milling times. The reaction was performed in the
MBM with a 25mL ZrO; vessel and two milling balls. 998g 4iodophenylboronic acid were used together with 1.€58
K2CGs.

Reaction time /h  Ball material DP@l  Yield/%d H/° FWHM D/nm
2 Pd 149 8 20.03 0.1260 66
4 Pd 156 18 20.05 0.1296 65
6 VAL®)) 198 300} 20.04 0.1235 68
8 VAL®)) 199 23 20.05 0.1184 71

[a] DP and yield were only thrice measured and could not be determined exactly due to the small sample amount
than 5mg. Sample PRBm-5 was obtained by washing the remaining reaction mixture, therefore these results are
valid.[P] Overestimatediue to abrasion from the filter.

Figure 7.8 PXRD patterns of samples from the leaching test w5 after different milling times. Reference PPP was
calculated fronf?41 Pd: PDR2 [5-681].
































































































