Chr omi un-bami(mphenol at e0Qacnodmpcl yecxl eosh ef xoe
oxi de copolymerizati on
By
Kai ji e Ni
A Thesis submitted to the School of

in partial fulfill ment of the requir

Doctor of Philosophy
Depar t nGhnetmiosft r y

Memor i al University of Newfoundl

Septe®®T

St. &8 ohn Newfoundl ¢



Abstract

Utilizatdasn afClCOf eedstock for pol ycarbo
considerable attenmnieompr o inieed rhga sctaht dad cyat d ecs
copolymerizandoapoxXi dCe&ds to .&ftfthdrlsee€p6él ytarb
ambmi s(pheompateears were synthesized and ir
copol ymeri zaand ooy olfo h(e&@)n eT hoexsiedeCr (I 1 1) con
charact eMALEZEAIDOF bynas s s pse cntgrloem¥e-t mys tda lf f r act
UWVi s s peatnrdd sanemyt a.l lampatelgeeins e of cocat al
4-(di met hyl anfiDMARpiys (i tdri inpph e ny | pi hnoi snpi huomr aahyll a rd
or aPP@Bk RRANN these Cr (I11) compl exes sho
selectively producxxanpmo |@GHdDahr bnoondaetrea tfer ommo | GQ
and narr owEnddy s @ ep ssa hoafe gtshie resul ti MTPFpol ym
mass spectrometry suggested botthh@rtfe | hucl
compl ex coul d iHwoiweivaetre, tDhMA Pr enaacst ifoonutna t o [
ri-agen t het heapno xti e cthh@rr(ildlel )f Mavaminp loe x ng t
copol ymeri zatiimnairteeancu a toend vtiacat al refl ectan
( AFIRR) combined with the studies of binding
Sspectromett hatlsd owetder ifc tgpé&hddbnoa group

ami-mios(phenol at e) Cr(1L11) compglnex etpbdayegd



copol ymer i Fuarttiloenr mmatee. pol yc axrabnodn a GebG di o |
synthesized by a mbhdi frieesdul Gri (nidli lp)o | ovta@mp |lbesxa.e
aff anrbd ock C 0 pia Itsy mse ras a macdmitiator in the subsequent
basecatalysed ringppening polymerization ofac-lactide The r ecaoap ol pymer s
showed a decreased gl ass transition t emp

temperature compapetiycarbbeaodbeisgin
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Chapter 1. |l ntroducti on

1. 12860 a carbon feedstock

CQis the most abundant r ene&wabMne gaeaerelnd u
gaS.ncendlheteviohdjutiloe | gfivnelt hoef aGOnospher e ha
increased due to the extenspgpert upseedft d6oses
emi ssi ovitméreceh assodieatredewi abrermd staoxld as gl ob
war ming and oc@naen eddiicii feindatsieanasegpynsoi sed
di oxide captur é3Honwke vetrgr adhd s( @@%)h.nol ogy ha
hi gmer gy r eqtiirgdhmecrotsst and uncertaim!per mal
Uti |l i zatasona ocfarO n f eedmu mic ka ti ts¢ sitotwoar rekcge 1 v
form o5t oGuge al so provides access to high
nomoxic, inexpensiveé® and renewable resour c

Thereondipgevx ampl es of i ndustas ad mpépetiicad i
for @Henpircodibc sh ®@csa@@kas a relatively high
stabi ltiter edfnddaea ge i nput of enerygyntios orn éacu
chemical s. Mo st oxfa ctt h @uasteess emiT &¢lhg b sGQ at e
provi di nghea nbidryencatmi ¢ Idmpwve s1gi yeo@rgreogr eass h

range of heaodiuemns,i as ucpatmdsn tnigeiloh E€@EPoD X i des



azirjfdirmmeyd ati on and ,meanhdy | raetdqtuoant itodie amfi ex@@& n
hydr d@uernr. e nihlay, d@@mer ci al |l patooyere€gydatid
car boamadt ewssedt iage ainn adhlé s yhd heit)d. %1 to o ungeh h ¢

tda mourCtQcoofnsumed i n (thed@@mmMlyc enmakeess up a Vv

fraction odgetntea att @tdalf r ©@c &3u7maGt )acttitva $d es|
provide mor e fernivarnochinyee n ttvod llpyatbé mc e al s ot he

made rfeagents that may be @8etrimental to tF

ONa
OH H +[::]/ 9H, + 3CO
@[ C02 3 4CH;OH + H,0

COOH -Na"
salicylic acid
A NH,
52 :
0o HoN™~“NH,
cyclic carbonate urea

SchewadJt L1 i zatra®naocd¢acCiWon nfdeasdetmaclal!l f.pmr oduc

1. &erview of polycarbonate

Pol ycarbonates are a ctasstsabhi hgecmpobpbaat
partircamaptoilcyaar bonates made from bisphenol
and possess outstanding physical propertie

transparency, good etl erca ¥ Bsctad hd éhisel | @ft i tome e



they have been widely used in construction
of fice eqeael @omemdni ¢ compohembs | vpackdgshgy:

l mstrially, the conventional production
bi spMemalh phSocshgeegpe) I( whi cda qaimibrean wi r o n me n t
and saf é¥Fiyr shte,s giess ea h i g htl ya atno xbiec ugsaesd as a
weapon, t husandtsi |pirzoaeuecestms volna @ ty rwool rlleddwi d e .
Second, a great amount ohumdam® ht iOn o gheybphi acnael |
more thamyt eveitgihmeopolthea,pbodaedldpamenai zat i
sol vDeet t o Dbtohiep dnogdti cohfl or,0 mett hiasnevery di ffi ci
avoid the releaset beét ndascpnh earded.meéti bane ai hmtao g
waewat er containing organic compounds and d
environaecaddlelwiedf or e dAlstchhoaurgghedt.hi s convent
has adilsoadw#ihs agsebsg |i ndairsn uprl didg o e cag i@mh y

Mtof pol yghobldhhvye



Phosgene Process A

CH,Cl, / H,O o
n )]\ ton +2nNaOH —_— + 2n NaCl
Cl
HO 0 0
n

Phosgene Bisphenol A Polycarbonate

Non-Phosgene Process B

o s O (TC -y

Diphenyl carbonate Bisphenol A Polycarbonate

Schefd ndusboeti@|the synthestfs of polycarbon

Anot her i ndupsotlryicalr hremhtvee st ¢ he r dawt itdin o
di phenyl, cavbiodiang t hesScuhseen?e® H13Hpwheovsegre n et h(e
equi l i brtiruamn od s trderiaisftii coantr i¢ @m. to afwihes thegepr oduc t
t her,afusrte be efficiently removed dfri om tthe
reacftoowarTd meet this requirentemntreduagd
viscosity of the)pmddbcghd patyomr boeattegpic
reacwhiocsh result in a high ener gyn caddsiutmpan
t he ¢ o ndmeprhceinayll carbonate is typicall.y prod
Therefore, the use off dr pthlkeenyp olcyaa erobnarn a&t an
not completely solve the iIissue of wusing tox

Anot her i mportant consideration of trad



bi sphenoivedAopgsai zed as ahTereadextemei dé susu@t
A based polfycad boamhterevdmasge accsreidaihrrad ¢ h ¢
traces of bisphenol A were found®her éktacé,
there i s a great i nt ertessutb $teahtedseev ecluorpr emetw it

routes for polycarbonate production.

1.G®pol ymer i zamatnido re poofx i @
1.3.1 Background

Copol ymeri zandoerpoki €0 to pwaduftier ol ydar
by |lowveire 4a0g'dileias sprocess astaonbhybonebe€dst
provipbds ngusatldiynabl e waludeeb lteop@y wpldiacizandt e
was not until 2000 that the number of publ
signi fRicopult & dyll s(c uosfs itohne evol ution of this d

the next section.



40

30 A

20 A

Number of publications

10 +

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year

Fi gul®el number ot opaod€ @iceapyoi xoingsene c o pa&tri on
yedrom 1969 to 2016 (Note: the search was
CQ =epoxide and copolymerization).

In gener al , t his reaction S accompani ec
bypr mchdc tgamuiamt i ti esSohe@e.héTwd i pekmegreas!l (ob
are al 8drhfi su mdetaartgidgoanccd | ess 8 fratthphaatal gpb.
more dagim ycycl sthamrbhbnayetcaend,poamdescr e
temperature | eads totiam iorc rceyacgimiomi gnc dtrhitee® n
investigated epoxides, propylene oxide (PO
commonly usefd wh@dxidd £Opetihde corresponding p
t hadtlas bedmilsy r i molst ;de@lOomed ot harf f dwradsd,

pol ycanthakdatgmddrechani cal propertiest’for c



However, CHO exhi biot sfcojfromiwi cp rogpremesn atye byp

copol ymeri zat inigtn psacaettsmonthike s .

)i
0 Catalyst (0] O [e) o O
A oo, = AN ONHON—
R R’ R RO R R

R R'

PO:R=Me,R'=H

Polycarbonate  Polyether Cyclic carbonate
CHO: R = R' = cyclo-C4Hg

Schefdydi cal copol ymeri zaoi pmnoducep@mwd ge aarl
et her )amdkagegs!| i bypraro@Pdiptepy!| ene oxi de,
cycl ohexene oxide).

A gener atywldexOpobkcde copol ymecech edé® dn i
The reaction begegeinnangwiod b ttenveaineed adpoxi de by
(haltiodeg)enalk kb Eh ed @ame t a | al koxi de specdes su
i nser af btohndedcaar boThat ¢ esul ti ng c airnbiotniaatteors e
ri-ogpen another coor di natiends eerpto xoind et,o fgoelnleorw
whichnti nues the po$Symemg zBYLHiomg ptrloicespr qc
methadupmadl ymemaghoiac kbi t e ctao b @fyguruesstc b(g me i ¢
1-4, B) . For g dhree snuglattriael tyaslt sg | k o xoipdeen ceapno xa Id<s

|l eading to ether | inkd&Syehsemen Qt)he copol ymer



o]

Initiation C%

metal complex alkoxide species

Propagation M-0

CO5 A

o}

AN
M-X —>MO\/\X—>MOJLO/\/X

carbonate species

—> M-0_~~P

-Ownp
cycccarbo;e< ﬁi\j >

gener al
pol,ymhaz#)ctdain

Scherde A
epox(iPd e

1.3.2 Early catalyst

The fircdat aneywlzagdp o CiOd e
to 1969
containing a 1:1

copol ymerization to

( TOF)0.df®hwubsequent!| y,

catalytic

when-wdmlberes adids ccoover ed t he
mi xtur e

afford

ether linkages

cycle j$sa@md t he

devel opment s

copol ymerization re
het er ¢

ofcatdaleyxzhegy | PQ/i @

poly(propyl ene

vari ous heterogene

di et Wil leyphtrce ieaindli al kKoydrzb oy fwiead ea diedr el oped f

copol ymer i z aloiwoerv e pf 0 d ehsess.e

pl aghbuye dl ow

heterggereals$y (

tquentveeve p r ed lamidb iolaidt ymol ecul ar



di striduet itond ack of the controlled active

| noue -waonrdkreerpsoln @ € d mt n u m cpoom ppFheygr uiZle. )llaa s
the first homogeneous catabymsd dpdxnitdchee.e co
presequat oefnar gponnrigrinplte syl hehp oirmenet hane
temperatuba€@ndt 4SS prcad pbdd €t arvbiotnhat @ s nar r o
di sper si.tly0 baeendwa 1mol ¢ ayé tawe evrern@Badnodr g6r2 @ O
gmoi Howe yvtehri s r e @moteldaly ® onkach compiyeA i on (
signi ficanmctiincirteyasef porphyri Mot meavhyst s
devel oped Gr (fll lulo)rd ppoapg ey ud Ie. )Ilb whasoh ubl e i n
supercridfftdnal su@Prcry titchils Q@amhil yesd wi t
4-di met hy)pami dMAP) could producezamdl yGCHQ bo
with acd@DFLoMThe resultshgwpdl spkreilsenayhan 1
and high carbonate cohbeevexinlgi nhgd fa olmowOr
we i g b 83 0oQmMol.

The devel opment ofphvweealolx i dreakFdagpufgdeei#lraessd (Z n
waa breakthr ough idofomr h d med eexemladry st .. ncThe f
bimegnoxi dgFicpu2ad.yXlats howed a | 6fwopDOF caffr b2 nét
formation from ABOd ab 8.°f@re @O oduced pol yme

a high molecul agmoandht b&bfFf 08800Wbpengsaseny



i nvestofgiame¢ omissphenoxi de compl exesy €ONnd t I
copol ymer i z acttieodn byeateheaflienmd hhowhsei toents o
phenol at eelTibratgalnyti ieicn carcad svdad iins otphigo.p2yl der o
phenylI2atbut@l)2<c met hyl qu.bB&In tt uedther B g
el ecewirtohndr awiensgs eandde amlaing i mgr i ne s ubosrttitauent
positions orfi ptighoev igdiheatl@ cal at 2i nc bi(Biphene® x1 de
1.)28his cempWexbr oved cawahbhn{TiOF bdviledv ehry,
t hemsiepbhenoxi degecnaetrpall gldytpeod y c ag eboxomialiiet i ng br
di sperssn i n2g. 5 rtroams4 . 9 i kcealtya |dyuset taoggr egati on
Abr eakt htrhoeu gchatianl yst sysbopmediedmgmanwasatteh
(BDdOmp| Exgs2 K. 84 . )by Caatdevdo ok erSFF me s e
zi mdi i midreatievwe irambesser vednote ekfi cleproxi der
copolymerization compared?Copopreméousatyi de
with CHO clatthd we ead tiyghleVOR As@ n7R 8Barh Th e
resultant polycarbonates exhibited high mo
and over 95% é49rBabadkrowedte@ar!|y identical
and4 2Rt AROnd 7 owhi c@®Pp d hitto r matmedrmlofcar bonat
al koxi de ittt emeca @eleysme@n ez actfi otnhe most act

reported t/oCHI@Qtocodolry s@eOabicdziaitmcoonemmp Eexngont ai
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the ewethdoawing chyaB@dtIuGrsd i T ulead clg.04 d
wer e fexmidbitto ext ryywnelhsoTPOFGO anti 2R8@Peltt i ve
Howe vteerr,i csal | 'y uneswchianbietr ek wapetttphgot | ¢ a wer s
no copolymerization acttwvght]dyiwhedraihcd wsatsa taet |
resutomm@e xt he ot her bldandpgompeéevesressi fncund t o
|l ess acti Vedflieo POr matdi on of d o §%olri ci ncsat rabnocne
the copol ymer i zabtyi ainh®yfmmel® rBeemdluC @d dP P

(85 wl5hOmR4afaht AZZ5nd 202 bar CO

R
R F
ot e QL
R R Tz n, ~0 R' Om, w0 F
" & Zn\CO
! 1.2a: R= Ph, R'= H, L= Et,0 C}’ \©/

1.2b: R=iPr, R'=H, L= THF

1R Cell M2 A 1.2¢: R= tBu, R= H, L= THF 126
’ 6% 1.2d: R= R'= Me. L= pyridine ’

s B8

43: O"’ ’ iﬁ 42: Zn &“‘8':"—'2
N o /o N N N
R2 Me R2 ?

1.3a: Ry, R, =iPr, R3=H 14a:R;{=R,=iPr,R3=H

1.3b: R1 Rz—Et R3—H 1.4b: R1 Rz—Et R3—H

1.3c: R, =iPr, R, =Et, R3=H 1.4c: Ry =iPr, Ry = Et, R3 = CN
1.3d: Ry, R, = Et, R; = CN 1.4d: R; = iPr, R, = Me, R3 = CN

1.3e: R1 iPr, R2 = Et, R3 =CN

Fi guzRepresentative homogeneous catalxyst sy
and epoxi de
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1.3.3 Binary chromium salen catalyst syste
The develaspmemt cahbtogAiiyad, le. )Slaby Darensbour
cavor kerabawdfmarX @poxi de c oD’k iwoe rki zawaatsi d m.s p i
bylJacobsewoakwhd&wowund Csédlcdimpl| Ex gs-3 4. -ha
showed hitghtaeataiyuwnet-npenirnggofSad poaxdrdesa.nds
eassyrnyt hbygiez &@dndered avteiecn al ané mapdels t adhdeal | vy
steandel ectronic properties around the met e
introduci ng di3fheerreenfto rseu, b sitni ttuheentlisi.t er at ur e
t he gnosdiae¢ @l ysot spdird€ OcoMalny me reiszatricdire.r s
Daerns b,o8fr y?°Coat%Noz ARi eg"éarnd ot hers have co
t hdkeevel opment of highly active salen met al
found nucleophilic cocatalysts are typical
effici emrts Taheet invoistt ccooncnact nall yy siNgned my Il iumii cha z o
4-di met hylyamidn on e ( DMAP) and bis(triphenyl g

azide (PPNClaroe PBHPgWwhei h
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Salen Cr(lll) complexes do X Ob Ado X Oi@'

1.5a, X = Cl 1.6a, X = N3

1.5b, X = N3
_|+
SNT @—P:N:P
Commonly used cocatalysts |

Cl or N3
N Z
G O 00
N N
N-methylimidazole DMAP PPNCI or PPNN3
Figu3 eShlen Cr (l1l1) complexes and commonly

Darensbowrog keemd oconduct ed danttwoa i lieield & nay fe s
substiothutsiad emsn Cr (Fli lglu®) ec dnepaldexnegs t(o i ncr ease
ford CBO copol ¥ fielreé zsattd roinc ef fect on the di
to have a dramatic | mpiakél pyndoat aloy gthea dtiinw
epoxide to the m«taamphLeedcwBea KRt eytbaalylly b
groupsc,ompli B sRthbhutgp Bran80 Ac€ul d produc
polycarbonate ‘wiotmpaa3&dOd@root h@. & nka IR gite wi t |
The decreased activity was beliekhesdgtéepi balt

hi ndbeaeppr oéchlep oxtiadet he mént adddcietnitoenr,. str oncg

donating substituents on the phenol ate rin
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For instance, Nimet hhkei mheaBsakenofr (IsEl) cor
OMe agarttb Rt yl was mor e= aRtthiuve |t manra |l tolgan eR  wi
571dand B6 rkespkEucrttihveerlnyor e, changing the anc
sal enCri=Il2JdRlI JH¥= (RRMest-b Rt yl ) from icrhd ro&F@®Bed t o

from 36. to 47 h

X =ClorNg

{gox Q}

Fi gurdeGeher al stsrau cBtnurldalt)afl y sinsCQuespaxi de
copol ymerizati on.

Despite the benefits of the modifiabl e e
chromium center, t he most i mportamtt haspect
cocatt@ My TOF o%f 068 GO copol @\ i&inzda t55@nb ar
can be achieved usi n=g:RB hH3= sRttbaurt §rl ( ladnld) X wi
combinati osn*Tvhiet hs ahRRNMIN CIF( g8, k. Bbimp | eamifi nat
with sARBENMand 35:fbuarrt hGG@ i ncreasedgtavélrogat al
of 11%¥Bheh produced polycarbonate showed a

with a high m®lOe couphodia naven ytht s f di. DB dh e s
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compl e xsehso vaetdsioves o/ O copol ymerizati on, but
cyclic <car bowearpee o th.yTgheed dnuocst t atbobwae dyvatihant
copol ymerminz at ipdare ny |l ene group &ngudhle. )ga i min
anidn the presadiiicGenadf3PBHELk cCO veRy@igtem eI A% e
copol ymer selectivityaga®@F( 90 HY)i®Rubbheate
invset i gations of salen | i gandtsh ec ocuoppl oceldy nweirti hz

rate and selectivity f op Pplo lcycpaorl fteatiez,atp a

1.3.4 Mechanistic istmds ®&Ilsemfc dt amlaytys chr om

Desptihtee i ntense st udic®ns obobft icsaagl ael ny sd o nspyl set x

cocatal ysetpooxiimdleC@opol ymerization, the prec
unequi Wedalmeyl i mecbaminegmwdinmeg al | i c and mo r
pat hwihaawse been proposed, with the | atter

intramol ec(@chedpadtihway
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R1 R2 X ’:‘U X

v ¢ - i — -

1
=N N= (0] X \ (0]
N 4
Cr. A~ 5 A~
=Cr= = 71N N X
A R3 O x O R3 u X
X -\ -
1
R4 R4 Nu
X = CI or Ny Intermolecular Intramolecular Intermolecular
Monometallic Bimetallic

Schese Ilnimeicahtaimabns mt he cattahpeyanhasysaemnobas
compl ex containing X izaidtieadadnedd (nt wgNiueoad H iyl e

ThbParensbourg group proposemertaan pleind)ng mao lf ¢
epoxi den whww at al y sStc hvea®e.Tulsee di d ni ¢N Odbd madtsa | y s
to the chromi um €&rbtoead) al wi erdgkee niinncgo niihneg e p o x
coordinate to the chromium &ejnanseetnatl Asi otnh eb oe
becemeweaker while the ot heredchwhdamnihum mpam v
concerted -oeppeondindge.r ri Bgemdidgni on specjes is
weakening the chramallulinm@Qoe mskeondonadgadi yener .
met al c dhreb opnractdeu.ced c-apbonanethan coogdi nat
cont i npuoelsy mehreir oacteis@mmat Fon of t hésedaxwboirde nap ec
anion was proposed t ot hbee ofbassetrjvoanm hao@lt gtshhatti
systems sutchpiacsal il lyesenow Redl eivhadnutc ttim nt Ipieg i
mechani sm, t-b edbiranmit een i acoorsppl cesxeedsasrad € hXGCi )

sped¢iXes 33CIGN)N have been i sol-radgy dc rayngdt?alhlac qr
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However, since bhotc¢heophiti at de sweXedsnddr vwvend cag
pol ymear oaurpds b-VTOMAWM®,| i s swhi ¢ h vuinrciseepaax iod e f a
ri-agenMmrge otviee , presence of warses$ dlumaddh ittoo ca&
rapid di sgft awgpeomgynnie o uwintn cr e as eaf aamoalnitc

carbonan’d form

Anionic
cocatalysts Nu@ ® NlSa Xe
A | |

-—Cres ———— —¢r— — —ICr— —ICr— —_—

or
| U N UGN
2 2 QO N o
Cr(lll)salen six-coordinate species Ej \Ej

l}l&a CO; insertion l}l&a

N —
o o

>=o0
(0]
X x\©
metal alkoxide

metal carbonate

Schermwe ohiometal lic iwtperamanlge odl| aerp brkiomhg u iy
complex and anionic cocatalyst.

The commonly used neutstt ald ine dced tadi lé p & boir D BCACF
copol ymdédryi sat iemn c hriobrd ruem sSsoogusrlGde ey pr oposed
catalytic cycle for activoattimeg madtbPlal een twh

chromium compl ex .@rmd giemtegrad et 8 wiatrtb a@@t e z
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areaction with epoxide to form another zwi
sal en <chr omiSwr e ¢i® Mpleé e-ssd ofr d isanl aet neC ] iDMIAIP) N

complex was <ch-amgctdarfifzeadct bpn Xand the ca
i dent infCiQebda nbdys a t2 021079.Th hsad bamat e zwitteri ol
to serve as an anal ogue t o atnhde idcierrnveans tdrea ti a/¢
t hahe i npetrifaotd opnol ycar bonawiet hf otrtmeat diosaemela

if robeMAPR band

0]
Ry O .
\(;13/ = N
| N3 z
i 4
Cr(lll)sal N
o r(lll)salen DMAP
N Q

zwitterion Characterized by X-ray diffraction

N3

-.'Cr\_

Os..0O

0 & co,

N

| |
|

/(’_:13\

carbamate zwitterion

Scheme€al atyytt idchaet i vabMAR of

Lu apPmdrkers al so investi goPtOpadp @ Ihyeme roil 2a to
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by salen and sal anFi ghiBdmifunt . PdTpd ex e a c t(i
mi xXtures ex-MAiFf @d6)leyshoSMe d mak decarkr easstpondi ng
[[OCH(LEHDMAP F H ndti catt i DA Pe ® OMgroes ,ore a k s
weroebserved to shift to howgdérert imoeéientcgpfi B € S pv
addi tPONC@f un[iOGH({tHLIEHMH MAP I (FHgu8) e Tirnogvi d

evidencéot hathc Bhbamate zwitternomn.iiasi oot r

R D

1.7a:R=CH3;, X=ClI 1.8a: R=CH;, X=ClI
1.7b: R =H, X=Cl 1.8b:R=H, X=Cl
1.7¢:R=CHz, X =NOj 1.8c:R=CH;, X =NOj
1.7d: R =H, X =NOj3 1.8d:R=H, X =NOj
SalenCr(lll)X SalanCr(lll)X

Figub 8t ductsalt essaaf@dhr omi um cecmpl &xneEdESU
st vy
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100, 1811

kf‘ojvojﬁ,?\(\nmnp +H

?’ol...

@ 2832 4241 - OC
') RN RSN RO NN A o S I WO T 102 58 123
Mass =181+ n (102)
n mass n mass
100 1811 385.2487.2 1 283 5 691
] 589.2 2 385 6 7193
g 691.3 3 48? T 395
(B) : 2831 793.3 4 589 8 997
U L L B e o .J-i - -]— —.-.-.-----'o.—.--J-'——---—-—[ R E e L R R R S
100, 487279926912
] 385.1 .2
| 181.1
(c) 895.2
| 2831 | SEEs
0+ MM | 1 NI T
100 580269127932
| 3852 | - 997.3
{D}- :59‘-1 181.1 .
] | 12014
D. | I W T S S ! b m'fz

T200 400 600 800 | 1000 1200 1400
FigugESI1 mpestra of tmkeesahtt ngantfasipysstte me
17EDMAP (1:1,dumnoC@&gPOoptoil ¢ )mearti z2a5t 6foQCa@a n d
pressulriehg : 2 h, (B) 4 MReprC)ntedh,wi(RMm)o p8 rmi

D:Y. ; LiangB. ;R.Zh Wa-Bd.,nokH.g;, 2 CAMBMX.EdPyr i ght
20 American Chemical Soci ety

Lu amdorkers also observed,tkentabhnaeg (|
hybzreiddiami n¢{idarh, er f)a, combi ned with DMAP sh
(cal 0 mi n) i ndawcd i engmpiefri oa@antl|l y hstghhaenr tchoep o
salceawunt efFipgu-b,el . - B)aAddi tj oea&ll(yy 1 1) Xatempl ex

showed a |l ong induction period up to 2 h.
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the presemae dofmpmMARI-DMABRI ad% bheDMAP adduct

does ndat ssacilaye one DWMaRtit gegbnpoentoMB R, t he

adduct, which | eaddutca it@&weh poelyed &didse grloprng al
supported by the investigation of bi nding
compl ex eMS whye[rE=all(ed  ONAPWapr edomiobaetrivgd upo
combination of salenCr’Con It)Xe cosnpléanx@ranldljIt)
c omp | perxeedso mis h @ MjesaayQrl (I DNIAPc)alt i ons even in the
10 equival enhtiss pdtelsMMSAPqQuc han gedstailvessah an

| i gand csat rluecatdu rteo diiddne it darets el ceveeeamcat nv,iotrmsh et h e

maj oror BMaAP adaex i al ( Xa)sitidsabat abl e

®
P
— DMAP—(I:r-DMAP
N bis-DMAP adduct
|
1
X-Cr+ N —
| N + DMAP - DMAP
PN
DMAP

1 o

| O-Cr-0

— X-Cr-DMAP ~ —— > Xﬁ/ | \|/\N D

! A o
mono-DMAP adduct |
(real active species)

SchemMdPrbposed meohawasmbéehXCignd OXMAP CI or
N Q)

Rel eva®t ptr avfhleelr eef ma tab eDsMAOPf addudettra memd al
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copol ymeri zati owor kees Rbpegdrthamatd tca the pr
of DMAP the sal erFicghddéempbamhcwengp| ex PPC f or
CQand PO, batycpriceduwcar bonaéeglfHotwe ae rT,OF0 .0¢
equivalents of DMAPf ogra vRP @ fToOrFmaotfi 0in5 4v ehr s u
formation witlh Ah&FPFpodbpBdedcd DMAREroavm ngo mg
pol ymer cbhrt anicemmtelr eab BDsSMAPr na chchhostti ssoci at e
pol ymer chai nscyhcelni c ecaadrib oyn atoer t hr ough back
For the chain propalsatgiraamedcphracnd essrs ,i nav o &
nucl eophilic attack mdtaklhe epberldepate igeme
al koxone follawmesdkrby o€O0Oto produce the act
However, whet her -dpenodrdgeb carcati evait eidp deiproges d e
a monometallic owithh mat &lpleicé f p aki nfoladErkae &y s t
Darlkeosgrgougnducted detail edeporéetteccepotyms
by salen chromium comgprhierxee so ri ©tds@ipiyeds e n
conclakiemdet al | igatihmiatyi awa ©®noccumanaongetfadll i @
propadmotitdns®%R4%nt etmthe ot her hand, DFT stud
(containing Cr, Al , TRIi,e gFeep poortetidArap rl ampalg atoicart
procewltsi cihn @ omedrab nnuatlee o p k galsee ¢c anted-bad u n d

epoxRdeent kineti c( IsGlu)dPiPeNsClo nd msdadlgeax{ Gon € o
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2,-didni tr opchaetnad xyiskken)swas d etmis e d eepaecrit d Bomc eotr adleyr s |
concentration is 1.4B%Theaxna flr &dt i orneaslpean d e
carbonate chain growth pathway invol.ves t\v
Coanaed-wookers have pr opos edb-dtiharicotatpe ehxiegh |
t hat c&Q/ £IHWOz ecopol ymeraibzmeét plt Heody oiwn whi c
growing pol gmeirncc hcaconpteeors rtihneg e palxat dsee ccoonodr d
zioenter (i.e. the ot hdgSchhea®)d.Wiotf hitrhet dd mea
group, r et edwtadsyotvveratedi ngl e comwbeeprt D8IAPal y
coordinat eadbit o( pthheen od mit re ) Cr (1 11) chhlleor i de
octahe@dy & b mgClde xd not appear to follow thi
me c h a¥f®Thsem ki neti c studies on thias fsiirgsglhe c
dependence of the pcoaltyameynsite @4hi edrind ev it t heeo pnne et

further mechanistipargdhiodi ¢eheas sdescri bed i

0%0 B .

iPr N’z' - N R ¥
iPr AN sy o)

FiCL N N" 00

7,
\ N" Y o \O}'to
< Zn - (,Zn O-p N, P4 I oN
/ N CHO Zn Zn >
A N O’
b

SchemMePropbosenagt al | ifol patwkeidiadyp y micoantpé B x =
pol y.mer)
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1.3.5 Recdavecapmegsts

Recent | mpr ovemenftosr o/i @p axitchd y s ¢ paales mtegma z :
devel opfmemitf uncti onal alnrd hbda if mentca li lgnca 1 b &tad |e
cocatahyget piog adleiegda nidn,t of has sn e ednaftoerm gaai h coc at
Nozaki wonkecsepgarrtseéd a bifunctional Co(1l 1
piperidinydpoai ms$ oinn of hRih@utdeh)&f il srnegscat a
system showedt 6@ é&rod glcaaa thiomiat i QEyamdWc tait o n
60ACGind bas ,,COvhereasacthos conditi oncytcylpiiccal
propyl eneusciamgpoonbhegat yoralsal ylsd miygh esel ec
pol ymer formati omwaatt hi pbtpéerempfr lait ngebet we
ami nd reered pol,y nperre vcehnatiinng t he @dressmobhatakkbdt po
form cyclic carfwomakttes bedsaquendd y report
bi functional salen catalysts where the quat
bardcedcobcyat al y(Fi g ufale. )bbtssn i mpor tafntt Hiesattuy pee
bi functionahatteat di gsbgiawiendg cbarbonate uni
remain close to ethechmatdlratédatoemnra mihhy mMiuag e r |
cations, swhachkheandadtbalwy st rl eodsutcaes ¢ baatmid g iy
reactionstAemperaswulre, this new generation

one of the higheoxxtopadtyimeirtiizead i foor rRe@/oC® ed
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2600 mBMAGINnd 20 8%NrmidGaandgwodhkier s

asymme€oficl)

TOF 6dfthband9 % selfeoprobl ycaybonat e

even at a high

temperature, this Clo.(8dlill)l

681)h and selectivity ($299%) for

X
OAc @
[} XeNBue, [} BusN@Xe
2, r
N/- N =N_| N=
- ‘CO/ - ,CO\
Bu (o} |@\O Bu Q % o Q
1, t
: OAc ,&9 © Bu Bu @
< 5 HY > xONBu; BusN .©
X = 2,4-dinitrophenolate
1.9 1.10

X = 2,4-dinitrophenolate
1.11

FigutT®hel struct-haeesd obhi Sahemni onal

The devel opment of

25

al sbedeve
bi functHiognuarlg . ¥lid| evimi cht alhypywt d (
faonrdmaGH @ n |
tAONo ¢ mbdl yr e sindpratnedv éa@ntbli b a
s If erbnéce if WiOtAY = c at

pol ymer fo

catalysts
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bi met al | 5 eepQdadmeasicdi i mc o sp e°éFxoers . e xNampd kei,
andwobopkers investigated Co(Il11) seal eény cdinep
var inwumsbefr sme tuhnyi(Resgyer8, 2. )8 ZThese bi meta(ilni c co
the absenkcyestodowed dothedgh@r act imdnmnanmet atlhla nc
count er ffaoeniest hylliennkeerrisdomtwe d t het Hiog h/gesQ
copol ymerizat il@dmtawmi tabmba eTh@F toefmp er aNat &b lay,d
t hi s biameatl aylslti bmag hn t aaor taievdirtyy | ow catal yst | o
This tendency is contrarythahdwedi mamgimigft a
reduced awdstivigvgietsyt edmachiaime stahé i copol ymeri za
Ri egedwookers also reported Cr (111) salen ¢
togetFh@mu-8d.)P3These corresponding compl exes
act iowide¢ttye monometall i c counterpantde&irlantde ma
condilhi @089, Wi ilwloir&kms samae pdaont(ed 6 & @tmeVv elx
cont aa nmagrocyclic Faga-B il A4y whi ghnd hoOwed ¢
activi /yCHOrco®p®!| ymeri zati on®®Bas eodn eo ma ttnoissp I
l' i gand Lyygqfidddg (8% nd-Fe(®°ddtial vysitesy e Wenpreda

Wi | lGgamsup and al l showed JHCeHn®a rckoapbd ley meeati izva
Kineticormshedrdelsl ) aceFayes &.0inpsl heaxwe(@r e rf i r s

dependoenmnceatal yst wbo mstueprptdtrdéaei omr,oposed bir
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me c ha,minsimao rzdeerro dependepres wainmiehted B e

ri-openi ng whatstkee oxa tdiensgt &tper mi n

5 »_(‘CHz‘)J( OxO
n= 34710

X = 00CCgFs

QQWQ 5 Kk

n=1,34

1.13 1.14

Figud® ructures of .bimetallic catalysts

I n the 2010s, resear ephemso |l mdgadstgeacakpobb

preparing catalysts for these MNeaati omsn.d

cavorkers also introduced tebfawaaltentanmenalk
and an ancil | aRiyg uedhtl.olr5i vdhei clhi gexahdi b(i t a sinm
met al saledfThesmplnexw tetravalent metal c¢omg

actvities/ efporxi €® copol ymeénpi ztahtei o pr ecvoi nopuasr! ey

me tsaal en catal ysts. However, these tetrava
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metals such as titlaps aivmaghbhdagerwaopiotthesea:
mo s t acts alee nmectaatlal ysts contRdona mtgeogcalkal t
group devebiopemphamolnat e) Cr Flilgu}lecHb6)yd7i de ¢
whiehhidbfferent elecpropectianed gemmated to
compl®xSpeci fi cal dbyi, s fophhaet eaymi ni gands have s
donating abilities anpdtsot hteh ep oatnecnitlilaalr yv alciagn

salen comptl edes esshewd pot.dMort eal eckba(usaeyt omlsi t e

|l igands are readily synthesized and their
center can also be readily modified by char
penddaonor ‘YTheuvpforbj s(@ptienol at e) Cr(l111)

provndaveanue for developing active catalys:

MeQO

Bu

? =\, _NMe,
d—,N'l,CrulN\ /]
= Nw—
7

[T
jS: Bu

MeO

M =Ti, Zr, Ge, Sn
L = tetrahydrofuran 'Bu

1.15 1.16 117

Fi gudReclent caepaffyred@Poxi de co.pol ymerizatio
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1.S8rategies of mo CCiGbyaispegll pcap dotniae € of

1.4.1 Motivation

Excell ent €0f epoesde copehyghglmeneemtaomi eved
terms of selectivityinMfotrheodgcemobfec@HA)Y pwe
control, suppression of ethemdlstnhkiaglesapp@ini
of this method is |Iimited to PO and ethyl e
(PPE@Nd poly(ethy(lRBG)reapbhbercatuea)ey odr itolrei r
pol ymer propert i e$*Thceo mpoaw egd awsist ht rPa@®HBEC t i o n
and ,PE@ilcas s yt han 35t iAC,z altiinnint atstpdciarsnimiec < .i
Al t hough PCHC shows a hugé, gissteémsainlset i
i nferior tboasbheidspphcelnyopdarAbonat e. Fme dcthaeni aalv
properti@Gb adpeadl tyenee s 4drhd sr eccauni rpeodt.ent i al |y
controlligamgdttehree o cohfe nti hset prgd syunletri, n@si ng new

i ntroducing anotCQbra smeodn ocnoepro liynnieor .t h e

1.4. 2 Syrnegaeodi stefreoregul ar polycarbonat e
Preparatrtiegmaoaadf stereoreqgul ar c orpeoglayande r s i
stereoregularity can incpetsesweoicalyfseatt [ capbo

propeBpeestfi &I lIcyan be copoaltyymeprn ewidd ewi d ihf
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regiocbemcdmée&d,udi ng head to taiTheg headlton
copol ymébBo®cangaotact oat adgy mal S d@yntiifd cant ef f
beeade to pregiacdeehéghegul’¥Coestd paonindyp nckoe s s

first us e d-b acsteidr aCmmpsl &k g @ elg 1 .1) 8 af o P@O

copol ymearfifzoaPgBiCo nwi hie a & &% | Wi hhkage3tab50f 71
bar a0 AZé%Moreover, 9PlDe |l eslet of ap i sotacti c |
head to tailSuboseadqeant loyorKK3a¥w.sa nfdowmd t hat i n
guaternar ysadgmemduNiCitnghne chiral Co( Figulrkallen
1. kcBashowed more effdgicoemptlewdar evfad fy ma wiro g,
PPC wWwitakail cop@ab#nt2 othaard AGBHowever, the ph
properties of these PPa&rseoWwi trleRododregretd rye g ilLous
caworkers reportedssoymECHfersans sCaHfO hingihsICyd g

(S)SalenCombFeyull . LO9wi t h PPNCI’®Tahse ap rceoscearnt cas
of(9-22met hyl t et rfauhrytdhreorf uireamna e tais e soeflt afcgi B uvlittayn t
PCHQ@p 9®:(RR:)SBt i s worth noting t hat tr
no@eananti osel ecti aeanroCrHCh otuyspiand | tyhe report
t empesoaft uR@&HEt ween 253 AEsBaROH@®RS5SAL8: 2)

was f opunsds sieok tprignt of Bl §BAGmMpDdi &Ai on temp

310. AC
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0.__0O 0.0 OOVOO

Head-to-tail Isotactic
0. .0 0.0 0.0 0. 0O
Ot S
O (e} 2 0 O
Head-to-head Syndiotactic
0. .0 o0 __0O o.__0 0.__0O
—r—=<rh t< A
R =7
Tail-tail Atactic

Fi gurGRelrand st ecrakloconfeiG

—N_ _N= =N_ N=
/C_O: Co:
'Bu o'%o Bu ! /£ t
X Bu (0] NO3O Bu
Bu ‘Bu

1.18a, X = OAc

1.18b, X = 2 4-dinitrophenolate

1.18¢, X = OOCCCl, 1.19
Figurlhilral Co(l1l1) salen compl exes

1. £LoPpol yaneiroin 2wifnleCadp o xi des

Copol ymeaoafi z@itchn ot her epoxides is anoth
copol ymeme cthhaeprr mocp kerstp eemipaolxliydes whah fgird o ws
further funSomeowdél irzptriecrent ati ve epoxi des,
copol ymeri zatrieos Fewnir 2@6@he gener al i mitat
epoxides compared to the most commonly wuse

activity for sel ect!B¥Feorpexpogpemietiesy & 2 olr ma
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1.)2Maan el-wictt mdma wianngd ogprod wwgnewintzh, tg@i cal |y
generates cY9®Réc¢entclay,bonwatand Darensbourg |
compFeguX¥E .MM8K n the pr esendieniotfriofpehNeod o(bXd =
copol ymewii tzle LtOyrene oxi de, selectively af:
751 dt 20 ahad @@bi ent Thtee mpeesrudtturneg. pol ycarb
excell ent thermall witghilgi agswitrlanaiAtCedmt t ¢
Li monend¢igxkgle P(1 an attractive epoxide for
biroenewabi |l ity, was2usoipnogh-gzmienna aetée ws dsh ICY C
andwookléByspti mi zing the reaction condition
met al center, a 'maxi momyTafibmm a® s haa maev e

resupdliyngaebbinhbhiieeldasas transi tlild€ temperatu
(0]
1.20 1.21 1.22 1.23
(0]
(0]
o)
g a &
1.24 1.25

1.26

FiguraRegdr esentative ot hkepeyiode despaoalsyme f io2
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1.4.4 Terpolymerization and bl ock copol yme]

Incorporation of another mon@mer eipotxo dteh e
i mportant way di o e gxhmes@dt ep omohmesr pot ent i al |-
their mater i Ehldipnearrfyo romeatnacleysst sy s tkimg uwrfe co
1-111. )38cand WPPNICavw fficient actiWwityor TORe
terpol ymer izzvaittehgoi mdl aC® fgu £&HIOi Oamad Pambi en
temperat ur e 28dhhde 1rSetsmalmaO@mer exhi bited a r
244 000igi th a narrow dispersity of 1TRd4 and
Lu gmpowposeaead taHdaternating natecae bowrhatteh eunt
predominantl y extiesrtpsoliymmetrSoth e olntehng h wa
supportthmb sietyivoasn soifngl e gl ass tr aAnsndrien te
t her mol yisni sadpdeéeak on, the glass transition t
coulb@ r eaaddiullsgtedeen 50 bygndcoh®0® oACing the C
Subsequentl-wor Lair sangdhocwe d t hat the bifunci
(Fi guf,.)llwas a highly efficient cat £&HOst f
and PO and selectively afforheddA@edpdbymar
CQf3%Furthermore, directy tEHPoORAywhermi 2 &t ir@nano
t han e psouxcihdecgs | i c aci d hgoayedraded cont |

pol y-bpoleycar bon&®%himsolpysogeeessesstshfeulc yacsl i ¢ anh
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monomer cempoltym&€MHIOz at a mucHofwva s tee CON at leet
ot her hand, direct ot erpppxliydleeramdat obherof md
|l acPbme’’drdde mal ei%byanhayrdiro dss metal catalys:

with random structures due to the differen

major unit sequence

Schem®Allt erstatuictggr e o€CQeh@eoP®MEHO/

Compared to direct twearggo liynmerroidzuactiinogn ,a nao tt
i nE@based poluysseér posychebonat e ndacorlo i rwhtiicaht
for t-bpemimg pol winkbr r damuoadsmelfacti de to af
pol ynhe®®A . further @mpplyicaathiommt ef di ol s is i
pol yurfeoaffismel us tBBraiyaIr | yMat ehraidelvddoenycuer et hane
that utilize polycarhdfheeepoltignghd até gdetng PO
per mit  eaen cc osned lpepdrtaitpied ny caafr bonateand i ep o X ir den
i sattr awWitlilvieenms-wopoker s showezdi nthacatahgstdi |
trifluoaonacktltat i gluitbpsahdd ( coul d ccaCHOy z e

copolymeri naeti mosgGEB@geessur AGaondsedectively
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pol ycarbonate di ol e x i2bgohdliagdadmephe B8l ay

(TOE20H4hThe polycarbonate diol hgdmatiysenswas
i ni ttatf hgogrrooducpe ttavteetceer during the copol yme
upon -uvoSu ksequWinltlliymmswooker s demonsttrhaet ed
dimagnesiturm fHiuso(r o a qreit au-te@®l .718) a t vaM d ythsetr as a ct
transf er witéoaudhedntef fi ci ently prodaod E#IOycar
Mo s t recentl vy, t hezyn (rl d p-Mrat(nédd )dti lF-atg a-t e sle  (
1.78c) , espe/@i alrley hi ghl y tcaipe oadfRu@HG ovimah ser &
di f frealeendul ar wei ght 9 0i@otfishnedar adrogrep ebr & & & 0els

than)bly adding vari oS mamawimtgs oM ywatkenm . o

de monstthtaelitee duse of t he Isiyrsadreymradnrgo nhiuuwom osaaclee
| i gamidgu{ 81 .82 and RPNMXrifludrozaetadtys t , w
copol ydneeamzd imOthe presence of wvarious amc
af ford PPC diols wit h*diefsfee rPePnCt s dnitosl lesgr wia eatr ¢
used for opdrei ngi ngol ymeri zati on of |l act |

l1,-dazabicycl-6d€ ieDB,d)N umnrdgeadna cy ibehlsde kt rciop ol y me
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Bu

1.27a, M = Zn, X = CF3CO, 1.28, X = CF53CO,
1.27b, M = Mg, X = CF3CO, ’
1.27¢, M = Mg, X = OAc

Figur3atlal ydtoy ushed synt hesi.s of polycarbon

More recently, -Warkesboumgesandgatoed ¢t he
copolymerizandoeppoXi dCe&O byt rtiHd ud ®PIEPNXKE o @t led )
trifludr baonaryt systempesi ng’EReya amr dNpVbRs esd
watiesrot t he -ttrraunes feelrairne atgleat e aidruitt iiard d tye and t

epoxtiode rtondeac ees potnldshdanrgv edsi oaltsr a mef €em an emagent

1.5 Objectives

Previous research i n t he Kobak ( pghremnupl ad
compl exes which showed pmpomi slieng opotl iymiet ii e
presencealoyfsthegoocaadt of twhaigso tshyenstihse si z e nev
ami-mios( phenol at ehatcom@lneesx e scravteal y 9/tGHOTf or

copol ymeThieznatteiroanct i on of t he meakanv ecsampylad xe
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t o el ucrmiedcataenitbteet cafl eya dAcn wtnher r ewasar mbdgbwl
t he tdlyenxrapmo cp grit.iees decomposition amdfgl ass
pol ycarbonate rabtdtaChH®@dughomp@® unctional i za
i ncor por alta cothihdoeflej peoaditgiswud st ed i n the (flgol laowi
new Cr (I1-dil9( pphme mol wd £ ) s xrotmpd ixzed a&wwhdcbhar e
showed excell emtndc stedf loywtt/i@BiG ygd a pra lt W@ r i zat
mechamwiasmpr ®opos/e@BO copolymerizathiCend |l Icla) al
ami-mios( phamal ateeb)mp ewix tOMA P, PPNCIl3 (aBke YPNN
f actforr dtelseodmi glalcy Cv 81 Ildrbiinso phenol ateea)e cat
di scovered; eanrdaip@Adi) ngl agoli yMEHIPzoa tyiodn absy ¢
macr oi rwiatsi agernrf or med, -brleosckl t¢c,ogawhipnmen phiysi
properties werdschkhapactedizede new copol yi
di fferent ther moldg n@omli xc prioprate eist ¢ @l ft

| Chaptttee Rinetic studies odn@Gobpyolay mee w z ¢
Cr(l1IDi sa(mpmoompher) werlen ptelrd oprmeesdence of I
or P:PNN hi s new catalyst s h owetdh eh i pgrheewri owas
reported ¢&ri(sl(lplh)e naomiarn e ) compl exes. Il n or d
of COpoxi de copol pmear yatabdas b godtyhbey srteeant,t ito

ofCr (1'Il'l Ybi sas(mpmenol atwi)t hc ommpw & & &flspyesrhe d by
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spectrophotomet Chalphtee terc@uiiloinbsri um constant s
why S 0me catal yst derivativesi wet@atmushr
me tcaolc at al yst binding, as ex@Qlapgtpares@nnhder
masspectr emaetdi iec 3 dfi ndPwPilNddhr (1 1 1 Jbi amp menol at
complaenme oviidetdher madbas.t &Ghrdpnhgr thhe sihse osfy
a new Cr (lalindpbcavmplyek were attewmgbed@i nedan
pol ycar bsswbdtheoudi aglel yi ng om taheh.ypdd@ldmemdbl let
pol ycarbonased da®l| awamacmuop ennalcaat iode t oo rpmn
t hil ock c dpslChmeprtienrd e@ d d i teixoprea liorfseynnttshreg i z

deri vatGrv(esl | i a(mp monol atoedploooamepl|l eeaxcti ve Cr
compl.8oxmes suggestionsoivecahitt mfe o Wewsekrtehmred i

presechaptem 7
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