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Grow rate: ~9% p.a.

“Any future scenario where plastics do not play an increasingly
important role in human life therefore seems unrealistic.”

A. L. Andrady, M. A. Neal, Phil. Trans. R. Soc. B 2009, 364, 1977.




Backside of the success (I):

» Plastics derived mainly from petrochemicals
= 4% of the annual petroleum production

= Additional 3-4% for manufacture energy

Backside of the success (ll):

= plastic production: 55 Mtonnes (2007, EU)
VS.

» end-of-life-plastics: 25 Mtonnes (2007, EU)




Figure 2. \folumes of plastic waste (/estern Europe)
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Polyether: Polyethylene glycol (24.000.000 t/a) ( n
Polypropylene oxide (6.600.000 t/a) Q
Polytetrahydrofuran (250.000 t/a)

‘;r“\/o\;‘?{

Q o 1.0 mol% FeCl3 Q cl
c ot Q — N
©)J\ 70 °C, 1h
solvent
yield: >99%

Transfer of the concept
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* s Yield: 79%

40-130 °C, 12-24 h
1 2 (10 equiv.) 3 4

Entryl@ Iron source (Mol%) T[°C] Yield (3) [%0]!! OO

1 -- 130 <1

Yield: 819¢
2 FeCl,*4H,0 (5) 130 87 0
3 FeCl, (5) 130 81
4 FeBr; (5) 130 69

Ho/\/o\/\o/\/OH
5 Fe(ClO,),*H,0 (5) 130 71
6 Fe(ClO,);*4H,0 (5) 130 73 Yield: 73%
7 FeCl,+4H,0 (2.5) 130 82
8 FeCl,+*4H,0 (1.0) 130 68 /O/\O
9 FeCl,+4H,0 (5) 100 86 b 3
0

10 FeCl,+*4H,0 (5) 80 69 \\o/

Yield: 8290
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Polyether + /@Aq
R
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cl
H*o{/\/ O]H ‘ ©)J\O/\/

n

Polyethylene glycol _
(M, ~100.000 g/mol) Yield: 89%

ool ©)(i/\/

Polyethylene glycol oo
(M, ~1.000.000 g/mol) Yield: 95%

Sy o

Polytetrahydrofuran Yield: 839%
(M_~1000 g/mol) eld- S570

0O R'

5.0 mol% FeCl, 4H,0 A,
neat, 100 °C, 24h o R
R

P - o e

Polypropylene oxide _ _
(M,, ~2500 g/mol) Yield: 68%

L Il eanaas

Polytetrahydrofuran Yield: 9294
(M_~1000 g/mol) 1eld: 9evo

S A

Polytetrahydrofuran Yield: 89%
(M, ~1000 g/mol) D
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Renewable resources
= fatty acid chlorides




1 (M,~300 g/mol) 2

5 mol% FeCl,*4H,0 O

neat R)]\O/\/Cl
100 °C, 24 h

capric acid chloride
(10:0)

lauroyl chloride

(12:0)

myristoyl chloride
(14:0)

palmitoyl chloride
(16:0)

10-undecenoyl chloride
(11:1)

oleic acid chloride
(18:1)

linoleic acid chloride
(18:2)

Yield (3) [%]
78

77

82

75

<1

39

<1




Polyether +
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Polyethylene glycol
(M,, ~1.000 g/mol)

H.
n

Polyethylene glycol
(M,, ~1.000.000 g/mol)

-

= in situ generation of the acid chloride

1
i 5 mol% FeCly* 4H,0 o R

C13H27 Cl neat

Myristic acid chloride 100°C, 24 h

o S Yield: 77%
Polypropylene oxide
(M,, ~2500 g/mol)
Yield: 56%0 Yield: 57%

oL

Polytetrahydrofuran
(M, ~1000 g/mol)

-

a) SOCl,, 80°C, 2h

b) 5 mol% FeCl, 4H,0, 1
0o 100 °C, 24 h 0

CH H o
o) H .
n yield: 35%

1 (M,,~300 g/mol)




End-of-life
polymers

Option:

End-of-life
polymers
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Depolymerization
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Problem: HCI formation

‘ New polymers




H. (e}
o{/\/ }H +

n

(M;,~300 g/mol

Mp~1000 g/mol

H\O OH +
n

M,~2700 g/mol

H\o%\/\/o} H +

n

M,~1000 g/mol

Ac.O 5 mol% Zn(OTf), O
c
2 neat )J\o/\/o\[(
150°C, 24 h o
(excess) yield: 19%
5 mol% Zn(OTf), o)
ACzo > (o)
neat 0" \n/
150 °C, 24 h o
(excess) yield: 59%
Ao 5 mol% Zn(OTf), o} J\/
(o >
2 neat )ko OY
150 °C, 24 h o)
(excess) yield: 18%
JOI\ o 5 mol% Zn(OTf), 0o
O _CgH
CsH7y O neat CsHy” 07 T i
50111 C5H11 150 QC, 24h 5M11 \(gr
(excess) yield: 67%
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H. 0
o{’V }H * C5H11)J\OH

n

M,,~1000 g/mol (excess)
H. O

o{’w }H CsHy~ OH

n
M,,~1000 g/mol (excess)
O

H. O

Oh }H T CHi” OH

n

M,~2700 g/mol (excess)

5 mol% Zn(OTf),

neat
190°C, 24 h

5 mol% Zn(OTf),

neat
190°C, 24 h

5 mol% Zn(OTf),

neat
190 °C, 24 h

0]

Can)J\O/\/O\ﬂ/
(e}

CsH11

O O

o)
CsHy” Y07 \/\OJ\CsHll

yield: 31%

o)
can)J\ o TN O\H/CSH“

O
yield: 71%

O
C5H11)J\OJ\/OYC5H11

(0]
yield: 45%



Ro‘[\/\/\oﬂ‘ Polytetrahydrofuran (PolyTHF)

) ‘ End-of-life polymer I

/ Waste
Polymerization k to Depolymerization
catalyst Va'”e

catalyst

I Monomers or useful synthons l

o)
‘ 7 Tetrahydrofuran (THF)

20

60

yield [%] 40

20

P,

M, ~1000 g/mol

/

H

5.0 mol% FeCl3

180 °C, 10 min

o)

O

92% yield

20 min
10 min




Ro‘[\/\/\oﬂ‘ Polytetrahydrofuran (PolyTHF)

) ‘ End-of-life polymer I
/ Waste

Polymerization ‘\ to Depolymerization
catalyst Va'“e

I Monomers or useful synthons l

L0)
‘ 7 Tetrahydrofuran (THF)

catalyst

yield [%]

HOW o]LnH

M, ~1000 g/mol

1.0 mol% Zn(OTf), O

180 °C, 10 min ;

TON =900
TOF =180 ht




Depolymerization o

@)
Mo/hl + RJ\CI > )J\O/\/CI — New polymers

Transfer of the concept to polysiloxanes?

)

= Polysiloxane synthesis

H,0 } A
. , R Si R
MeCl + SilCu —— [ MeQS|CI2] SEE— o710 — )
300 °C -HCI n  End-of-Life

ﬁT 0

"C" SiO,



[Suitable synthons]J

End-of-life R New
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R. }Si_ IR R '
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| O 5 mol% FeCl | | |
H. |Si_ LH ° 3 - Fig-Osa.-F
O{/ e )J\ F/S|I\F + Si” Si

n Ph” F 130 °C, 1 h I |
1 M, ~550 g/mol 2 (2 equiv.) 3 4
\64% yield 16% yield y
Y
80% yield
bp: ~3 °C bp: ~70 °C

Optimization study

| 0 2.5 mol% FeCl |
i - 3 F.l ol F
H\OJ[S|'\0 H - _Si. + s si
n Ph” F 130°C, 1 h F1F .
1 M, ~550 g/mol 2 (2.5 equiv.) 3 4
Reaction set-up {32% yield 28% yieldj
N

90% yield




Depolymerization

-

SRS

Depolymerization

cat. FeCl3/2

| | [
cat. FeCl; + Si Si__Si_ _Si.
: RL"OG 0”07 "o

cat. FeCl3/2

Depolymerization

e

-

Depolymerization




88% yield (69/19)
(M, ~110.000 g/mol)

| | |
_Si___LSi__LSi
H 1o of | H

65% yield (49/16)
(M, ~580 g/mol)

O 5 mol% FeCl; |

Ph F 130 °C,1h

oftofd {otof?
_Si_ LSi__LSi Hol |si. LSi_ LSil_LOH
HoNC3Hg ™07 | ~O7 | CaHeNH: o1 1ol 1M,

95% yield (72/23)

56% yield (47/9)
(M,, ~5.600 g/mol)

(M,, ~2.500 g/mol)

Pho ) ||k D . _

s Isi_ |lsi__ Lsi. Silicone oil

MO e 01 © N prC] pnoH (viscosity 30.000 cSt)
(o]

60% yield (40/10)® 81% yield (74/7)

(M,, ~580 g/mol)
87% yield (Ph,SiF,)



New polymers

| sl, sl, sl, 5 wt% FeCls {0 Vo s|, | |
Si. N I I » ! r ol i
/| ol | ©O ~0 |\ 1 o : Ph)J\O/\/CI o F | F :
n (0] . ' ! ! :
o“/}o\ Ph” ~CI 73% yield ! 5% yield |

P 130°C, 2 h ;

e

20 wt% Polysiloxane 2. O | |

' F O UF

Ph/lkF : :Tn S|| ;

130 °C, 1 h _ ;

. 38% yield |

_____________

New polymers



| o) 5 mol% FeCl | | |
i 3 F\ ./O\ ./F
/FII\O + L - S P ST
n Ph F 130 °C, 1 h Fo]F |

Silicone baking cup




R
F-Si-F

2. \ :
RoahSlaad R, "' e — > R__LSi
OTr ©ln ' "oTg O,
R R '
Si__}Si Fe

Suitable synthons
End-of-life New |
polymers polymers

o} o O

A A

)J\ F Ph™ 0" "Ph m<<n
[}

Ph

I 0 5 mol% Zn(OTf), | O O
i Fol Ol F
H\O{/S“\O H + )]\ _Si. + Si” 7S + )J\ )J\

n Ph" OF 150 °C, 5 h FlF [ Ph™ 0" "Ph
1 M, ~550 g/mol 2 Depolymerization 3 4
(3 equiv.) (75% yield) (23% yield)
_ N J
PhC(O)F: ~482 €/mol

Polymerization 2.1 equiv. KOH, H,0
-20°C>=100°C, 2h

| 72% yield
Si_ M, ~500 g/mol
| Oln  m, ~521 g/mol




H. LSi_ N
ot o] o gy

1 M, ~550 g/mol (3 equiv.)

PhC(O)CI/KF: ~22 €/mol
PhC(O)F: ~482 €/mol

47% yield
(M, ~110.000 g/mol)

2.5 mol% FeCl;
3 equiv. KF

130°C, 1h

51% yield

HQH/SL Si__LSi OH
ml O | O nl (0]

35% yield
(M, ~5.600 g/mol)

F.l ol F O 0
Sit Si +

. Ph)J\OJ\Ph
4

17% yield

| | | |
i Si Si Si
oo Lo ™
n o]
O/\+O\
p

65% yield
(20 wt% Polysiloxane)



| 0O O 2.5 mol% FeCl, | | o |
Si__ LH _ : Fol Ol F
H\O{ | ~0 o + )J\ )J\ + KF > F,Sll\F + Si Si

Ph™ "O" "Ph °
(3.0 equiv.) 150°C, 1h

1 M,, ~550 g/mol (1.5 equiv.) 3 4
(74% yield) (4% yield)

)(i )OK /\/\)Ok )(L/\/\ PhC(0)O(0)CPh/KF: ~46 €/mol
° O PhC(O)CI/KF: ~22 €/mol
PhC(O)F: ~482 €/mol

3: 36% yield 3: 78% yield
4: 4% yield 4: 1% yield

| } R [Tl T
~ N ~ - O O (@]
ol| O n m| ol] 0 nl 5 | | ] o |
O/\+O\
p

60% yield 48% yield 71% yield
(M, ~110.000 g/mol) (M,, ~5.600 g/mol) (20 wt% Polysiloxane)



I
= Silicone Synthesis: MeCl + Si/Cu —»[ MeQSiCIZ] — R‘oJfoI\O R

300 °C H,O

Polymerization

+H,0, -HCI
Me Me new polymer
L / Waste 5 v PeY
. N Sic Si R
= Silicone Recycling: CI” Gl to R

\, end-of-life

polymer




I
H. LSi_ H
OJ[| O N

1 M, ~550 g/mol

82% yield
(M, ~110.000 g/mol)

i 7.5 mol% FeF3 |
+ > _Si. +
Ph™ °ClI 190 °C,5h Cl~ | Cl Ph
2 (3 equiv.) 3
86% yield

(FeClj: 32% yield)

HOJ |.Si._LSi_ LSi{ JOH _Si._LSi__Lsi.
Hmlolonio H™ o [ of I A

45% yield
(M,, ~580 g/mol)

40% yield
(M,, ~5.600 g/mol)

| | | |
i Lsi_ Ilsi_ Lsi
ot ot o T
n o]
O/\%,O\
p

35% yield

@)

©)J\o/\/CI

91% yield



Cl-source
O-scavenger

Depolymerization

. L |
= Polymerization/Depolymerization: Me,SiCl, - - R\OJ[S“\O R
n

Polymerization

H,0, -HCl

H,O

Polymerization

= Silicone Recycling

Me O
/ Depolymerization d
Reagent Recycling: Ao o o

Monomer

Depolymerization

Ac,0: ~3 €/mol

PhC(O)CI/KF: ~22 €/mol Fe-catalyst
PhC(O)O(O)CPh/KF: ~46 €/mol
PhC(O)F: ~482 €/mol




| 0O O 2.5 mol% FeCl o | O |
= Depolymerization:  H. {/Si\ H ' S )J\ Si )k /@Si ]/
O -+ L P < + ~N
11 ©ln )ko/k 160 °C, 16 h o070 | Oln
~ i eg.n=4
My~ 550 g/mol 2 equiv. 51% yield g
H' J[sl ],SliH,OH | J(S" }S|i H stli }H
HOJ | Si. N _Si. i . N ~
1o 1ol T, HT o1 o I H ol | o],
37% yield 35% yield 29% yield
(M,, ~5.600 g/mol) (M,, ~580 g/mol) (M,, ~110.000 g/mol)
FeCl, 4H,0
N3
i | j\ o’SI_O‘s/
. . . . USi > r u + minor products
Polymerization: 0770 H,0, reflux, 1 h —si_ O ihor produ
O—SI\
24

25 (yield: 55%)



7.5 mol% FeF3

| } O |
: OH
H. stl\ H + )J\ > MeO-Si-OMe +

n methanol
180 °C, 24 h
1 M,,~550 g/mol 2 M,~50000 g/mol 3 4
18% yield 14% yield
| X
Si R
RJ( | \OL o0
n
Polysiloxane Polycarbonate
New . s, . New
— [End—of—llfe polymers] y | [End—of—llfe polymers] -—
\\ L. /,4
N Depolymerization y
Polymerization "\ Catalyst .~ Polymerization

MeOH

|
MeO-Si-OMe
| -CO, )\/OH

OH

[ Suitable synthon } [ Suitable synthon ]

0
0~
AR
5
32% vyield




= Depolymerization of Polyethers

.ﬂ-\\ ‘ Suitable synthons ]
End-of-life "
polymers \ e}
R)J\O/\/Cl
f~d . e
n Depolymerization 0
Catalyst . PR o /\/O\H/R
acid chlorides, 0
Ac,0, acids
= Depolymerization of Polysiloxanes
[Suitable symhons]

End-of-life = Now
polymers F_s'i_,: polymers
Depolymerization IIQ —
ol poymerizaion NS
= R
(@] R o

o e — Sof R
/ i R IR '* .
Frio i £
R
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= Dr. Jan Dirk Epping (TUB)

= Dr. Robert Kretschmer
(University of California San Diego)
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Waste a “renewable” resource for the future?

Thank you for your attention!



