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ABSTRACT

A series of bimetallic and trimetallic zinc complexes ashinabis(phenolat)
ligandswas synthesizedand characterized. Bimetallic complex&nEt)y[L1] (1a) and
(ZnEtp[L2] (Ab) (where [1] = n-propylamineN,N-bis(2zmethylene4,6-di-t-
butylphenolate) and |L2] =  n-propylamineN,N-bis(2-methylene6-t-butyl-4-
methylphenolateyvere preparedia reaction ofthe proligands EL1] and H[L2] with
ZnEb in pentane. A THF addu€ZnEty[L1]- THF (1a-THF) was obtained by using THF
as solvent. Treatment @& with one or twoequiv. of isopropyl alcohobave a trimetallic
zinc complexZns(i-PrO)[L1] 2 (2). The catalyic activities of these complexes towards
ring-opening polymerizatioROP) of rac-lactide were studied in the absence and
presence of benzyl alcohol @opropyl alcohal These complexes exhibit moderate to
good activity forROP of rac-lactidebothin themelt phase and solution. The influence of
catalyst and canitiator loading were studied andlermodynamic activation parameters
were determined. Characterization of the polymers by GPC and MAOMH MS

showed controlled and living polymerizations fac-lactide in the presence of alcohol.
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Chapter 1 Introduction

1.1 Properties of Zinc and Organozinc Complexes

Zinc is the first rowd-block elementm group 12 havinganelectron configuration
of [Ar]3d'%4¢ and its chemistry is dominated by compounds wherep@ssesses an
oxidation state of+2. This provides acompletelyfilled valence eshell leading to
properties of both transition metals and mgmup metals. Indeed, some have shown
preference to include group 12 metals as part of the main §roup.

Zinc showssimilar prgertiesto magnesiumincluding similar structures of zinc
and magnesium complexes, due to the similar raddrdf (0.74 A) and Mg* (0.72A)
ions? However, zinc has higher polarizability than magnesium, whielansit has a
greater tendency to form covaldmndsthan magnesium and thus zinc is placed on the
borderline of hard and soft acid.

Zinc is the 2% most abundant element in natumainly present aginc sulfide
(known as zinc blende or sphalerite orn@sihe crust of the earth. Zi(ll) complexes are
coordinativelyflexible with coordination numbers ranging from 2 toR&ur coordinat
(tetrahedral) geometries dominate the chemistryZmf*, and five and six coordinate
complexes are much less commadrhe coordination number andtereochemistry of
zinc(ll) complexesaredominated bythe steric propertiesf the ligandand the size of #h

Zn?*ion that hasno crystal field stabilization provided by°eklectron configuration



Zinc is an essential trace element in biological systdndays either a catalytic
role such a# zinc-containing enzynmg e.g.carbonic anhydraser a struatiral role such
as in secalled zinc finger motifé In some casg zinc may exhibit both roles.

Diethylzinc, discoveredby Edward Frankland in 1848vasthe first main group
organometallic compounds, if Zn is accepted as a main group elerkEwever,
orgarozinc complexesuch as diethyl zinare moisturesensitive andt was notuntil
modern aifree handling techniqgues came into usieat researchinto organozinc
complexes began to thrive. The versatility and functional group tolerance of organozinc
complexes makes them good nucleophiles for organic synthesis and cat&gsis.
example, organozinc complexes have been demonstrated to have catalytic factikigy
polymerization of este?33 and the copolymerization of epoxides and carbon dioXitfe.

Zinc alkyls e.g.ZnEb; zinc amids, e.g.Zn[N(SiMes)2]2; and zinc chlorde are
the most commometallating agestfor explorationof new organozinc complexeg&inc
ethyl complexes can be synthesized by reaction of Zmih ligands via ethane
eliminationand Zn[N(SiMes)2]2 is used as zinc source for synthesis of zinc coreps
via amineelimination reactioa Organozinc chloride complexean besynthesized using

anhydrousinc chloride.

1.2 Lactide

Lactide (LA), namelythe cyclic dimer of lactic acid condensationhas thre
stereoisomerd.e. L-lactide,D-lactide aml meselactide. L-lactide can be produced from

renewable resourceswvhich stars from converting starch or sugars to-glucose,



followed by fermentation via bacterisuch ad.actobacillus to give L-lactic acid,which
then undergoes condensation tgive low molecdar weight poly(l-lactide)
Depolymerizationprovidesthe monomer$> 23 D-Lactic acidis mwch more expensive
than L:lactic acid thus utilization of rac-lactide to produce plymers with different
microstructureshas attracted attention becausac-lactide can be obtained by the
racemization of Hactide generating a mixture of-lactide, Dlactide andmeselactide,

followed by removal ofmeselactidevia distillation or crysthization.?*

1.3 Polylactide

Polylactide PLA)-based plastics include mga properties of other conventional
polymers but also displaybiodegradability and biocompatibilitywhich is ideal for
potential medical applicatisn e.g.sutures and prosthetié32® and packing e.g.food
containers and wrappirfd.?® The high cost of production comgarwith corventional
polymers and th@oor thermalsustainabilityimpede is commercialapplication.As the
depletion of fossil fuels and the advancement of technology, the commercialization of
PLA has become momconomicallyiable In 1997, Cargill Dow LLC, ajoint ventureof
Cargill Inc and the Dow Chemical Companwas foundedto produce PLAbased
materialsfrom annually renewable feedstodk 2001, Cargill Dow LLC had aPLA
manufactuing capacity of 140,000 nivic tons per yearNaturaVorks ™ launched by
Cargil Dow LLC in 2002 produces PLAbased polymers for applications in food
packaging, e.g. food container and cold water bottles, and applications 4{foatbn

packaging, e.g. telephone cards. Indédaunched by Cargill Dow in 200Broduces



PLA-basedfibres e.g. for pillows, mattressesapparel,etc?® Life cycle assessment
(LCA) of the PLA production oNatureWork$™ has shown thait decreases the fossil
energy us and greenhouse @&sreleasd to a large extent compared tbose of

petrochemicabased polymer¥

1.4 Ring-opening Polymerization of Lactide

Polyladide can be produced by direcbndensation of lactic acid; however,
considering its high energgquirementand high cost of coupling agerdaad additives
ring-opening polymerizatio(ROP) of lactide becomza good akrnative’* ROP of
lactide can yield PLA with controlled molecular weig narrow molecular weight
dispersity and controlled stereochemidigychoosing different initiators. RO#t lacide
can be initiated by metal complexasorganocatalysisThis introduction focuses dROP

of lactide initiated bynetal complexes.

1.4.1 Mechanisms for Ring-opening Polymerizationof L actide

There are two mechanisms reported fiog-opening polymerizatiorf lactide
activated monomer and coordination insertion mechanignsoordination insertion
mechanism was first suggested by Dittrich and ugSh and it usually involve an
organometalti complex with anucleophilic group acting as an initiator ROP of LA.It
can be described a®llows: the coordination of lactide to the metal increases the
electronegativity of the carbonyl oxygemakng the carbonmore electropositive to

undergo nuleophilic attack bythe initiating group Then the ring is opened by aeyl



oxygen bond cleavage to generate LohMd (OCH(Me)CO)X0 Nu species. The
(OCH(Me)CO)o Nu acskas a new nucleophile to attack the nexordinatednonomer,
resulting inthe propagationfahe chain(Schemel-1). The catalyst usually is aadkoxyl
species, i.e. Nis equal toOR; or if not, an alcohol (ROH) is used asigitiator, throudn
which analkoxyl speciesL.n\Md OR, is generated byrotonolysis In the cas of excess
of proton source, e.g. alcohol, the active specid$d (OCH(Me)COX»:0 Nu undergoes
proton exchange withthe proton source to generate temporary dormant species
H(OCH(Me)CO)2n0 Nu. The ROH and HYCH(Me)CO)d Nu are known as chain
transfer agest If this exchange is reversibdad the rate is faster than the initiating and
propagation rate, the polymerization is controlled. However, if this exchange is slow, it
results in polymer chains with higher lower molecular weights than expected vajues

which broaden the molecular weiglispersity’

L.M—Nu L,M—Nu

o o)
e

Schemel-1 Coordinationinsertion mechanism of lactide ROP
An activated monomer mechanism usually involves a catalyst and an external

nucleophile (usually an alcohol, ROHljhe external ROH ringpens the coordinain



monomer by nucleophilic attack and aoylygen cleavage, followed by the dissociation

of the ringopened monomer from the metal to generatd@GHMeCO}»0 OR species,
which has a hydroxyl end group acting as the new nucleojftiild, to attack the next
activated monomer(Scheme 1-2) For a systenthat follows an activated monomer
mechanism, the external nucleophile can interact with the catalyst causing ligand
dissociation; ana large amount of proton exchange and transestatifin may happen,

resuling in theloss of molecular weight contrand stereoselectivit}?
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Schemel-2 Activated monomer mechanism fctideROP.

1.4.2 Stereoselectivityin ROP of Lactide

Stereoselectivity can be achieved dachain endcontrol mechanisnor by an
enantiomorphic site control mechanism. A chain ematrol mechanisnoccurs wherthe
configuration of thencoming monomer is determined by the configuration of the last

inserted monomer (usually for catalysts bearing bulky and achiral ligadds)



enantiomorphigsite control mechanisns one wherehe orientation ofthe nextinsertion
is determined by thehirality of the catalyst.

ROP of lactide using a nestereoselective catalyst resut atactic polymers that
have random chirality of thesteregenic centers of the polymer chains. ROP of
enantiopure Hactide or Dlactide can pduce isotactic polymer®LLA or PDLA) that
have the same stereochemistry of medghbouing stereogeit centers 4, Figure 1-1).
ROP ofmeselactide can result in syndiotactRLA with opposite stereochemistry of two
neightouring stereogenic centefisaving repeating units ofSRSR via a chairend
control mechanism when the chain efalours the same configuration or via an
enantiomorphicsite control mechanism. It can also generateterotactic PLAwith
repeating units ofSRRS via a chainend control mechanism thatavoursa monomer
having an opposite configuration of the last inserted mon@me&igure 1-1).

ROP ofrac-lactide a 1:1 mixture of k and Dlactide, can generatgeterotactic
PLA with repeating units ofSSRR- by insertion of Land Dlactide alternatively via a
chainendcontrol mechanismsbtactic PLAcan be obtained by selective insertion of one
enantiomer via an enantiomorphstte control mechanism and isotactic diblock PLA
(PLLA-PDLA) by preferential ins¢ion of oneenaitiomer followed by insertion of the
other after full consumption of th&avored one via an enantiomorphsite control
mechanismThere are cases when a combination of the two mechanisms is ohvoive
insertion errors and transesterificd occur, generating isotactic multiblock PL&,
Figure 1-1). Interestingly, isotactic multiblock PLA also can be generated fracn
lactide usinga racemic chiral catalyst via a chain exchange mechanism, i.e. when a

polymer chain incorporates an @ewvoured enantiomer of monomer, this chain exchanges



to the other enantiomer of catalyst and lseglpngating with itfavouredenantiomer of

monomer*
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Figure 1-1 Microstructures of PLA obtained from stereocontrolled RORapt -lactide

and Dlactide;(b) meselactide and(c) rac-lactide.



1.4.3 Physcal Properties of PLA

The physical propertief PLA are dominated by the stereochemistry of the
polymer chais. Atactic PLA is amorphous havirgglass transition temperatureg)Tof
50-60 °C and noobsrvedmelting point.Heterotactic PLA is amorphousitiv no glass
transition temperature observed and melting poink) (Bf 130 °C. Crystalline
syndiotactic PLA has i = 152 °C and Botactic PLLA has high crystallinity withnl=
180°C and Ty = 50 °C.” Interestingly, isotactic diblock PLA generated froat-lactide
showsan increaseanelting point, T, = 230 °C, due to the strong interaction between
PLLA and PDLA chains® In recentyearsnumerousstudies have been reported on the
synthesis of stereoblock copolymers framexpensiverac-lactide. The incorporation of
other polymergo PLA has also beebroadlyinvestigated in order to improve thermal

and mechanical propertié%3>3°

1.5 RecentLiterature for ROP of Lactide Using Zinc Complexes

Several general and focused (immortal ROP, stereoselective, metal specific, etc.)
reviews have been publishel ® 10 11 3% 33 40 jncluding one in 2009 by Hayes and
coworkers concerned with Ca, Mg and Zn catalystddotide ROP* Herein, wediscuss
abrief account of the literature primarily since 2009 on the synthesis and catalytic activity
of zinc complexes for ROP of lactide, but, important discoveries prior to 2009 will be
provided as wellThe following discussioffocuses orzinc b-diiminate(BDI) complexes,
zinc phenolate complexes, zinc cationic complexes, including phosphinimine

complexesand zinc complexes bearing soft donor ligaiod ROP of lactide.



1.6 Zinc b-Diiminate Complexes

1.6.1 Zinc Phenyl N-Substituted b-Diiminate Complexes

In 1999, Cates and coworkers utilizedh[N(SiMez)2]2 as a zinc sourcereacting
it with a 2,6-di-isopropylphenyl(Dipp) substitutedb-diimine (BDI) ligandto give a zinc
amide specieslf) (Figure 1-2).4? Furtherreactionof the zinc amidavith i-PrOH yielced
a dimeric zinc alkoxyl complex 1b bridged by twoalkoxyl groups. This zinalkoxyl
complex hasgood activity towards lactide polymerization aitdstill showsthe best
stereoselectivityo dateamong all the reported zinc complexes for lactide polymerization
It gives 986 conversion within 20 min at 20C and the polymers have reasonable
molecular weigts of around37900 g/moland narrow molecular weigltdispersity n =
1.10(entry 1 Table 1-1). Most interestingly, it gives highly heterotactic polyméise
probability of racemic linkagebetween moomer units P, is equal ¢ 0.90)via a chain
end mechanismand Rincreased to 0.94 whehe polymerization was conducted afO
(entry 2 Table 1-1). Further study found that tHmulkiness of the ligand crucial tothe
stereocontrol.

Changng of the isopropyl substituent®n theBDI ligand to a less bulkgthyl
group (1c) leads toa decrease of the stereocontrol of the polymerizgfor 0.79 (entry
3, Table 1-1).*3 A zinc methyl lactate complekd was obtained by reaction tfe zinc
amide complex witlrac-methyl lactate in order to mimic thmeng-opened propagating
species. X-ray diffraction taracterization shows the zinc center has a distorted

tetrahedrbgeometry with coordination of two N from the ligand and two O frib@

10



methyl lactate groupZinc ethyl complexle was easily prepared bgactingZnEt with
stoichiometricamount of thdigand precursor. A zinc acetate compléxvas obtained by
reaction of the ligand withn-butyllithium and then transmetathesis reaction with
Zn(OAc). A study of the activities founthati Oi-Pr and-OCH(Me)CQMe groupare
efficient initiating groups,yielding polymers with predicable molecular weightand
narrow molecdar weight dispersitywhile -N(SiMe&s),, -Et, and-OAc groupsresultin

polymers with poor contrdentry 46, Table 1-1).

1aR' = i-Pr, R = N(SiMe3),
1b R' = i-Pr, R = Oj-Pr

1¢ R = Et, R = Oi-Pr

1d R' = i-Pr, R = OCH(Me)CO,Me
1e R = j-Pr, R = Et

1fR' = j-Pr, R = OAc

1g R' = i-Pr, R = N(i-Pr),

1h R' = i-Pr, R =Ot-Bu

Figure 1-2 General struetre of zinc phenyl Msubstituted BDtomplexes

Monomeric zinc compleeswereprepared by Chisholrand coworkersn 2002
Interestingly, the reaction of zinc amide complex vétt-butyl alcohd (t-BuOH) did not
give the zinc alkoxyl complex (BDI)ZnQ@-Bu usingthe methodf Coates.Instead they
utilized a more reactive species (BDI)Z¥®r) (1g), combinedwith t-BuOH at-78 °C

in toluene to give the zinalkoxyl complex (BDI)ZnQ@-Bu, 1h (Figure 1-2). The three

11



coordinate zinc center adopts a distorted trigptetar geometry witl sum ofX 1Zni X
angles of359.7°.

ROP of rac-lactide was studied using complebh and a solventeffect was
observed, i.e. at% catalyst loading at 20C, 95% conversion was obtained within 10
min in dichloromethandDCM), while 93% conversion was obtained aft€ &in in
THF. Surprisingly, there was no change in stereoselectiviGM and in THF giving

90% heterotacticityentry 78, Table 1-1).

2a M = Zn, R = N(SiMe3),
2b M =2Zn, R = Et

2¢ M = Zn, R = OSiPh;
2d M = Mg, R= N(i-Pr),

Figure 1-3 General structure of zimrtho-anisole N-substituted BDtomplexes

Zinc complexes combed with ether substitute@DI ligands were explored by
Gibsorf® and Chisholnf® Gibsonand coworkers utilizea singleether substituted BDI
ligand and synthesizedzinc amide, zinc ethyland zinc siloxide complexesand a
magnesium amide complg¢Ra-d) (Figure 1-3); Chisholmand coworkersitilized a two-
ether substituted BDI ligand ampteparedzinc amide zinc isopropoxyl and magnesium
tert-butoxyl compleyes (3a-c) (Figure 1-4). They hypothesizethatthe ether grougan
bind to the metal centeand compeé with the oxygendonor of the monomer, thus

increadng stereoselectivityowardsROP of lactideCrystal structur@eterminatiorfound

12



that thependant ether oxygen dondoesnot coordinate to the zinc centéactide ROP
studiesfoundthese zinc complexes haslecreased stereoselectivity lntreasedctivity
compared tothe corresponding zinc complexes bearthg previousBDI ligands of
Figure 1-2 (entry 911, Table 1-1). This mightbe due to thdower sterichindranceof the
ethergroupversusi-Pr. Interestingly magnesium comple3c showed heteroselectivity in
THF, giving polymers with P= 0.85 (entry 13, Table 1-1), which may indicate

coordination of the pendant ether under polymerization environment in THF.

3a M =2n, R =N(SiMey),
3b M =2Zn, R = Oi-Pr
3¢ M =Mg, R=0¢tBu

Figure 1-4 General struitire of zincortho-anisoleN-substituted BDtomplexes
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Table 1-1 ROPof rac-lactide byzinc phenyl NsubstitutedBDI complexes

[LA]o Loading Temp t Conv

Entry Cat (M) (molo) Solv Be (min) (%) n Pr Ref
1 b 04 0.5 DCM 20 20 95 1.10 0.90 42
2 b 04 0.5 DCM 0 120 95 1.09 0.94 42
3 1c 04 0.5 DCM 20 480 97 1.09 0.79 42
4 1d 04 0.5 DCM 20 20 97 114 - 43
5 le 04 0.5 DCM 20 1200 97 1.83 - 43
6 1f 0.4 0.5 DCM 20 4200 92 2.07 - 43
7 lh 0.46 1 DCM 20 10 95 1.5 0.90 44
8 lh 0.46 1 THF 20 50 93 1.22 0.90 44
9 2a 2.8 1 CHCls 20 10 85 1.10 - 45
10 2c 2.8 1 CHCls 20 30 90 1.15 - 45
11 2d 2.8 1 CeHe 50 8 81 1.78 Atactic 45
12 3b 0.46 1 THF 20 10 91 1.19 0.68 46
13 3c 0.46 1 THF 20 90 90 1.70 0.85 46

DCM = dichloromethanedashes-) indicate no stereospecificity reported.

Chen Zou and coworkes further modified BDI ligands by incorporaing a
pendant nitrogen donan order to increase heterotactic selectidityZinc complex4a
and magnesiuncomplexes 4b and 4c were obtained using Znktand Mg(-Bu).,
respetively (Schemel-3). Treatment o#tb and4c with HN(SiMez)2 yieldedmagnesium
amide compleXd and4e respectivelywhile zinc amide compleAf was obtainedising
reaction ofZn[N(SiMez)2]> with ligand precurso(Schemel-4). Also, a calcium amide
complex 4g, was prepared by treatment of ligand precursor with ®guiv. of
KN(SiMes), and Cad. Unlike the phenyl ether substitutedDI derivatives,*> 4°

coordination of the amine to the metal center is observed.
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All the magnesium complexesalcium complexdg and Znc amide complexf
showgood activity and control for ROP oéc-lactide, giving O 90% conversion within
30 min at % catalyst loading at 28C (entry 28, Table 1-2). Zinc complex4f provides
polymers with narrow molecular weighlispersity n 5 andexp@cedmolecular
weighs. Zinc ethyl complex 4a shows slowactivity due to the poor initiating ability of
the ethyl group (entry 1, Table 1-2). Promisingly complex 4a and 4f have better
heterotactic selectivity (P= 0.69 and 0.68) than zinc complex supported by anyhe
ether substitute®DI derivative that has a rigid pendant ammoriplex3b) (P = 0.59)%
indicating the influence of the interaction of the pendanine donoto the metal center.
A cdcium complex was prepared and showed high actibity poor selectivity (P=
0.47). Magnesium complexe showed enhanced heteroselectivity in THF £P0.75)

(entry6, Table 1-2).

i-Pr/Q i-Pr/Q ,'_pr/Q
i-Pr N i-Pr i-Pr

/ NH MR, Hexane < :M‘\\R H_II_\lO(ISiMeS)Z ( \Mg'\\N(SiMeS)Z
—N  N—R N Mg Tolene N~ A
/R AP e NEIZN
4a M =2Zn, R=Et,R'=Me
4b M = Mg, R = n-Bu, R' = Me 4d R'= Me
4c M = Mg, R = n-Bu, R-R' = (CH,)s 4e R-R' = (CH,)s

Schemel-3 Synthesis of zinc and magnesium BDI complexes bearpendant nitrogen

donor.
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i-Pr /Q i-Pr /Q
i-Pr i-Pr

7 NH ZnN(SiMes), < N\Zn‘\\\N(SiMe3)2
R
Toluene /
—N N— N \N—
/N / \
af

2 KN(SiMej),

Cal,

THF

i-Pr’Q
i-P

-Pr
N_  .N(SiMes),
C /Ca

N \N_
/' \
4g

Schemel-4 Synthesis of zinc and calcium BDI colapesa bearingpendant nitrogen

donor.

In 2011, the influence of different substituentsBidl ligandson the activity of
ROP of Llactide was studied by Chen, Lin andworkers?® Zinc ethyl species5a-qg,
were prepared by reaction of the ligand precwsoth ZnEb. Further reaction okinc
ethyl speciesvith benzyl alcohol BnOH) resulted in different zinalkoxyl complexes
includingbimetallic (6a-€) andtrimetallic (6f and6g) zinc alkoxyl speciegSchemel-5).
The unpredictable natuid thereaction between zinethyl complexeswith alcohok was
reported by Coates previously when they reacted zinc ethyl speciesmaitranol
(MeOH).*® Coates anatoworkers foundthat trimetallic complexes were obtainethen
there are bulky substituentsuch as-Pr) on the Naryl moieties 8c) or when there is an
electronwithdrawing substituerduch asnitriles, CN, on the NC-C-C-N backbone othe

ligand(8e) (Schemel-6).
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Interestingly, they foundhat the polymerization rate is highly affected by the
electronic propeies of the ligand,with little effect from the number of zinc centers
available Complexes with eldron-donating group on the ortheposition of the Naryls
give high activity, O 5 min was needed to
loading at room temperatl in toluenefor complexs 6b, 6f and 6g (entry 9,11-12,

Table 1-2). Although themolecular weights of the polymeese lower than expected,
molecularweight dispersites are narrown = 1.051.20.Kinetic studes of complex6e

found that the polymerization is first order in both monomer concentrationcatalyst

loading while a trimetallic zincalkoxyl complex repoed by them previously shows a
second order dependence of monomer concentration and first order dependence of the

complex concentratior?.
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R3

R4
R1
N R?

C Zn—Et BnOH N, WO,
—_— n
/
N ) / ~o~ \
R N Bn N
2 2
R1 R1 R R R1
4
i R? R 3 3 R?
R R
5aR'=R?=R3=Br,R*=H 6aR'=R?=R%=Br,R*=H
5b R'=R2=R3=Me, R*=H 6bR'=RZ=R3=Me, R*=H
5¢cR'=R?=R*=H,R3=ClI 6cR'=R2=R*=H, R®=ClI
5d R' = OMe, R?=R3®=H, R* =NO, 6dR1—OMe,R2=R3=H,R4=N02

M?

R9 \\O/,/
C ‘o" )

R8
N 6
C Zn—Et _BnoR < R6 R" Rre RO
R R”

RS 6e R5=R® =R’ =F, R® = OMe, R? = H

RB
RS 7
5e R5=R®=R7=F,R®=0Me, R=H
\\\
/

5fR5 = j-Pr, R =R” = R® = H, R?= OMe

5g R®=i-Pr, R® = R” = R9=H, R® = OMe Sz
g \O/ \O/Z

R5
R5
RG
R6
R7
6fR5=j-Pr, R =R7= R&= H, R9 = OMe
6g R®=/-Pr,R® =R’” = R®=H, R8 = OMe

Schemel-5 Reaction of zinc ethyBDI complexes with BnOHo prepare zinc alkox

BDI complexes.
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1 C ™ WO, /N
R Zn > 1
PN R
N Me N
4
~ R e CR R re R
R3
R3 8aR'=H, R?=Me, R®=/-Pr,R* = i.Pr
N 1- 2 _ 3 4 _
8b R'=H, R“ = Me, R° = Et, R* = Et
R! C \Zn—Et LOH>< 1 2 3= 4
; 8d R' =CN, R“=Me, R° = Et, R* = Et
N
R4
RZ

R4
7aR'=H, R2=Me, R® = j-Pr, R* = j-Pr ! !

\ /
7bR' = H, R2 = Me, R® = Et, R? = Et R W \ z o R
‘ v
7c R' = CN, R2 = Me, R3 = j-Pr, R* = j-Pr / 0

7d R'=CN, R? = Me, R® = Et, R* = Et R* 2
7e R'=H,R?=CF; R3=Et,R* = j-Pr
8c R'=CN, R? = Me, R® = j-Pr, R = j-Pr
8e R'=H,R?=CF; R3=Et, R*=j-Pr

Schemel-6 Reaction of zinc ethyBDI complexeswith MeOH to prepare zinc alkgk

BDI complexes.
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Table 1-2 Polymerization ofrac-lactide orL-lactide by zinc aryl-N-substitutedBDI

complexes
Entry Cat [IZIG]) ° Izr?]zﬂ,i/g)g Solv T(?g])p (mtin) ((:(;SV n Pr Ref
1 4a 0.98 1 DCM 25 120 96 1.20 0.69 47
2 4b  0.98 1 DCM 25 30 98 1.37 0.55 47
3 4c  0.98 1 DCM 25 30 98 1.26 0.55 47
4 4d  0.98 1 DCM 25 30 98 172 0.55 47
5 4e 0.98 1 DCM 25 30 98 143 057 47
6 4e  0.98 1 THF 25 30 98 1.40 0.75 47
7 4  0.98 1 DCM 25 30 98 1.07 0.68 47
8 4g 0.98 1 DCM 25 30 a0 1.34 0.47 47
o 6b 0.25 1 Tol. R.T. 2 94 1.05 - 48
10~ 6e 0.25 1 Tol. R.T. 120 99 1.06 - 48
11* 6f 0.25 1 Tol. R.T. 5 96 1.20 - 48
12* 6g 0.25 1 Tol. R.T. 3 99 1.17 - 48

*ROP of L-lactide DCM = dichloromethaneTol. = toluene R.T. = room temperature
(no specified T given)astes €) indicate no stereospecificity reported.

1.6.2 Zinc Aliphatic N-Su b s t i -Diimin&edCorplexes

For the purpose of synthesizing stereocontrolled PLA via a catalyst site control
mechanismSchaper and coworkers prepared a seriggnofaliphatic Nsubsituted BDI
complexes! Chirdity can be provided bthe chiral alkyl substituent ofheimine of the
BDI ligand, i.e. S,Snacna&tMePhH 9g) or bythe prochiral alkyl substituent ofheimine
of the BDI ligand, i.e.nacnaé™ (9b), which cangenerate chiral rotamer§reatment of
the ligand precursors withnEt andZn[N(SiMes).]2 yielded the correspondirgnc ethyl

complexeslOa, 10b andzinc amidesl?a, 12b, respectively(Schemel-7). A possible

20



equilibrium betweencomplex 10b and homoleptic zinc specie$l is proposedZinc
alkoxyl complexesl3aand13b could beobtainedby reaction of-PrOHwith zinc amide
complexesbut not with zinc ethyl complexe<Chirality of complex13ais confirmedby
NMR analysis, while complet3b showsCzy symmetry, indicating fast rotation of-N
benzy bond. Crystal structure determination shows comgdlda is a dimer with two

bridging oxygens from GPrand with twoanti-orientated phenyl groups

R R Ph
—Ph —Ph > Ph
—N ZnEt N 0.5 N\ <N
n \ . W
\ 2 < Zn—Et =— < Zny Dg + 0.5 ZnEt,
/ / N
NH N N <
—Ph >—Ph P
9a R =Me 10a R = Me 1"
9bR=H 10bR=H
lzn(N(SiMes)z)z >‘<i—PrOH

R R
>—Ph >—Ph
N SiMes oo N
C /Zn—N-,,SiMe C Zn—0i-Pr
N 3 N/
>—Ph >—Ph
R R

12a R = Me 13a R = Me
12b R=H 13bR=H

Schemel-7 Synthesis ofinc aliphatic Nsubstituted BDI complexes.

Lactide ROP catalyzed bymplexes 13a and13b hasfirst-order dependence on
lactide concentration, giving apparent ficstler rate constants ofgg= 0.0130.010 min
Land kpp= 0.0190.038 mint, respectiely (Table 1-3). The polymersarepredominately

heterotactic property, anthe Pr values of polymers obtained by.3a (0.840.87) are
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higherthanthose obtained b¥3b (0.65-0.71), which maybe becausd 3ais bulkier than
13b. However,it was foundby measuring the polarimetry of the remaining monomers

thatneithercomplexdisplaysenantioselectivityor ROP ofrac-lactide

Table 1-3 ROPof rac-lactide byzinc aliphatic N-substitutedBDI complexes

Entry Cat [IZIG]) ° t&zﬁai/?)g Solv T(eogp Kobs () C(:(;SV Pr Ref
1 13a 0.17 1 DCM 23 0.013 7585 - 0.86 51
2 13a 0.34 0.5 DCM 23 0.019 7585 - 0.88 51
3 13a 0.51 0.33 DCM 23 0.016 7585 - 0.85 51
4 13a 0.57 0.33 DCM 23 0.016 - 1.10 0.87 51
5 13a 0.54 0.33 DCM 23 0.015 - 1.10 0.85 51
6 13b 0.19 1 DCM 23 0.025 - 0.650.68 51
7 13b 0.34 0.5 DCM 23 0.038 - 0.66 51
8 13b 0.38 0.5 DCM 23 0.024 - 1.10 0.670.68 51
9 13b 0.60 0.33 DCM 23 0.035 - 1.10 0.68 51
10 13b 0.76 0.33 DCM 23 0.019 - 0.680.71 51

DCM = dichlorometharnedashes 4 indicate noconversion reported or no molecular
weight dispersity reported

In 2014, Schaper and coworkergther stuted BDI zinc complexeswith bulky
anthrylmethyl substitueaf? Zinc alkoxyl complexes 14a and b were preparedusing
similar method afor 12 and13 (Schemel-8). ROP ofrac-lactide usindl4a has appamnt
first-order rate constants ofgg = 0.0120.016 min* at 2.0 mM catalyst concentration.
Promisingly,it showsincreased heteroselectivity; £ 0.87-0.93 (entry 13, Table 1-4).
The obtained polymers have higher than expentetécubr weights, but themolecular
weight dispersitis arenarrow. Catalytiesite control was not achieved due to be

symmetric geometry of the complex. Complesb with a chlorine substituent on the N
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C-C-C-N backboneshowslower stereoselectivityR; = 0.59) and lower activity thaibda

(entry 4, Table 1-4).

/—An /—An /—An

=N . N SiMe N

Zn(N(SiMe \ 3 i N

R\ An(N(SMeak) ( zn-N" PO} R < Zn-0i-Pr

NH N SiMe; N

\— An \— An \— An
14aR=H

14b R =Cl
-

Schemel-8 Synthesis ofinc anthrylmethyIN-substitutedBDI complexes

Table 1-4 ROP ofrac-lactide byzinc anthrylmethyIN-substitutedBDI complexes

[LA] o Loading Temp t Conv
Entry Cat M) (Mol%) Solv 0 (min) (%) Pr Ref
1 1l4a 0.6 0.33 DCM 23 180 93 1.14 0.88 52

2 l4a 0.6 0.33 DCM 23 360 95 116 0.93 52
3* l4a 0.6 0.33 DCM 23 180 87 1.04 087 52
4 14b 0.6 0.60 DCM 23 180 59 - 0.59 52

* With one equiv.of BnOH as canitiator; DCM = dichloromethanedashes ) indicate
no molecular weight dispersity reported

1.7 Zinc Phenolate Complexes

1.7.1 Zinc Amino-phenolate Complexes

In 2003 Hillymer, Tolman and coworkergported zinc complexes bearing
diamino-phenolate ligands® Zinc ethoxyl complex15 was prepared by reaction tife
zinc ethyl complex with.2 equiv. of ethanol EtOH) (Schemel-9). Solid-state studyy
X-ray diffractionandlaser desorption mass spectrometry (LDNMBdwed compled5is

a dimer. However, pulsed gradient spgtho (PGSE) NMR study found the complex is
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monomeric in solution. Compleds is the most efficientinc catalyst forROP of lactile

to date giving 93% rac-lactide conversion within 18 min at a cataly@ading of only
0.06®0 at 25°C in DCM (entry 3, Table 1-5), but it has no stereoselectivity, giving
atactic PLA fromrac-lactide Good controlcan beobseved from thelinear relationship
betweenpolymer molecular weighand monomer conversisrwith narrow molecular
weight dispersitis, n = 1.341.42 however the molecular weights are lower than
calculatedvalues. Kinetic study via in situ FTIR spectroscgMettler ToledoReactR)
found the polymerization has firstder dependence of both the monomer and the
complex concentratiorNonzero intercepts in plots ofdsvs catalyst concentration show
catdyst concentrationhreshold of 0.7 mMand2.4 mM at25 °C andO °C, respectively.
The catalyst may be deactivated by wategaaerate chain transfer agenwhich causes

lower than expected molecular weights

_ZnEt, _

\/_\/
NV
/

t-Bu O’/ Bu

Schemel-9 Synthesis ofzinc aminephenolate complexes
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Inspired by Hillmyer and Tolman, Mehrkhodavandi and coworkers prepared a
series of chirakinc diamino-phenolatecomplexes in order to achieve enantiomorphic site
control for ROP of lactidé* Enantiopure((R,R)16) and raemic ((¥)-16) zinc ethyl
complex were prepared by wi@mn of ligand precursors with ZnE{Schemel-10). An
X-ray diffraction study showshat two diastereomearexist in (£)-16 coming from the
chirality of the amine. Unexpectedly, the zinc ethgkcies are inert to different proton
sources, e.g. athanol, ethanolisopropyl alcohol(i-PrOH), and water Protonation of
complex 16 was finally achieved using phentd yield (R,R)}17 and (x)-17 (Scheme
1-10). Unfortunately,(R,R)}17 and(z)-17 are not stereoselective, giving the probability
of isotactic linkages between monomer gnRy, values of 0.52and 0.54 (entry 45,
Table 1-5). Compaed tothe corresponding zinethoxyl speciesl5 reported byHillmyer
and Tolmancomplex17 is much lessactivetowards ROP ofac-lactide.Also, complex

17 shows poor contrajiving broad molecular weighlispersitiesn = 1.80-2.08.

t-Bu
r i ~t.B I i “t-B r i ~t-Bu
>N OH N
Ph

t-Bu t-Bu
u t-Bu
~

ZnEt, \ /O PhOH N\ /O

—5 Zn\ - > Zn\
7/ -

N/ /T Et /N/ o
I I

16 17

Schemel-10 Synthesis othiral zinc diamino-phenolate complexes.

Lin and Chen prepared amirphenolate ligands bearing differergmine
substituerd, from which a serie®f zinc alkoxyl complexes(18a-e) were synthesized
(Schemel-11).%° Zinc alkoxyl 18b was foundto be dimeridn solid sate but monomeric

in solution A study of L-lactide polymerizabn foundthat catalytic activiy increases
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with the bulkiness of the complergsultingin that complex 18b with the most bulky
cyclohexyl substituesthas the highest activity among these complexegiving 9®%
conversion in 9 mirfentry 610, Table 1-5). This increasén activity with steric bulkness
suppors a transition st of dimer dissociation under polymerization conditipng. the
bulkier the complex, the fastdre dissociationresuling in an increase ipolymerizaton

rate

t-Bu

ZnEt, BnOH ;\ Lz
B THF THF :<< \Z” ‘Z”
R -bu

R ¢\
N = NEt; NCy, ) C(\ /\O

18a

\ /

Scheme 1-11 Synthesis of zinc aminphenolate complexes bearing differearnine
substituerdg.
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Table 1-5 Polymerizaion of rac-lactide or L-lactide byzinc amino-phenolatecomplexes

Entry Cat [IZI\A/I]) ° Izl?nao(lj;/z )g Solv 'I'((E(r?)p (mtin) (E(f/)or;v n Pn  Ref
1 15 1 0.15 DCM 25 5 96 1.42 - 53
2 15 1 0.1 DCM 25 13 96 1.40 - 53
3 15 1 0.067 DCM 25 18 93 1.34 - 53
4 ()17 0.31 0.5 DCM 20 2400 100 1.80 054 54
5 (R,R)17 0.31 0.5 DCM 20 2400 100 215 052 54
6* 18a 0.17 1 Tol. R.T. 70 92 1.05 - 55
* 18b 0.17 1 Tol. R.T. 9 97 1.07 - 55
8* 18c 0.17 1 Tol. R.T. 60 a0 1.02 - 55
9* 18d 0.17 1 Tol. R.T. 73 95 1.03 - 55
10* 18e 0.17 1 Tol. R.T. 24 94 1.17 - 55

*ROP of L-lactide DCM = dichloromethaneTol. = toluene R.T. = room temperature

(no specified T given)dashes-) indicate no stereospecificity reported.

Zinc bis(morpholinomethyipherolatecomplexeswereinvestigated by Cepentier

and Sarazif® A bimetallic complex 19 (Figure 1-5) was utilized for largescale

polymerization of lactide by utilizing low catalyst loading wiaharge amount of chain

transfer reage. Complex 19 in the presence of 1l@quiv. of i-PrOH achieved %%

conversion after 60 min with 0.01% catalyst loading at®(@h toluene, giving polymers

with expected molecular weights and narrow molecular waeiligpersity (n

(entry 2, Table 1-6). Surprisingly, controlled polymerization was achieved with 500

)1 .

equiv.of i-PrOH and only @2% catalyst loading¢entry 3,Table 1-6). This slows great

potential fora nontoxic zinc complex to béhe preferred catalydor largescale lactide

polymerization.
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t-Bu

t-Bu

Figure 1-5 Structure ofazinc bis(morpholinomethylphenolate complex.

In 2011, aseries of zinc complexes with multidentate avAnmenolate ligands
were prepared by @aentier and Sarazi(Bchemel-12).°’ The activity of20 towards |-
lactide polymerizatiorwas assessed aritl showedsimilar activityto 19 asreported by
them previously which indicate the effect of the second morpholine substituent
negligible. Complex 21 is highly active for ROP of Hactide giving 94% conversion
after only 10 mirwith 0.01% catalyst loading and Jéquiv.of i-PrOH at 6(°C in toluene
(entry 4, Table 1-6). It was foundi-PrOH is necessaryn obtaining good activity and
control. The obtained polymers are well controlled in molecular weight aneaulalr
weight dispersity n = 1.071.09, andPLA obtained fronrac-lactide in THF isslightly

heterotactic, P= 0.63(entry 5,Table 1-6).
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Schemel-12 Synthesis of zinc complexes bearmgltidentate amio-phenolate ligands

In 2011, Kerton and coworkerngrepared a series of zinc complexes bearing
piperazinylamino-phenolatdigands® Zinc ethyl complexes were obtained via reaction
with ligand precursors and Znktfollowed by alcoholysis with BnOH arBuOH to
generate zinc alkgx speciegSchemel-13). Compaed tozinc morpholinyl complex9
reported by Carpentier and Sarazin, the zinc piperazmylplexeq22b-e) have slower
activity toward ROP of lactidgentry 611, Table 1-6). Use of amicrowave reactor
shortenedhe polymerization time to 5 min tachieve over 9% conversiorat 120°C in
tolueneandgeneratedPLA with good molecular weight agreement and namaslecular

weightdispersitieqn = 1.331.42)(entry 89, Table 1-6). Study of the microstructure of
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the PLA foundthese zinc complexdsave no stereoselectivjtgiving atactic PLA (P=

0.51-0.53).

N—
22a R = Me, R'=t-Bu
22b R = t-Bu, R' = tBu 22d R = t-Bu, R'= t-Bu, R" = Et
22c¢ R = +Am, R' = t-Am 22e R= t-Am, R'=tAm, R"=Bn

Schemel-13 Synthesis of zinc piperazinginino-phenolatecomplexes
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Table 1-6 ROP of radlactide or L-lactide by zinc morpholing@henolate complexes.

eqv./o- [LA]o Loading Temp t Conv

Entry —Cat  itiator ™ mow) %V g miny ) " P Ref
19 - 2 01 Tol. 60 60 18 224 - 56
> 19  10i-PrOH 2 01 Tol. 60 60 97 110 - 56
3 19 25i-PrOH 4 0@ To. 60 90 94 116 - 56
4 21 10Ai-PrOH 2 01 Tol. 60 10 94 107 - 57
5 21 10A-PrOH 2 01 THF 60 15 88 1.09 0.63 57

6 22b 1/BnOH 0.44 1 Tol. 70 90 98 1.32 0.45 58
7 22b 14-BuOH 0.44 1 Tol. 70 120 96 1.60 0.53 58
8  22b 1/BnOH 0.44 1 Tol. 120 5 90 1.33 047 58
9 22b 14-BuOH 0.44 10 Tol. 120 5 93 1.42 047 58
10 22c 1/BnOH 0.44 1 Tol. 70 60 97 1.42 051 58
11 22e - 0.44 1 Tol. 70 15 95 1.37 047 58

*ROP of L-lactide 2 Polymerizatios conducted by mcrowave reactorTol. = toluene
dashes+) indicate no addition of emitiator or no stereospecificity reported.

The aim of synthesizing isotactic PLA has been attethply many groips
including Ma and coworkersyho utilized tetradentatexmino-phenolate ligand® Zinc
complexeswith different substituentsri the phenyl and phenoxyl moietie®gre prepared
and all the complexes were found to have distorted tetrahedral georatthe zinc
center, with the coordination of phenoxyl oxygen, anandthe pendant amine donor,
but the ether or amine substituent in the phenyl is not coordir(&gdre 1-6). Zinc
amide complexX3a gives 9846 conversion within 4 min at 0% catalyst loadingvith one
equiv.i-PrOH at 25°C in THF (entry 1, Table 1-7). Complex23b with a bulky cumyl
substituent on the phenglxhas lover activity than23a but gives polymers withsbtactic
property, B = 0.60 in THF (entry 2,Table 1-7). Chloro-substitded ®mplex23c is more

efficient than compleX3b and, interestingly, showshoderateheterotactidbiasfor ROP
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of rac-lactidein toluene(Pr = 0.67) (entry 5,Table 1-7). A solvent effect was observed
which showsthat polymersobtained in THFhave better molecular weight agreementrtha
when usingtoluene.Also, it was foundi-PrOH is requirel for achievinggood control
Zinc ethyl complexes were preparedd those havinga methoxyl substituentin the
phenyl moiety (complexes 23d and 23e) give better activity thanthose havinga
dimethylamire substituen{comple»xes23f and23g) (entry 610, Table 1-7).

NMe2

o

X= OMe R = N(SiMej3),

23a R1=R,=H,R3=R4=1tBu

23b R, =1t-Bu, R, = Me, R3 = R4 = Cumyl
23c R =t-Bu,R;=Me, R3=R4 =Cl

X =0Me, R=Et

23d Ry = Ry = H, R3 = Ry = Cumyl
23e R{=Ry=H,R3=R,=Cl

X = NMe,, R = Et

23f Ry =H, R, =Me, R3 =Ry =Cumyl
23gR; =H, R, =Me, Ry =R, = Cl
(Cumyl = PhC(Me,))

Figure 1-6 General structure of zirmminophenolate complexes

Furthermodification of thependant arm ofimc amiro-phenolate complexesy
replacement of the amine donor NMeith bulkier NEt such asn complex24a or by
elongation of the arm with one more carlsuth ascomplex24b were conductedybthe
same group(Figure 1-7).%° Promisingly, complex 24a with the bulkier pendent amine
donorNEt, showedenhanced idactic selectivity towardac-lactide polymerization with

Pm up t0 0.65 (entry 11, Table 1-7). However, these modifications harm the catalytic
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activity resultingin longer reaction times d@ - 8 h to reach full conversiounsing the
same conditionastheir previous work® Zinc alkoxy complex24c was prepared using
1/6 equiv. of 3-tert-butyl-2-methoxy5-methylbenzyl alcoholAs expected, comple24c
showed better activity han the corresponding zinamide complexesgiving 90%
conversion after 45 min at 0.5% catalyst loading in the presenc®r®H (entry 12,
Table 1-7). Living polymerization was observeas shown by the linear elationship
betweenmolecular weights of the polymeand the monomer conversiofhe polymers
shownarrowmolecular weightlispersitiefn = )A&nd indlecular weigbtclose to the

theoretical valugconsideing both the benzyloXygroup and-PrOH as initiating groups.

~ ~
fe) (\NEtz (o) r/\NEtZ
Cumyl Cumyl
,\/ umy ,\/ y
z/ z/
n
"~o | O
/N\ /N\
Me;si” SiMe; UMYl Me;Si” “SiMe; Cumyl
24a 24b
~
t-Bu Cumyl
a y
Z/
n
/O
o
Me Cumyl
o
t-Bu Me

24c

Figure 1-7 Structures of zinc aminphenolate complexes.
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Table 1-7 ROP ofrac-lactide by zingphenybmino-phenolatecomplexes

Co- [LA] o Loading Temp t Conv

Enry - Cat oiiaor (M) (molw) %V e (miny ) N Pm Ref
1  23a iPrOH 100 05 THF 25 4 98 140 049 59
2 23 - 100 05 THF 24 50 85 176 060 59
3 23 i-PrOH 100 05 THF 25 9 90 110 045 59
4 23c i-PrOH 100 05 THF 24 5 95 122 037 59
5 23 - 100 05 Tol. 24 30 9 157 03 59
6 23d i-PrOH 100 05 THF 60 240 55 108 053 59
7 23d i-PrOH 100 05 Tol. 60 100 74 1.08 053 59
8 23 i-PrOH 100 05 THF 60 250 76 107 044 59
9 23f i-PrOH 100 05 THF 60 240 62 117 054 59
10 23g i-PrOH 100 05 THF 60 250 83 120 044 59
11 24a i-PrOH 100 05 Tol. 24 60 98 146 065 60

12 24c i-PrOH 1.00 0.5 Tol. 25 45 90 1.11 0.62 60

Tol. = toluene;R.T. = room temperature (no specified T givetdshes-] indicate no
addition of cainitiator.

Isotactic PLA was obtained by Ma and coworkers using clamat aminc
phenolate complexéd. Ligands with chiral Nalkylpyrrolidinyl substituergs were
prepared andeactedwith Zn[N(SiMes)2]2 to generatethe corresponding zinc amide
complexe25-29 (Schemel-14). Interestingly, the zinc amide complexes were shown to
occur as pairs odliasteremers, and the proportion of odéstereomer decreases as the
ortho-substituent of the phenoxyl becomes leilkas a result enantipure complex29
with a bulky trityl substituted phenolate-butyl pyrrolidinyl groupwas obtaied It was
found that the activity decreasd¢®wever with the bulkiness of thertho-substituenof
the phenoxyl moiety, as observed thaimplex25 with only 0.067% catalyst loading
provided 986 conversion ofrac-lactide after 20 minwhile 360 min is neead for

complex?29 to achieve 8% conversiomat 0.26 catalyst loadindentry 12, Table 1-8).

34



Interestingly, the tacticity of the polymers switch from heterotactic to isotatticthis

increae of stericbulkiness leading tahighly isotactic PLA Pn = 0.81) given bycomplex

m
N
\©\/\ | /\© Zn[N(SlMe3)2]2\©\/O\\ Zn/b \Qfoth D

29.

N R3
Me3S| SlMe3 Me3S| SlMe3
23a-26a, 27 23b-26b
(S)-L1H: R'=R?=CI, R®= Et 25: L1ZnN(SiMej),, 25a:25b = 1:2.5
(S)-L2H: R' = R? = Me, R® = Et 26: L2ZnN(SiMej),, 26a:26b = 1:2
(S)-L3H: R' = R? = t-Bu, R® = Et 27: L3ZnN(SiMe;),, 27a:27b = 1:1
(S)-L4H: R" = Trityl, R? = Me, R® = Et 28: L4ZnN(SiMe;),, 28a:28b = 7:1
(S)-L5H: R" = Trityl, R? = Me, R = n-Bu 29: L5ZnN(SiMes;),, 29 enantiopure

Schemel-14 Synthesis of chiral zinc amifghenolate complexes

Ma and coworkers further modified the phenyl moietyhva coordinating N,N
dimethylanilinyl substituent to produce tetradentate arpimenolate ligand® Besides,
they changed the pendant arm wathvariety of alkyl aminesStudy of the complexes
found that the tetradentate ligands only have three sites coortinatke zinc center
either thealkylamine (omplexes 30a-b) or thearylamine (compless 30c-g) (Scheme
1-15). A large difference irstereoselectivitywas observedcomplexes30a-b generate
heteotacticPLA (Pm = 0.400.46), while complexes30cg generatasotacticPLA (Pm =
0.71-0.8)). Impressiely, mmplex30g has isotactic selectivity as high as com@8x P
=0.81)(entry 4 Table 1-8). The activity is increased with decreased stkulkiness and
complex30b has the best activitgmong these complexespnverting90% monomer in

20 min at 0.56 catalyst loadingvith 1 equiv. of i-PrOH at 25°C in toluene(entry 3,
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Table 1-8). Kinetic studes found the polymerizatisdhave ordes of 1.781.81 in

complex concentration, suggesta bimetallicmechanism

Table 1-8 ROP ofrac-lactide by zingphenybminophenolate complexes.

co [LA] o Loading Solv Temp t Conv

Entry Cat itiator (M) (mol%) C) (min) (%) " Pm Ref

1 25 i-PrOH 1 0.067 Tol. 25 20 95 1.13 041 61

2 29 i-PrOH 1 0.067 Tol. 25 360 82 1.14 0.81 61
3 30b i-PrOH 1 0.5 Tol. 25 20 90 1.33 0.43 62
4 30g i-PrOH 1 0.5 THF 25 120 88 1.11 0.81 62
5 31 i-PrOH 1 0.5 Tol. 25 90 99 1.12 0.80 63
6 32 i-PrOH 1 0.5 Tol. 25 90 97 1.04 0.79 63
7 33 - 1 0.5 Tol. 25 90 94 1.06 0.80 63
8 34 - 1 0.5 Tol. 25 90 96 1.05 0.79 63
9 35 - 1 0.5 Tol. 25 25 96 1.72 0.22 63
10 36 - 1 0.5 Tol. 25 25 98 158 0.22 63
11  38a - 0.34 2 CHCI R.T. 1400 96 1.07 - 64
12 38b - 0.34 2 CHCl R.T. 120 98 131 - 64
13 38c - 0.34 2 CHCl R.T. 1400 95 131 - 64
14  38d - 0.34 2 CHCl R.T. 1400 98 113 - 64
15 38e - 0.34 2 CHCl R.T. 1400 97 1.07 - 64

Tol. = toluene; R.T. = room temperature (no specified T given); dasheslicae no
addition of ceinitiator or no stereospecify reported.

Zinc and magnesiunamino-phenolatecomplexeswith similar structures were
reported by MgSchemel-16).%% Zinc complexes31-34 gave isotactic PLA(Pm = 0.79
0.80 (entry 58, Table 1-8), while magnesium complexe3b-36 gave heterotactic PLA
(Pr=0.78 (entry 310, Table 1-8). A kinetic gudy foundthatthere isalarge difference
betweerthe apparentate ofROP forD-lactideand thatof L-lactide catalyzed by theinc

complees but anegligible differencen ratesfor thetwo monomersvhen catalyzed by
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the magnesiumcomplexes Zinc lactate complexes such @8 were obtained(Scheme
1-17) and their structures weréound to have pentacoordinate zinc cestewith
coordinationof the carbonyl oxygen dhe lactate moietywhich suppos a combinéon
of enantiomorphicsite control and chainend control mechanissnfor these zinc
complexesto achieve isoselectivittHowever, theheteroselectivity othe magnesium

complexes ipelieved to bechieved by a chaiend control mechanism.

/-Pr
N /I-PI'

Wean ey

(\ NR?, Me3S| S|M93
R4

N _ 30aR*=R*=Cl
ZnIN(SiMes)ly) 30b R® = R* = Cumyl
>N HO

R RS 1 R Et
N / Et

~©Q>@r

Me3S| S|Me3

30c R'=Me, R®=R*=ClI
30d R" = Me, R® = CPhy, R* = Me
30e R' = Et, R® = CPhg, R* = Me

i \/\/ \\\\\E,\>\/\/
(:E\IL R* Zn[N(SiMes),]; ©/\ IL/ R
I
>N HO /Z” ~0
R1 R/1 R3 N R3

/ \_
MesSi SiMe,
30f R® = R* = Cumyl
30g R3 = CPhg, R* = Me

Schemel-15 Synthesis of zinc aminphenolate complexes.
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Schemel-16 Synthesis of zinand magnesium amifghenolate complexes
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Schemel-17 Synthesis of zinc methyl lactate complex bearing anyjpleenolate ligand

1.7.2 Zinc Imin o-phenolateComplexes

Chiral zinc imiro-phenolate compies prepared from natural amino acids were
reported byDarensbourg and coworkeéfsThey attempted to achieemantiomorphic site
control to obtainsterecelective ROP of lactide. Monomerite amidecomplexeswith
different backbone substituent{38a-d) were prepared by reaction of the ligand
precursors witlZn[N(SiMez)2]2 (Schemel-18). Dimeric anc comple 38e was obtained
using para-fluorophenolanda study of crystal structure showd#uhtits two zinc centers
have different coordination environmertsudies of the polymerization rates towards L
lactide and BLactide was found that chiral compks38a-c haveno preference towards
either enantiomers Epimerization of lactide was observed when using -ctural
complex38d for ROP of Llactide. Among these complexegntplex 38a has the best
activity for ROP ofrac-lactide kp-Laobs = 3.13 It and K.aobs = 2.73 ht. The polymers
obtained from these complexes have gandlecular weightagreementand narrow
molecular weightispersityn = -1.31(emry 1115, Table 1-8). Interestingly, these
catalysts yielded heterotactic plalgtides andcomplex 38c shows the best heterotactic

property(P: = 0.83, whichcan be enhanced P, =0.89ati 30°C.
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t-Bu
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R, N  OH —
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38c R = 2-(methylthio)ethyl

38d R = H
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"R
t-Bu N O,
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N/ \ o t-Bu
/O
R t-Bu
38e R=H

Schemel-18 Synthesis of zinc iminghenolate conlpxes.

In 2015, Ma ad coworkers utilized binaphthyiino-phenolate ligands to prepare
the corresponding zinc and magnesium complélekemel-19).5° An X-ray diffraction
study found that mgnesium comple®9a is four coordinate while zinc complex39d is
three coordinatéwithout the coordination of NM& Magnesium complexe89a gave
atactic PLA(Pr =0.49) in toluenebut heterotactic PA (Pr = 0.72)in THF (entry 1-2,
Table 1-9). Complex39d gave PLA with heterotactic biag? = 0.80:0.84) in toluene or

THF (entry3-6, Table 1-9).

40



R2

O
N

N
liee

Mg[N(SiMes),],
———

Cumyl

ZnIN(SIMeg)l;

Cumyl

4
Me3SI

39a R!
39b R!
39¢ R!

Me3S|

39d

/SiMes

\N

SlMe3

= Cumyl, R? = Cumyl
= CPh,, R? = Me
= CPh,, R? = +-Bu

Schemel-19 Synthesis of zinc bindgthyl imino-phenolate complexes

Table 1-9 ROP ofrac-lactide by zinc imin-phenolatecomplexes.

iy ca gl LA Lo oo T LS o n e
1 39a i-PrOH 1 0.5 Tol. 25 210 92 150 049 65
2 39a i-PrOH 1 0.5 THF 25 25 98 147 072 65
3 39d - 1 0.5 Tol. 50 20 96 1.70 0.80 65
4 39d i-PrOH 1 0.5 Tol. 25 60 96 1.19 0.83 65
5 39d - 1 0.5 THF 25 a0 86 146 084 65
6 39d i-PrOH 1 0.5 THF 25 60 97 153 083 65

Tol. = toluene; dshes+) indicate no addition of emitiator.

1.7.3 Zinc BenzotriazolePhenolate Complexes

Benzotriazolephenolate (BTP) complexes bearing different sulbsénts have

been studied by Lin, Ko ancbworkers®¥%° The BTP aluminumcomplexeshave been

studied by them previously and showed good controlR@P of L-lactide, but the
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polymerization is slow48 h is needdto achieve full onversioi.®® Zinc BTP complexes
40 (Schemel-20) in the presencef 9-anthracenemethan{®-AnOH) showed excellent
activity for ROP ofUcaprolactond3CL) (> 99% conversion witt?% catalyst loading in
5 min at 30°C) andb-butyrolactong(> 9% conversion witl2% catalyst loading in 120
min at 55°C) (entry 2, Table 1-10). Promisingly, block copolymePCL-b-PHB (PHB:
poly(3-hydroxybutyrate) was successfully prepared by copolymerization ©f

capolactoneandb-butyrolactoneausing complex0.8’

Cl Cl

Q Q -
‘ Ij
/N /
ZnEt2

Zn
Toluene N /

Ns QL/Z"\NQ

Schemel-20 Synthesis oa zinc benzotriazolghenolate complex.

Zinc complex 41 with tridentate eino-benzotriazole phenolate ligandas
prepaed and reaction with BnOH yieldd benzyloxy complex42 (Scheme1-21).%° In
the solid state4l1 is a dimer with two bridging phenolate oxygemand 42 is a
tetrametallic complex with fourbridging benzyloxy groups andone ligand per zinc.
However, therare no data reported about whether the dimetlodnd the tetramer af2
dissociate to monomers in solution stalemplex41 with stoichiometric amount o3-
AnOH and complex42 showed good activitand control towards ROP dcaprolactone
but slow rate towards ROP bfbutyrolactongentry 36, Table 1-10). Mostinterestingly,
they foundthat for complex42 each zincexhibitsas an eative site for polymerization,

proven by the excellent agreementmoblecular weights and narrow molecular weight
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dispersitieswhich support the dissociation of the complex in solution stdtticeably,
these zinc complexes showed lower activity than the previously reported zinc

benzotriazolgphenolatecomplex 40.

i-Pr /i—Pr -Pr Q

I_

N i-Pr\,L v N
N—N

Zn\o
/

oH  _ZEb_ o/
N Hexane Zn
N Et

41

1) 2 ZnEt,

2) 2 BnOH
Hexane

2 BnOH
Hexane

Schemel-21 Synthesis okinc amiro-benzotriazolgphenolatecomplees
Further utilization of s(amino)-benzotriazolgophendate zinc complexegor ROP

of L-lactide was invest@tedby Ko and coworker& The tetradentate ligand coordinates
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to thezinc center with only thredonor atomsresulting in aetrahedral geometry of the
monomericcomplex43 (Schemel-22). It gives97%lactideconversion after 3 h at 0.1%
catalyst loading withstoichiometric amounbf 9-AnOH. The resulting polymer has
higher tharexpectednolecular weighbut narrowdispersity(n = ) {entdy 28, Table
1-10). Complex 43 produces dlight isotactic PLA from rac-lactide under long

polymerization timen THF (Pm =0.59.

\N/\\
N— \
Zn—
OH 1.2 ZnEt, 04 l\‘l\
/N\ Toluene /N\ Et
Nf /fN Nf\ /fN

43

Schemel-22 Synthesis of zinc kis(aming-benzotriazolgphendate complex

Table 1-10 ROP ofUcaprolactongb-butyrolactoneand L-lactide by zincbenzotriazole

phenolatecomplexes

Entry Cat co-initiator [I(_I\A/I\]) © IE%%?J/'Z )g Solv T(fcn;)p (mtin) C(:(;SV n Pm Ref
1 42 9-AnOH 1 2 Tol. 30 5 >99 1.04 - 67
2 400 9-AnOH 1 2 Tol. 55 120 98 1.01 - 67
3 412 9-AnOH 2 0.5 Tol. 30 20 99 1.07 - 69
4 41° 9-AnOH 2 0.5 Tol. 55 300 92 103 - 69
5 422 - 2 0.5 Tol. 30 20 9% 1.18 - 69
6 420 - 4 0.5 Tol. 55 600 99 104 - 9
7 43 9-AnOH 1 1 DCM 30 180 99 1.13 - 68
8 43 9-AnOH 1 1 THF 30 480 94 1.16 0.59 68

2 ROP of Ucaprolactong ® ROP of b-butyrolactone ¢ ROP of Llactide DCM =
dichloromethane; Tol. = tolueneashes <) indicate no addition of emitiator or no
stereospecificity reported.
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1.8 Cationic and Zwitterionic Zinc Complexes

1.8.1 Cationic Zinc Phosphinimine Complexes

Hayesand coworkergprepared a series of cationic zinc complexes with neutral
phosphinimine ligads® Directreaction of the neutral ligand precurswaih zinc sources,
e.g. EtZnCl or ZnEt failed to yield the corresponding zinc complexes because of the
poor ability of the neutral ligands to stabilize the zinc complekhs. igand precursors
were protonated bythe anilinium acid from [HNMe2Ph][B(CsFs)4], or triflic acid
HSO;CFRs and followed by reaction witZnEt to generatehe cationic zinc complexes
44a and44b (Schemel-23). Coordination othe B(GFs)sanionto the zinc center is not
observed im4a, while weak coordinatn of theSOG;CFs anion to the zinc center #b is
observed in the crystal structurdda gives90% L-lactideconversion after 6 h at 10C
at 1% catalyst loadingentry 1, Table 1-11); 44b showsslower activity giving85%

conwersion after 9 h under the same conditiergry 2, Table 1-11).

i—PrQ )?\ i-PrQ i-PrQ
N P HSO4CF, ol o Et\z@ J - Pr

N
N'PPh, or > N

44a X = B(CeFs),
44b X = SO4CF,

Schemel-23 Synthesis otationiczinc phosphinimine complexes
Cationic zinc comfexes with chiral phosphinimine ligands were further studied

by the same groufy.A zinc methyl lactatspeciest5 (Figure 1-8) gives90% rac-lactide
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conversion after & at ambient temperature witBelcatalyst loading in bromobenzeds
(entry 3 Table 1-11). Unfortunately, e stereoselectivityis poor and the obtained
polymer isatactic which is often seen for cation&nc systems. Howevernterestingly,
the molecular weights (10007 36,000 g/mol) are higher thahoseobtained by the nen

chiral cationic zinc phosphinimine complexé4a and44b (25005000 g/mol).

Figure 1-8 Structure of a cationic zinc methyl lactate complex bearing neutral

phosphinimine ligand

A tridentate s(phosphinimine) ligandvasusedto synthesis zinc complexesd
the obtained complexdsve coordination of thevo imineN atoms buiho coordination
of the oxygen atom from the dibenzofuran (dbf) backbdr&inc methyl complexd6a
was obtained by reaction of protonated ligand precursor with Znihe zinc acetate
complex46d was obtainedby reaction withMeZnOAc (Scheme1-24). Zinc methyl
lactate complex6b together with 15%6¢ were obtained usingtZn-methyt(S)lactate
but separation of pure compldgb failed. Complexes46a and zinc acetate compl&éd
proved to be inactive towafdOP ofrac-lactide Zinc methyl lactateomplex46b gives
90% conversion after 3.5 h at 80 with 2% catalyst loading in §DsBr (entry 78, Table
1-11). This compéx gives narrowemolecular weightdispersities(n = 1.2-1.3) than

those of the previously reported compless, even though the molecular weights are
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higher than expected anlget polymers are atactiStoichiometric reaction of 1:10 ratio of
complex 46W/46¢ to rac-lactide was monitored by'P{*H} NMR and *H NMR
spectroscopyComplex 46b was found to beconverted to a new species, indicatimg
coordinationtinsertion mechanisprand46c showsno reactivity under thepolymerization

conditions

1. [HNMe,Ph][B(CgF5)4]

1.HCI, NaBPh, 2. MeznOAc PhzP

Schemel-24 Synthesis otationic zincbis(phosphinimine) complexes

The steric propertiesf the bis(phosphinimineyystem were further studieshd a
less bulkyp-isopropylphenyl (Pippsubstituentwas usedon the phosphiniming.Zinc
methyl complexes47a, 47b and zinc methyl lactate compleX/c were synthezied

(Schemel-25). They differedfrom complexes with bulky mesityl substituefdéa-d) as
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coordination from the oxygen of the dibenzofurétbf) backbone was observed.
Complex47c showed good activitjor ROP ofrac-lactide giving 9% conversion after
50 min at 0.56 catalyst loading at 25C in CDxCl> (Kobs = 8.65x10%s?) (entry 9, Table
1-11). The polymers show heterotactic preferemgth P; value of0.63. The molecular
weights agree with theoreticahlues and the molecular weigtlspersitiesare narrow,

ranging from 1.08 to 1.3¢ntry 1013, Table 1-11).

CF
© 3
© . \ B@ >4
-Pr BAr, i-Pr o CF3
i-Pr H i-Pr
I\\/Ie m\ o O
/N’ZH—N _::\
PhP” | PPh, N—2znEN
o PhyP ="
DR @ O
47a Ar = m-(CF3)2-06H3 O
47b Ar = CGH5 47c

Schemel-25 Synthesis otationic zirt bis(phosphinimine) complexes

Further stugl of the steric and electronic effects of bis(phosphinimiiggnd
towards ROP ofac-lactide was conducted by Hayes and coworké&<Complex 48a
(Figure 1-9) bearingO-methylphenyl substituenshows no coordination frorthe dbf
backbone, whil@a weak coordination of dhfas observed in compled8b. Zinc complex
48b gives bettelROP activity (kobs = 5.11x10* st at 25°C) than complex48a (Kobs =

3.65x10*stat 60 °C), but slightly lower activity than the Pipp specié&l, from which
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they concludd that an increag of the electron density of the imine site and the
coordination of dbf decrease the @tephilic ability of the zinc centethus increaisig the
activity. They alsoconcludedthat reduag of the stericbulk of the complex resugtin
increasd activity. Analysis of the polymers obtained byi8b showed enhanced

heterotactic propertfP: = 0.70) (entry 15,Table 1-11).

© CF,4
o B )4
CF,
Q
o 2
/ | \
thP 2 . Vpph,
o)
48aR = CH,
48bR=H

Figure 1-9 Structure ofcationic zincbis(phosphinimine) complexes
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Table 1-11 ROP ofrac-lactide and Elactide or by zinghosphiniminecomplexes

Entry Cat [IZIG]) ° Izr?]%?ri;; ;3 Solv T(fgp (mti n) (E(f/)or;v n Pr Ref
1*  44a 1 1 CeDe/CesDsBr 100 360 90 - - 6
2*  44b 1 1. CeDe/CeDsBr 100 540 85 - -6
3 45 05 1 CeDsBr 100 540 90 - - 70
4 45 1 0.5 CeHsBr 100 540 74 198 - 70
5 45 1 0.33 CeHsBr 100 540 69 189 - 70
6 45 1 0.25 CeHsBr 100 540 69 181 - 70
7  46b 0.25 2 CeDsBr 60 210 90 - -7
8 46b 0.25 2 CeHsBr 60 210 &90 112 - 0N
9 47¢c 1 0.5 CD:Cl, 25 50 90 -9
10 47¢ 1 1 DCM 26 60 99 1.34 063 9
11 47¢ 1 0.5 DCM 26 60 98 1.15 0.63 9
12 47¢ 1 0.33 DCM 26 90 92 1.08 0.63 9
13 47¢ 1 0.1 DCM 26 360 99 1.30 0.63 9
14 48a 1 0.5 DCM 40 480 90 1.37 0.61 72
15 480 1 0.5 DCM 25 75 96 1.35 0.70 72

* ROP of L-lactide DCM = dichloromethanedashes-{ indicate no molecular weight
dispersity or no stereospecificity reported.
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1.8.2 Cationic Zinc Amino-phenolate Canplexes

Guillaume Bourissou and coworkersutilized a cationic zinc complex49,
Scheme1-27) combired with a amine basepentamethylpiperidine (PMP)with nec
pentanol(necPentOH for ROP of Llactide andrac-lactide.” They proposed that PMP
assistedhe initiation of lactideROP by hydrogen bonding witmeo-PentOH(Scheme
1-27). Polymerizationstudies revealed that the system has good activity tovR@P of
rac-lactide giving 92% conversion after 3 h with.26 catalyst loading [LA]:[ nec
PentOH]:@9]:[amine] = 200:2:1:1) at25 °C in DCM (entry 2, Table 1-12). This system
proved to have good control, producing polymers with molecular wedbse to the
theoretical valuganda linear relationship between molecular weight Eatideto-nec
pentanol ratio Polymerizations in tolene and DCM gie polymers withdispersity(n)
ranging from 1.17 td..34 (entry 13, Table 1-12), while polymerization in THF exhitst
slower rate andhe dispersity increases70 (entry 4 Table 1-12). PhNMe with lower
basicity than PMP was tested but showed to be inackive.polymers produced in high
co-initiator loading have molecular weighin agreementwith theoretical values and
narrow molecular weightlispersity Homonuclear decolgd H{H} NMR analysis
shows this system gives isotactic polymers frantactide (as expectedpnd atactic
polymess from rac-lactide.Even though no stereoselivity was achieved, this is the first

exploration ofan organiadrganometallic binary system for ROP of lactide.
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Schemel-26 Synthesis of cationic zincdiaminophenolate complex
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Schemel-27 Prgposed mehanism for PMP associatenhitiating of ROP of lactide.

1.8.3 HeteroscorpionateZwitterionic Zinc Complexes

Cui and coworkers reportedwiterionic zinc complexes supported by
heteroscorpionate ligand in 2014 The ligand precursor was treated with KH or
LiCH2SiMes followed by salimetathesiso generate a zinc chloride compl&xeatment
of the zinc chloridecomplex with KN(SiHMe)2 or KOBn generategwitterionic zinc
amide complexs0a and zincbenzyloxy complex 50b, respectively(Scheme 1-28).
Complex50a coverts 9% rac-lactide in 1.5 h at 70C (entry 5, Table 1-12) in THF,
while 50b caninitiate polymerization at ambient temperatuweyering 90% rac-lactide
within 3 h at 30°C (entry 9, Table 1-12). Interestingly, both 50a and 50b provide
polymers with isotactic bia$®» = 0.70-:0.74, and the isotacticity increased whesing

toluene(Pm = 0.85)or benzene®n = 0.83 as polymerizatin solvent(entry 78, Table
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1-12). Unfortunately, there is no enantioselectivity lasyt found the polymerization rate
of D-lactide and Hactide are identicalStudies support ahainend mechanism fahese

compexes.

N Zn
KN(SIHMe,), || N7
/) N\
Ph N/@ p =" Ph / | “SiHMe,
Or

Ph—\ 2 N\\\ SiHMe
~p~ 2
LiCH,SiMe, _® 50a
N N \
/ N [S)]
N\“ C\ /

p

Scheme1-28 Synthesis of zwitterionic zinc complexes supported by heteroscorpionate

ligand.
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1.8.4 Cationic Zinc N-Heterocyclic Carbene Complexes

N-Heterocyclic carbene (NE) complexes have attracted attentioom many
groups for ROP of cyclic esteesdreviewed by Waymouth, Hedrick and coworkens
2010.” Recently, Dagorne investigated NHC zinc compkand reportedthe first
cationicNHC zinc complexe£® Cationic zinc complexesbla and51b were obtained by
reactionof NHC with ZnMe and followed by ionization witlB(CsFs)s in THF (Scheme
1-29). Neutral zinc complex52a and 52b were obtained by reaction of NHC with
Zn(CeFs)2 in toluene (Scheme 1-30). ROP of cyclic ester, e.gh-butyrolactone rac-
lactide, and trimethylene carbon&feMC), were tested using these complexes. Whilke
and 51b show no activity neural complexess2a and 52b slowly initiate ROP ofrac-
lactide, giving 1006 conversion after 20 h at room temperature in D@iitry 1011,
Table 1-12). Unfortunately the complexeshave poor control, producing PLA with
molecular weights loer than theoretical values and broad molecular wediggersities

n =1.962.13.

54



Ar

Ar
/
[N> ZnMe, [
: >—Zn
N\ DCM

Ar
Ar = 2,4,6-Me;CgH, THF (2 equiv.)
Ar = 2,6-i-Pr,CgHs3 B(CgF5)3
DCM
C) ©)
MeB(C6F5)3 MeB(CGF5)3
oM N ® Me
Zn O [ Zn\
Q O

51b

Schemel-29 Synthesis ofcationic zincN-heterocyclic carbene complexes

R \
N A @F
. Zn(C6F5
[N> Toluene [>7Zn
\ F
k(s

52a R = Mes
52b R = Dipp

Schemel-30 Synthesis of zin&-heterocyclic carbene complexe
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Table 1-12 ROP ofrac-lactideby cationic andzwitterionic zinc complexes

Entry Cat eqv./cainitiator [LA] o (M) tr?]?)?g/: )g Solv T(fgp t (min) C(:&SV n Pm Ref
1/necPentOH,
1 49 - 0.5 Tol. 50 180 98 1.34 - 73
0.5/PMP
1/necPentOH,
2 49 0.5 0.5 DCM 25 180 92 1.34 - 73
0.5/PMP
2/necPentOH,
3 49 0.5 0.5 DCM 25 300 87 1.17 - 73
0.5/PMP
1/necPentOH,
4 - 0.5 THF 50 1440 94 1.70 - 73
0.5/PMP
5 50a - 0.8 0.5 THF 70 90 90 1.96 0.70 74
6 50a - 0.8 0.5 THF 30 600 91 1.98 0.74 74
7 50a - 0.8 0.5 Tol. 30 480 96 1.37 0.85 74
8 50a - 0.8 0.5 CsHs 30 240 92 1.27 0.83 74
9 50b - 0.8 0.5 THF 30 180 90 1.56 0.74 74
10 52a - 1 1 DCM R.T. 1200 100 2.13 - 75
11 52b - 1 1 DCM R.T. 1200 100 1.96 - 75

Dashes+) indicate no addition of emitiator or no stereospecificity reporteddCM = dichloromethanerol. = toluene.

56



1.9 Zinc Complexes with Soft Heteroatom Donors

1.9.1 Zinc Phenoxythioether Complexes

Lamberti and Mazeo prepared a series of zinc and magnesium complexes bearing
phenoxythioether ligand$’ Zinc (53a and 53b) and magnesium complex€s3c) were
synthesized usingn[N(SiMes)2]2, ZnEb, or Mg(n-Bu). as metal sourcgSchemel-31).
Characterization of complexeés3b and 53c by VT H NMR and DiffusiorOrdered
Spectroscopy OSY) reveal that they are dimeric in @dution. Zinc complex53a
convets 92% rac-lactide after 14 h at 0% catalyst loading in the presence of eqgliv.
of i-PrOH at 70°C in toluene(entry 1, Table 1-13), andzinc complex53b gives full
conversionafter 7 h at the same conditioentry 2, Table 1-13). The obtainedPLA is
atactichavng molecular weights slightly higher than expected valaedn values of
1.291.34. Magnesium comple®3c gives 95% conversion after 5 h at 2% and the

obtained polymers hav®@modestsotactic bias, R = 0.63(entry 3,Table 1-13).
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Zn[N(SiMe3)s]o S Mg(n-Bu),

or ZnEt,
OH
t-Bu t-Bu
SI/:.,Zn/X S/,,,.Mg/n'BU
/ /
(@) @)
t-Bu t-Bu t-Bu t-Bu

53a X = N(SiMe3),
53b X = Et 53c

Scheme 1-31 Synthesis ofzinc and magnesium complexes bearing phetibioether

ligands

Table 1-13 ROP ofrac-lactide by zinc phenoxythioether and zinc phosphimpdenolate

complexe.

Entry  Cat ini'[?;or [I(_I\A/I\]) ’ Izr?”n?)(lj‘:/g)g Solv -I—(?Cn;)p (m-li—n) C(:(;SV f Pm  Ref
1 53a i-PrOH 1 0.5 Tol. 70 840 92 1.34 055 77
2 53b i-PrOH 1 0.5 Tol. 70 840 100 1.29 0.46 77
3 53c i-PrOH 1 0.5 Tol. 25 300 97 1.14 0.63 77
4 54c - 1 1 DCM R.T. 120 97 1.02 - 78

Dashes 4) indicate no addition of emitiator or no stereogzificity reported; DCM =
dichloromethane; Tol. = toluene.
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1.9.2 Zinc Phosphino-phenolateComplexes

Avilés and Dagorneutilized phosphinephenolatezinc complers with soft
phosphine donerfor ROP ofrac-lactide’® Dimeric zinc complers 54a and 54b were
obtained by reaction of the ligand precussand ZnEi through allane elimination
(Scheme 1-32). Reaction of the zinc ethyl complex with BHOyields zinc alkoxyl
speciesh4c and 54d with two bridgingbenzyloxy groups. Reaction of ZnkEtith two
equiv. of ligand precursor givehomoleptic complexs4e. Noticeably,complex54d can
slowly aggregate to yield homoleptic complB4e after 8 days inrDCM/pentane. The
activity of ROP ofrac-lactide was studied and showed compelic is highly active
giving 9®%6 conversion after 120 migentry 4,Table 1-13). Also, it showsgood control
giving polymer with good molecular weightgrement anda value of 1.02. The

homoleptic comple®4e is inactivetowards ROP of lactide

R
R ' _PPh,
, 2 ZnEt, O\/Z{‘
OH 7n—0
~\
PhP” k
PPh, R
54a R = Me
54b R = t-Bu
|ZnEtz \ 2 BnOH
tBu 8 days R
O\ DCM/pentane Bn(;n/Pth
for 52d o—
__Znwipph, (ors2d) )
PhP™ T\ oh P/ZI\’I/O
o) 2 OBn
t-Bu 54c R = Me
Sde 54d R = t-Bu

Schemel-32 Synthesis of zinphosphinephenolatecomplexes
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1.10Zinc Amin o-bis(phenolate) Complexes and Scope of thiResearch

A chiral bimetallic zinc complex wapreparedoy Schapeusing a chiralmino-
bis(phenolate)igand (Scheme1-33).”° This complex showe low activity at ambient
temperatureachieving 9% conversion after 20 h with 1% catalyst loading at°60in
CDCls. It produce polymers with slightly heterotactidias, P = 0.59 which maybe
because of théast rotation of NC bondor not enough chidanduction from the methyl

and phenyl substituents the amine

t-Bu t-Bu Oiznfo
OH HO Zn_
ZnEt2 | Et
N pentane t-Bu N t-Bu
t-Bu t-Bu

Schemel-33 Synthesis o zinc amino-bis(phenolatefomplex

Considering théow activity of 55 might also be due tothe steric crownhg of the
zinc center hindering thecoordination of lactidereplacenent of the methylphenyl
substituent of the amine with a less bulky group may improve its activity for lactide
polymerization.Also, the lactide ROP activitpf complex55 was studied invery low
detail and with no conclusisrto the reaction mechanisrithe research in this thesis
involved tridentate aminbis(phenolate) ligands Figure 1-10) with a n-propyl
substituent on the amirend focusel on synthes, characterization and study of zinc
amino-bis(phenolate) complexd®earing different initiating group®wards ROP ofac-
lactide. The synthesis and characterization ahc amiro-bis(phenolate)complexes

bearing different initiatinggroupswill be discussed in Chapter 2; the catalytic study
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towards ROP ofac-lactide including kinetic studies, studies of polymers, determination
of thermodynamic parameters aadeactionmechanismwill be discussed in Chapter 3;
and the experimentarocedures will be presented in Chapter 4.
R R
jogBs!
N
R' H R'

H,[L1], R=R'=t-Bu
H,[L2], R=t-Bu, R'=Me

Figure 1-10 General structure afmino-bis(phenolatelgands.
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Chapter 2 Syrthesis and Characterization of Zinc Anino-

bis(phenolate)Complexes

2.1 Introduction

Amino-bis(phenolate) ligands exhibit tunable electronic effects and flexible steric
properties, andhie catalytic activities of aminbis(phenolate) complexes have been well
studied?*? Zinc amino-phenolate complexes for rirgpening polymerization (ROP) of
lactide (LA) have beemvidely investigated?8 and Tolman and Hillmyer reported the
most efficient zinethoxylcomplexto date'®

Schaperet al. synthesized a bimetallic zinc complex with a chirasibstituted
amino-bis(phenolate) ligad that offers poor activity for ROP oéc-lactide (rac-LA),
possibly because of the steric bulkiness of the confp@omsequently, we synthesized
less bulky zinc amio+bis(phenolate) complexes and the ROPaaflactide was tested in
the presence and absence of exogenous alcohol.alliiogyl complexes in which the
alkoxyl group usually acts as initiating group have better catalytic activities than zinc
ethyl complexes towards ROP of lactide® °

Recently, Hayest al. prepared a zinc lactate complex with a methyl lactate
moiety coodinated to a zinc center and this complex initiates polymerization of lactide
with a coordinatiofinsertion mechanism at ambient conditidhdnspired by these
works, attempts were made to isolate zinc alkoxyl complexed the activity of zinc

amino-bis(phenolateyfor ROP ofrac-lactide was studied.
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This chapter discuss the preparation and characterization of zamgino-
bis(phenolate) complexdsearing different initiating groups. Their catalytic activity for

ROP ofrac-lactide will be discussed in Chapter 3.

2.2 Results and Discussion

2.2.1 Synthesisof Zinc Ethyl Complexesin Non-coordinating Solvent

The tridentate aminbis(phenolate) ligand precursorg[HL] and H[L2] (where
[L1] = n-propylamineN,N-bis(2methylene4,6-di-t-butylphenolate) and 2] = n-
propylamineN,N-bis(2-methylene6-t-butyl-4-methylphenolatejvere synthaged using a
modified Mannich condensation reaction in water as previouspoted3? Alkane
elimination reaction under nitgenof the ligand precursorsofHL.1] and H[L2] with two
equiv.of ZnEb in pentanafforded the bimetallic zinc complex&a and1b, respectrely
(Scheme2-1). It was found that one ethyl group of Znk$ easily protonated by the
ligand precursor; heever the second ethyl group resists rem@asibly due to the
more stable &n bond after the coordination of the oxygen from the ligiiReaction of
Ho[L1] with one equiv. of ZnEtyielded a mixture of products. Multiple NGH-Bu and

aromatic proton assignments were observetiiNMR spectraKigure A-6 and 7).
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Scheme2-1 Synthesis of zinc ethyl complexes.

2.2.2 Characterization of Zinc Ethyl Complexes

2.2.2.1 NMR Spectroscopy

The zinc complexes were characterized#yand'3C NMR spectroscopyThe *H

NMR spectra of complexe&a and1b in CDClz show two zinc ethyl environments (two

triplets att 0.96 andi 0.75 arising from two different ZnCHCHz methylene groupand
two quartetsat & 0.35 andti -0.12, arising from two methyl environmentsy)C NMR

spectroscopyassisted by an attached proton test (ARHigure A1) confirmed the

presence of tw methylene and two methyarbon environments. The diastereotopic

NCH:Ar protonsappear as a pair of doublets, confirming the coordinatidhe ligand to
the zinc centerThe assignmentsf the'H NMR (Figure 2-1) and**C NMR (Figure 2-2)

spectraare listed inTable 2-1 and Table 2-2, respectively
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Table 2-1 Assignment of resonances in th& NMR spectrum oflain CDCls.

Proton types Ngg?oer:sm Chem(icsgl ?hift Peak J (Hz)
ArH 2 7.29 d 2.5
ArH 2 6.91 d 2.5
ArCH: 2 4.15 d 14.0
ArCH: 2 3.74 d 14.0
NCH2CH2CHs 2 2.63 m -
NCH2CH2CH;3 2 1.59 m -
C(CHg)s 18 1.48 s -
C(CHg)s 18 1.30 s -
ZnCHCHs 3 0.96 t 8.1
NCH.CH2CHs 3 0.82 t 7.3
ZnCHCHs 3 0.75 t 8.1
ZnCH2CHs 2 0.32 q 8.1
ZnCH2CHjs 2 -0.12 q 8.1

Table 2-2 Assignment of resonancestime 3C NMR spectrum ofain CDCl,.

Carbon types

Chemical shift (u0)

Ar
ArH
ArCHa
NCH2CH2CHz
C(CH3)3
C(CH3)3
NCH2CH2CHzs
NCH2CH2CH3s
ZnCH.CH3s
ZnCH2CHs

158.75
125.10

64.07
60.14
35.51
31.82
18.68
11.86
12.20
1.00

140.64
124.74

34.30
30.47

11.46
-2.07

139.25 125.13
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2.2.2.2 MALDI -TOF MS

MALDI-TOF MS which is a soft ionization technique thamninimizes
fragmentation of the complexs a valuable tool for characterization of organometallic
compounds? Anthracene was chosen as matiix zinc complexesin the glove box,
complexlawas mixed wih anthracene in a ratio of 1:1 in toluefigiL of this solution
was spotted on the MALDI plate and allowed to drige plate was sealed under nitrogen
in a Ziploc bag for transport to the instrumenA fragment possiblycoming from
[ZnsEt[L1]2] ¥, was oberved atm/z= 1211.6(Figure 2-3, B); a fragment corresponding
to [Zn2[L1]2]" was observed an/z= 1118.7(Figure 2-3, C); and a fragment possibly
from [Zn3Et[L1]CHs]H *, was observed an/z= 763.3(Figure 2-3, D). These fragments
support a trimetallistructurein solid state, which is similar tbc (Figure 2-4) that will
be discussed later. It is possible thiat solid state, two equiv. of bimetallcomplexla
aggregate to form the trimetallic complex aglininate ZnEt (Scheme?2-1). It is also
possible that the trimetallic complex is obtained from the decompositidra oinder
MALDI conditions. The bimetallic complexia with the loss of onemethyl group,
[Zn2Et[L1]CH3]H*, was observed am/z = 669.3 (Figure 2-3, E); two additional
fragments, i.e[ZnEt[L1]]* at m/z= 652.3 andZn[L1]]" at 557.3 were observed under
MALDI conditions (Figure 2-3, F andG). The experimental mass speoiverefoundto
match wellwith the theoretical isotopipatterrs. In order to see these matches clearly,

Figure 2-3is spread out over the next four pages.
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2.2.2.3 Elemental Analysis

Complexesla and1b were charactered by elemental analysis. Complexand
1b were dried under vacuum for 4 h for removal of the residual pentane. Experiments
were conducted using diree tehniqguesandwere found to havgood agreement with

the theoretical valueasshown inTable 2-3.

Table 2-3 Elemental analysis of complexg&aandlb.

Complex Experimental Experimental Experimental
P (theoretical) C% (theoretical) H% (theoretical) N%

la 65.25 (65.10) 8.93 (9.01) 2.10 (2.05)

1b 62.50 (62.21) 8.30 (8.25) 2.50 (2.34)
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2.2.2.4 Single Crystal X-ray Diffraction

Colorless needlgke crystals were obtained by recrystallizationldfin pentane
at room temperatureand he crystals changed toolorless blocklikecrystals after a
month.However their analysis by-Xay diffractiongave a molecular structure showing a
trimetallic complexwith two [L2] ligands and two ethyl groupdc (Figure 2-4). The
selected bond lengths and angles are showhalrle 2-4. Crystallographic details are
given in Table 2-5. This structure is inconsistent withe NMR spectra and elemental
analysis results obtained fbb and is likely from decomposition of the bimetallipecies
in noncoordinating solventsScheme 2-1). Unfortunately, sufficient quantities dfc
could not beobtained for acceptable NMR characterization. Each atmn has a
tetrahedral geometry with the two outer ziatoms havig the same coordination
environment; eacpossesses an amine donor, an ethyl group angwoolate oxygens
bridging a pair of zinc atoms. Theentral zinc atom occupies a distorted tetrahedral
geometry bonded to the four bridging oxygen atoms stmulvs 1)-Zn(2)-0O(2) and

O(3)>2Zn(2)0(4) angles 085.02(12)° and 86.96(12)°, respectively.
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Figure 2-4 Partially labeled molecular structure (ORTEP) okEAHL2]2, 1c. Thermal
ellipsoids are drawn at 50% probiglgiand H atoms are excluded for clarity.
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Table 2-4 Selected bond lengths (A) and angles (°)ZmEL[L2]2, 1c.

Atoms Distance (A) Atoms Angle (°)
Zn(1)}0(1) 2.050(3) O(1)Zn(1)0(2) 80.58(11)
Zn(1}0(?) 2.055(3) O(1)Zn(1)}N(1) 89.45(12)
Zn(1)}N(1) 2.159(3) O(2)Zn(1)}N(1) 90.18(13)
Zn(1)}-C(1) 1.973(6) C(1)Zn(1)}0(1) 121.81(17)
Zn(2}0(1) 1.951(3) C(1)Zn(1)-0(2) 135.3(3)
Zn(2)}0(2) 1.977(3) C(1)}Zn(1)}N(1) 124.7(2)
Zn(2)-0(3) 1.954(3) O(1)Zn(2)}0(2) 85.02(12)
Zn(2)-0(4) 1.988(3) O(1)Zn(2)}0(3) 134.56(14)
Zn(3)-0(3) 2.056(3) O(1)Zn(2)}0(4) 113.12(11)
Zn(3}0(4) 2.065(3) O(2)}Zn(2)}0(4) 129.25(14)
Zn(3)N(2) 2.167(4) 0(3)Zn(2)}0(2) 114.15(11)
Zn(3)}C(3) 1.960(6) O(3)-Zn(2)-0(4) 86.96(12)

0(3)-Zn(3)-0(4) 82.34(10)
O(3)Zn(3)}N(2) 87.96(13)
O(4)Zn(3}N(2) 90.81(13)
C(3)Zn(3}0(3) 122.04(17)
C(3)Zn(3}0(4) 129.5(2)
C(3)Zn(3)N(2) 129.4(2)
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Table 2-5 Crystal data and struatirefinement fod.c, 1afTHF and2.

Complex 1c 1aTHF 2
Empirical formula CsgHgaN204Zn3 Cs1HeaNOsZn, C72H116N206ZN3
Formula weight 1073.41 754.71 1301.77
Temperature/K 124.98 125.03 125.02
Crystal system monoclinic monoclinic monoclinic
Space group P2 P2l/c P2l/c
alA 13.1456(11) 12.9102(11) 13.4644(9)
b/A 18.2114(15) 10.9571(10) 28.1652(19)
c/A 13.3495(11) 28.288(3) 20.0841(14)
U/ A 90 90 90
b/ A 119.0050(10) 93.6070(10) 104.2080(10)
o/ A 90 90 90
Volume/A 2795.0(4) 3993.6(6) 7383.5(9)
z 2 4 4
} cag/c? 1.275 1.255 1.171
e/ mm 1.322 1.237 1.014
F(000) 1144.0 1624.0 2800.0
. 0.362 x 0.253 x 0.401 x 0.35 x 0.354 x 0.251 x
Crystal size/mmh
0.173 0.231 0.226
Radiation a(Mo K)U 0.71073 0.71073 0.71073

2U range f

4.144 to 56.606 3.988 to 57.406

: 4.184 to 56.584
collection/®
16 O K80 (-16 O K40 -17 O h-3©® ¢
Index ranges . . . . . .
O 2147 O | k O-3172,0 | O 37Zlg O |
Reflections collected 16956 31734 60031

Independent reflections 8130 [R«=0.0293, 9708 [R.=0.0263, 17705 [R+=0.0533,

Rsigma: 00690] Rsigmaz 00292] Rsigmaz 00621]
8130/7/68 9708/0/439 17705/102/840

Goodnesf-fit on P 0.905 1.027 1.013
RiwR:[I/2G (10 0.0322, 0.0604 0.0289, 0.0683 0.0426, 0.0871

R1,WR: [all data] 0.0387, 0.0619 0.0382, 0.0721 0.0805, 0.0995

Largest diff. peak/hole / € 0.47L0.35
A3

CCDC Reference

Data/restraints/parametel

0.37+0.22 041/-0.40

1412176 1412177 1412178

Ri= BI-IRF) bBVRE [ BEAFRY F ERAAYE  wh e r éFAv+(@Pf+bP.d

82



2.2.3 Synthesisof Zinc Ethyl Complexesin THF

Reaction of H[L1] with two equiv. of ZnEb in THF yielded the cwesponding
bimetallic complex with one THF molecule coordinating to a zioenter,
[Zn:Etx(THF)][L1], 1aTHF (Scheme2-1). The reaction mixture was stirred for 2 h
followed by removal of thesolvent under vacuum to gaincalorless solid The product
was dissolved in pentane and soon precipitated out. The solid was washed twice with

pentane and dried under vacuum.

2.2.4 Characterization of Zinc Ethyl THF Complex

2.2.4.1 NMR Spectroscopy

The'H NMR spectrin (Figure 2-5) of complex1afTHF is similar to that ofla,
with the appearance of two extra multiplets (a3.92 andu 1.93 assigned to the
coordinated THFmoving to upfield comparing with free THF in CRCAt U 3.76 and U
1.8534 Correlation spectroscop¢COSY) (Figure 2-6) confirmed the coordination of
THF by showing the two multipletsre coupledThe COSY pectrum also confirmed the
existence of two different ethyl group€omparison ofla and 1afTHF found te

chemicalshift of oneZnCH>CHs shiftsfrom 0 0.11 toli 0.35
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2.2.4.2 X-ray Diffract ion

Crystals suitable for Xay diffraction were obtained in pentane at room
temperature and the single crystal molecular structurénasvis in Figure 2-7, with
selected bond lengths and angles showiiahle 2-6. Eat zinc center adopts a four
coordinate geometry. The nearly planar@ncore possesses a sum of angles of 359.8°
and a O(1:¥n(1)}0O(2) angle of 84.87(4)°. One zinc atom is coordinated by two bridging
phenolates, the neutral donor amine ande#imyl group. The other zinc atom is
coordinated by two bridging phenolates, an ethyl group and one THF molecule. The
bonds between the two bridging oxygen atoms and the zinc atoms are similar, with Zn(1)
O(1) = 2.0570(11), Zn(P(2) = 2.0435(10), Zn(2D(1) = 2.0031(10) and Zn(AD(2) =
2.0444(11) A.These zinc phenolate bonds have similar leraghhose reported in
literature?™?° The Zn(2)O(3) bond length is expectedly longer at 2.1581(11) A.

Crystallographic details are givemTable 2-5.

e\
®
“{0//0 %0(3)
Q
C(34)0(2) ) P
__e coo) P9
© zn(1) O "
oy 'y
s @c(15) e—@
® 0\;‘
® @

Figure 2-7 Partially labeled molecular structure (ORTEP) ot&An(THF)[L1], 1afTHF.

Thermal ellipsoids are drawn at 50% probability and H atoms are excluded for clarity.
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Table 2-6 Selected bond lengths (A) and angles (°)ZsEt(THF)[L1], 1afTHF.

Atoms Distance (A) Atoms Angle (°)
Zn(1r0(1) 2.0570(11) O(1yZn(1IN(1) 92.80(4)
Zn(1-0(2) 2.0435(10) 0(2)-Zn(1)-0(1) 84.87(4)
Zn(1XN(1) 2.080(12) 0(2)Zn(1)N(1) 91.54(5)
Zn(1)}C(34) 1.9708(16) C(34)Zn(1)-0(1) 125.78(6)
Zn(2)}0(1) 2.0031(10) C(34)Zn(1)}0(2) 120.18(6)
Zn(2}0(2) 2.0444(11) C(34)Zn(1)}N(1) 129.34(6)
Zn(2}0(3) 2.1581(11) O(1)Zn(2)-0(2) 86.24(4)
Zn(2)-C(36) 1.9707(16) O(1)-Zn(2)-0(3) 91.72(4)

0(2)-Zn(2)-0(3) 96.09(4)
C(36)Zn(2)}0(1) 128.40(6)
C(36)Zn(2)-0(2) 129.02(6)
C(36)Zn(2)}0(3) 115.62(6)

2.2.5 Synthesisof Zinc Alkoxyl Complexes

Reaction of zinc ethyl compleka with isopropyl alcohol itPrOH) in pentane
resulted in the precipitation of the zirisopropoxyl complex, Za(i-PrOp[L1]2, 2
(Scheme 2-2). Two equiv. of i-PrOH were added tdhe solution of complexla in
pentane. A white precipitate was obtairsed he reaction mixturevas stirred for 4 h at
ambient temperaturd.he stirring was then stopped to allow the precipitate to settle and
the upper solution was removed using a pipet. The remaisaligl was then washed
twice with pentane, followed by removal of the solvent tddy& colorless solid. It was
found that utilization of one equiv. ofPrOHwith complexlaalso generates compl@x
(Scheme2-2). The eaction of complexlta with i-PrOH was also carriedut in THF,

whichyielded the same produetjthout any coordination of THF.
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Reactions of complekaor 1afTHF with benzyl alcohol (BnOH) were conducted
in pentane or THF; however, no pure product was obtained based on NMR analysis.
Stoichiometric reactions dfafTHF with one equiv. of BhOH or twequiv. of BhOH

were monitored byH NMR (Figure 3-30) and detailed discussiongs/enin Chapter 3.

t-Bu Bu

t-Bu
tBu 4 iPrOH i- pr t-Bu
2 o [~Zn(0i-Pr), \‘\\\O 2 5
/N N n —
_/_N4ZQ Zn-Et _| l A / \ Y N Pyrldlne Fyrdineds N 2Zn-+
£l O Zn(Ol P _ /[~ i \\_| /
| Pr o ds
t-Bu 2 i-PrOH  t-B
T -ZnEy, t-Bu
t-Bu tB
1a 2 t-Bu 3

Scheme2-2 Synthesis of zinc isopropoxyl complex.

2.2.6 Characterization of Zinc Alkoxyl Complex

2.2.6.1 NMR Spectroscopy

The 'H NMR spectrum(Figure 2-8) of complex 2 in CDCk indicates four
different environments of aromatic protons and four diffetdBti group environments.
The multiplet atli 4.32 corresponds to the isopropoxyl tertiary carbon proton. Four
doublets of the NCHprotonsappeared in the spectrum with chemical shiftsi 8t51,
3.12, 2.70, and 2.55. Two doublets appearedt. 42 and U ithgt@tBe corr e
methyl protons othe isopropoxyl groupdntegration of the-Pr resonances shows one
isopropyl group occurs per ansHbis(phenolate) ligandThe COSY spectrum(Figure
2-9) shows the coupling of the methine proton of isopropokyl 432 with the methyl
protons of isopropoxylail . 42 and O 1. 23, which confir ms

noticeable that there was a multiplet @#4.13 and weak resonances indicating the
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existence of-PrOZnEt species. After further purificatiori the product by washing with
pentane, the-PrOZnEt resonances disappear@&tie summary of théH NMR and *°C
NMR spectra aréistedin Table 2-7 and Table 2-8, respectively.

NMR analysis of complex2 in pyridineds shows the formation of the
monometallic pyridine adduct, Zn(gifLl] (Figure A-6). A white precipitate, possibly
Zn(i-PrO), was observed in the NMR tube, and weak resonances assigned-erthe
groups of ZnicPrO) were still observable. Thévo doublets of the NCHprotons
confirm the aminebis(phenolate) ligand is still coordinated to the zinc center. This
suggests the trimetallic compounds dissociate into monalimetallic (formulated as

Zn(solvent)L] or ZrneR2(solvent]L]) molecules ircoordinating solvents.
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Table 2-7 Assignment of resonances in th& NMR spectrum of in CDCls.

Proton types Number of protons Chemi cal Peak J (Hz)
ArH 2 7.26 d 2.5
ArH 2 7.15 d 2.6
ArH 2 6.60 d 2.6
ArH 2 6.54 d 2.5
CH 2 4.32 m(septet) 6.0

ArCH: 2 3.51 d 13.4
ArCH: 2 3.12 d 13.4
ArCH: 2 2.70 d 13.2
ArCH: 2 2.55 d 13.2
NCH2CH>CH3 4 2.59 m -
C(CHb)s 18 1.50 s -
CH(CHa)2 6 1.42 d 6.0
C(CH)s 18 1.39 s -
C(CHs)s 18 1.30 s -
NCH2CH2CH;3 4 1.29 m 7.3
CH(CH3)2 6 1.23 d -
C(CHb)s 18 1.19 s -
NCH2CH2CH3 6 0.73 t 7.3
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Table 2-8 Assignment of resonances in tH€ NMR spectrum o in CDCls.

Carbon types

Che mi

cal shift (0)

Ar
Ar
CH
ArCH:
NCH2CH2CH3
C(CHa)3
C(CH3)3
NCH2CH2CH;3
CH(CH3)2
NCH2CH2CH3

162.34
126.4
68
58.15
54.86
35.39
31.91
18.53
28.63
14.75

157.31
125.73

56.28

35.37
31.12

28.04
11.5

141.42
125.66

34.28
29.84

139.52 137.93 135.72
124.3 123.94 120.08

33.92

2.2.6.2 Elemental Analysis

Complex2 wasdried overnighunder vacuunfior removal of any solvent residual.

Experiments were conducteding air-free techniques. The experimental results agrees

with the theoretical values, as shownable 2-9

Table 2-9 Elemental analysis of compl&x

Complex Experimental Experimental Experimental
P (theoretical) C% (theoretical) H% (theoretical) N%
2 62.50 (62.21) 8.30 (8.25) 2.50 (2.34)
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2.2.6.3 Singel Crystal X-ray Diffraction

Crystals suitable for Xay diffraction were obtainedn pentane at room
temperatue. Complex 2 was characterized by single crystatra§y diffraction, which
confirmed complex2 is a trimetdic complex possessing two amibés(phenolate)
ligands and two isoppoxyl groups Figure 2-11). Selected bond lengths aadgles are
shown inTable 2-10. Each zinc atom possesses a distorted tetrahedral geometry. The
central Zn(2) atom is coordinated by two bridging phenolate oxygen donors and two
bridging isopropoxyl groupsThese zincalkoxyl bonds have similar length with those

reported in literaturé>1%1°Crystallographic details are givenTable 2-5.

02

) 4 : Zn(1) 2 °

= ®

@ (3 S 7n@2) *‘N

O
0(4) OF (1)

o5 @ ﬁ"
l‘;‘ : 0
B

Figure 2-11 Partially labeled molecular structure (ORTEP) ofs#®rO}p[L1]2, 2
Thermal ellipsoids are drawn at 50% probability and H atoms are excluded for. clarity
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Table 2-10 Selected bond lengths (A) and angles (°)Zos(i-PrO}[L1]2, 2.

Atoms Distance (A) Atoms Angle (°)
Zn(1X0(1) 1.8664(16) O(1)Zn(1)0(2) 119.18(7)
Zn(1X0(2) 1.9966(15) 0(1)Zn(1)-0(5) 131.97(7)
Zn(1}-0(5) 1.9405(16) O(1)}Zn(1)}N(1) 101.73(7)
Zn(1)N(1) 2.0726(19) 0(2)-Zn(1)}N(1) 95.43(6)
Zn(2)}0(2) 1.9940(15) 0(5)Zn(1}0(2) 83.50(6)
Zn(2)-0(4) 1.9944(15) O(5)Zn(1)}N(1) 118.67(7)
Zn(2)-0(5) 1.9360(15) 0(2)-Zn(2)-0(4) 118.66(6)
Zn(2)-0(6) 1.9358(14) 0(5)Zn(2)-0(2) 83.68(6)
Zn(3)0(3) 1.8746(16) O(5)Zn(2)-0(4) 120.54(7)
Zn(3)0(4) 2.0083(15) 0(6)-Zn(2)}0(2) 119.96(7)
Zn(3)0(6) 1.9444(15) 0(6)-Zn(2)-0(4) 83.38(6)
Zn3)yN(2) 2.0744(19) 0(6)Zn(2)}-0(5) 134.91(6)

0(3)Zn(3}0(4) 122.54(7)
0(3))-Zn(3)-0(6) 134.48(7)
O@)}Zn(3}N(2) 101.66(7)
O(4)yZn(3)¥N(2) 96.11(6)
0(6)-Zn(3)-0(4) 82.80(6)
0(6)Zn(3}N(2) 113.27(7)

2.2.7 Attempted Synthesis ofZinc Methyl L actate Complexes

Reactions of complekawith L-methyl lactate to generate the corresponding zinc
methyl lactate species were attempf€de proposed reactions for obtainitige desired
productsof ZnEt(OCHMeCO)L1] (3a) and Znr(OCHMeCO})[L1] (3b) are shown in

Scheme2-3.
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One equiv. or two equiv. of methyl lactate was added to a solution of cofgolex
in pentane. White precipitatermed after stirringfor 1 h. The reaction mixture was
stirred for4 h at ambient temperature and then filtered to giveear solution.A
colorless solid was obtained after the removal of the solvent under vacuum and drying
overnight. The products show complicatéd NMR spectra that could not be assigned.
Therefore, hey were characterized using MALDOF MS and elemental analysis.
Attemptedsynthesis of zinc methyl lactate complex by treatment of conmfdex
with an excess of methyl lactate per ethyl group, i.e. 2.2 equiv., dermthierreaction
time was conductedHowever, pure complelb failed to be obtained.

Et OJ\/WOCH?»
\ o

|

zZn zn~
t-Bu Y\\ -Bu
I /@/\ \i©\
t-Bu
%OCHS t-Bu N t-Bu
OH
FBu Pentane H
o) 3a
/\
_/‘N—Zn Zn-Et — |
Et' o OCHjg
£Bu Pentane \O/\(O O&OCH?’
0 N/ I /O
2 t-B ZIC an t-B
t-Bu -Bu [\ -Bu
\HkOCH\g (4/\\0
1a OH \
t-Bu NH t-Bu
3b

Scheme2-3 Proposed reactions of complgawith L-methyl lactate.
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2.2.8 Characterization of Zinc Methyl L actate complexes

2.2.8.1 NMR Spectoscopy

The 'H NMR spectra of the two reaction producksre difficult to assign.
Noticeably, the producbf using oneequiv. of L-methyl lactate shows two different
environmers of the methine regioat U 4 . 6 #ithaan idtegtatiod rat® 06f 3:1,
which may belong to two isomers of the zinc methyl lactate spéeigsre A i 9 and
10). For the product obtained by reactitgwith two equiv.of L-methyl lactatemultiple
methine environments werebserved, which indicatenore than onemethyl lactate

moiety (Figure A1 11).

2.2.8.2 MALDI -TOF MS

The MALDI mass spectra of these two products showed peakézatc74 and
m/z 8314 (Figure 2-12, Figure 2-13), corresponding t@ complex withone ethyl and
one methyl lactate group, arrdcomplex withtwo methyl lactate groups, respectively.

Other peaks an/z557.4, corresponding to 4nl ] were observed.
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2.2.8.3 Elemental Analysis

Elemental analysis samples of proposed compo@adsd 3b were prepared by
drying under vacuunovemight. The experimental results are shoimnTable 2-11.
Product3a showed good agreement of experimental and theoretical values; however,
there isnonnegligible difference (> 0.4 %) between those3if. A mixture of complex
3aand 3b at a ratio of 1:0.85 has theoretical elemental analysis values that agree with the
experimental values f@b. The product may therefore be a mixture of compl&eesnd

3b.

Table 2-11 Elemental analysiofproducts3aand3b.

Experimental Experimental Experimental

Complex Formula (theoretical)  (theoretical) (theoretical)
C% H% N%
3a Cz9He3NOsZn; 62.05 (61.90) 8.23(8.39) 1.86 (1.85)
3b Ca1HesNOsZny 60.54 (59.28) 7.99 (7.89) 1.83 (1.69)
CsoHesNOsZn;
3a 0.85 3b 60.54 (60.64) 7.99 (8.15) 1.83 (1.77)

0.85(Gi1HesNOsZny)
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2.3 Conclusiors

A series of bimetallic and metallic zinc complexes of amirdms(phenolate)
ligandswere synthesized and characterized. Bimetallic compléXe&ty[L1] (1a) and
(ZnEtp[L2] (1b) were preparedia reaction of the proligands-H.1] and H[L2] with
ZnEb in pentane. A THF addu¢ZnEty[L1]- THF (1a-THF) was obtained by using THF
as solvent. Treatment @b with one or two equiv. osopropylalcoholgave a trimetallic
zinc ommplexZns(i-PrOp[L1] 2 (2). The obtained complexes were characterized by NMR
spectroscopy, MALDITOF MS, elemental analysis andrXy diffraction. The gystal
structure of trimetallic complextc was obtained and believed to come from the
decomposition otomplex1b in a nonrcoordination solvent. The THF adduc: THF is
also bimetallic havinga similar structureto 1a but with one THF molecule loosely
coordinated to one zinc, which makes both zinc centers have tetrahedral geometry. Zinc
isopropoxyl comple 2 is found to be trimetallic, with twamincbis(phenolate)igands
and three zinc centerall of the zinc centers are in tetrahedral environments and the zinc
in the center is highly distorted by the-Za ring strain Treatment of complefa with
methyl lactate to obtain the corresponding zinc methyl lactate complex was attempted.
The reaction products were characterized by NMR spectroscopy, MAOPI MS and
elemental analysisH NMR spectum of 3a shows complicated peaks, which could come
from numerais isomersElemental analysisuggests that comple3a is pure butthe
product oflawith two equiv. of methyl lactate is a mixture 3d and 3b. Unfortunately

crystals of3aand3b suitable for Xray diffraction were not obtained.
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Chapter 3 Ring-opening Polymerization ofrac-L actide

Using Zinc Amino-bis(phenolate) mplexes

3.1 Introduction

Polylactide (PLA) is a promising sustainable polymer because of its
biocompatibility, flexible waste management (e.g. recycling and compdstiagy
monomer renewability (e.g. corn and corn wasté)LA has potential medical
applications, such asusires and prosthetiés? At present,it is consideredh potential
alternative to traditional peaichemicalbased polymers inpackaging applicatiors,
especially food containersid wrapping’ ©

Ring-opening polymerization (ROP) of lactidéA) has been widely studied
using different metatomplexes:*® Zinc complexes have attracted attention because they
are cheap, abundant, nontoxic, colorless @artbe monitored by NMR spectroscopgs
they are diamagnetid® A variety of zinc complexes bearing different ligand scaffolds
such as b-diiminate (BDI),1"?® tris(pyrazolyl)borate (TPB3}® bis(pyrazolyl)amide
(BPA) phenolateé}*® N-heterocyclic carbené$, ! and recently phosphinimine
ligand$’#®° have been investigated for ROP of lactide.

This chapter discusses rhogening polymerization ofac-lactide using zinc
aminobis(phenolate) complexels, 1afTHF and2. ROP ofrac-lactide was studied in
melt phase and in solution with and without the addition of benzyl alcohol (BnOH) or

isopropyl alcohol (i-PrOH). The polymers obtained were characterized by NMR
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spectroscopy, gel permeation chromatograp@{; differential scanning calorimetry
(DSC) and MALDITOF MS. Kinetic data were obtained by monitorirthe
polymerization reaction usintH NMR spectroscopy. Further studies of the mechanism
were conducted by monitoring stoichiometric and low lactide eotnation reactions of
lactide, compleXtafTHF and BnOH at various temperatures. Thermodynamic activation

parameters were also obtained.

3.2 Results and Discussion

3.2.1 Ring-openingPolymerization of rac-L actide Using Complex 1la

3.2.1.1 Kinetic Studies

Polymerizationof raclactide was conducted using complga in toluene and
CHCI but low activity was observeth both of these solvents at room temperature and
at 80 °C in toluengFigure 3-1). Good activity was, however, observed in neat lactid
under melt conditionsCatalyst loadings of 1% and 0.5%Yave nearly quantitative
conversion of lactide after 100 minutes, but decreasing catalyst loading to 0.2% and 0.1%
results in 65% and 17% conversion, respectively, after this. {ffiable 3-1) A study of
lactide conversion over time was conducted using 0.5% catalyst loading at 1Babl€ (
3-2). After 15 minutes, 92% lactide conversion was observed (entry 5). The melt phase
polymerization showsan approximate first order dependence on the monomer

concentrationKigure 3-2).
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Figure 3-1 Plots of monomer conversion vs. time (top) dfdts of In[LA] o/[LA] ¢ vS.
time excluding induction periodbottom) for ROP ofac-lactide catalyzed by compleba
([LA];[ 18] = 100:1, [LA] = 0.11 M in tolueneds, 80 °C). The solid lines are the best

linear fits.

108



Table 3-1 Melt phase R® ofrac-lactide using complexa, 125°C

Entry [LA]:[1a] t (min) Conv (%)
1 100:1 100 98.4
2 200:1 100 97.6
3 500:1 100 64.7
4 1000:1 100 17.4

*Calculated via integration of the methine resonancea®factide and polylactide

Table 3-2 ROP ofrac-LA using compleXa ([LA]:[ 1a] = 200:1, 13CC).

Conv Tg Mn (Theor)® Mn (GPC)®

Entry  t(min) (%)2 (°C) (kg/mol) (kg/mol) Mw/Mn
1 2.9 - - - -
2 27.0 - - - -
3 7 69.7 42.9 20.0 - -
4 10 86.8 46.4 25.0 36.4 1.52
5 15 92.2 45.6 26.6 37.3 1.40
6 20 94.4 44.2 27.2 27.6 1.17
7 30 97.3 47.5 28.0 28.6 1.24
8 40 97.4 - 28.1 26.1 1.29
9 60 96.3 - - - -
10 80 96.6 - - - -

2 Calculatedvia integration of the methine resonancésac-LA andPLA. ° M, (cal.) =
[LA] o/[18]ox conv. x M LA). ¢ Determined by gel permeantion chromatography (GPC)
in THF using dn/dc = 0.046 mLYy
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3.2.1.2 Study of the Polymers

The conversion of monomer to polymer was obtained by NMR analysis of the
crude product. e crude productswere then purified by dissolving in ECls3 and
precipitating out with coldnethanal Upon removing the methanol, colorless polymer
was obtained and its molecular weights, dispersity, end grbagacterizatiorand glass

transition temperatures wemgeasured

3.2.1.2.1 NMR Spectroscopy

A typical 'H NMR spectrum of the melt polymerization produst shown in
Figure3-3. The quartet at U0 5.12 corresponds to
the multiplet at d 5. 17 <d PlAe Gogowversiehsof t o t
monorrer to polymer was obtained based on the methine regions, given by a ratio of the
integration of PLA to theum of thantegratiors of LA and PLA, i.e. bua/(lpLatiia).

Typical *H NMR spectra and peak assignments of polymerization products
conducted in tolene at room temperature in the preseacd absence of BnOH after
guenchingwith methanol are shown iRigure 3-4. The OMe peaklis also presenin

polymers initiated in the presence of BnOH, which possibly because of the opéning o

cyclic oligomers on quenchingr because akemaining MeOH solvent in the polymer.
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3.2.1.2.2 Gel Permeation Chromatography

The polymers were characterized by gel permeation chromatography (GPC) to
detemine the molecular weight (M and mol ecul ar wei ght distr
weights of the polymers are in goadreement with the exped valuesandthe molecular
weight distributions (M/Mp) range froml.17 to 1.5 Table 3-2). The active catalyst may
result from reaction of theinc alkyl complex with impurities in the lactide, elgctic
acid®® The polymer obtaed during shortereaction times (entries 4 and 5) show slightly
higher thanexpected molecular weights, but for reactions allowedutolonger the M
values are as expected. The higher\Wlues and slightly broader dispersities may be a
result ofa sbw initiation rate versus propagagirate®’

It is possiblethat the decomposition of complé&=a at hightemperatures (near 130
°C) generates the active species lactide polymerization, therefore, the stability of the
compound at these temperatures was evaluated by haawigtion oflain tolueneds to
150 °C for 10 min in anicrowave reactor. TheH NMR spectrum of thisolution was

identical before and after heating attbwed no evidence of compound decomposition.

3.2.1.2.3 MALDI -TOF MS

MALDI -TOF MS provides valuable information for the study of the repeating units
and the end groups of polyméPfs>® Polymer obtained using the cotidis of entry 7 in
Table 3-2 wasanalyzed using 2;8ihydroxybenzoicacid (DHBA)as matrix MALDI -TOF
mass spectrometry of the polymers showed series of peaks with repeating omits &f
comresponding to a half of lactidé (C=0O)CH(CH)O- unit, which is consistent with

transesterificatin.*> There are two dominant series of peaks correspondingydto-
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(C3H4O2)n-Na* (A) andcyclo(C3H4O2)n-K* (B) (Figure 3-5). The absence of a gnitiator
and the slow polymerization rate allows for backbiting to a¢€Bpllowing purification of
the polymer by precipitation from methanohe moreseries of peaks observed in the
mass spectruntorrespondingto polymers with OCH end groupsarising from the
methano| H[(C=0)CH(CH:)O].OCHsNa" (C) (Figure 3-6). The mass spectra using
reflectron modeKigure 3-7, Figure 3-8) give better resolution than linear mode. However,
the rdlectron mode spectrum of purified polymefiqure 3-8) shows the appearance of
some unknown species spaced iz 72, which might come from methanolysis of the

polymers during purificatiof?
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Figure 3-7 MALDI -TOF mass speci (reflecton mode) of crude product obtained under
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under the condition of é&ry 7, Table 3-2 (I: full spectrum;ll : expanded spectrum).
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3.2.1.2.4 Differential Scanning Calorimetry

Glass transition temperaturd3y) were measuredising Differential Scanning

Cdorimetry (DSC) for the purified polymers obtained under conditions describEabie

3-2, enties4-8. The obtained givaluesof 4371 48 °C for the PLAagree with that reported

in the literature? A representativ®®SC trace of PLA obtained by compléa is show in

Figure 3-9.

Aexo

Glass Transition
Onset 42,08 °C
Midpoint 45,57 °C

Method: ¥L 20..80/20%2
dt1.00s
20.0-80.0°C 20.00°C/min, N2 50.0 mlfmin

80.0-20.0°C -20.00°C/min M2 50.0 milfmin
20.0-80.0°C 20.00°C/min M2 50.0 mlfmin
JHRAPRLACE -20.00°C /min M2 50.0 mlfmin
Ry AAHEH Ealred
10 arnple Holder: Aluminum Standard 400, 48,4100 g (48,2700 rmg)
ey a5 M2
L e e e e e e e e L B e e e e e L B L B B e e e B LA s e e o e e I B e e s e e e e e
20 23 a0 33 40 45 50 55 60 65 70 75 o

C1027: METTLER

Figure 3-9 Measurement of glass transition temperature
Table 3-2.

STAR® SW 9.20

of purified polymer, entry 6 of

120



3.2.2 Ring-openingPolymerization of rac-L actide Using Complex1afTHF

3.2.2.1 Kinetic Study

Polymerization ofrac-lactide in solution with addition dbenzyl alcohol BnOH)
was further studied using compl@&{THF since it is better characterized than comgdlax
Better activity and controllability were obtainéat 1afTHF than using compleda, either
with or without addition ofBnOH to both complexegFigure 3-10). Kinetic data were
obtained by monitoring the reactioria *H NMR. The plots of In[LAJo/[LA]: vs. time
shows first order dependence on monomer concemirétigure 3-11). The reaction rate
can be expressed ad{LA]/d[t] = Kobs[LA] = k [1afTHF]* [LA] L. If the reaction haa first
order dependenaen catalysttoncentrationboth theplot of In kops vs. In[LafTHF] andthe
plot of kobsvs.[1afTHF] should havéinearfits. The dependence on catalyst concentration,
however, is complicated he plot of In kpsvs. In[LafTHF] (Figure 3-12) deviatesfrom an
ideal first order dependence, possillgm the bimetallic nature of the zinc complex, or
from incomplete formation of an active species throtggction with BnOHA direct plot
of kobsVs.[1afTHF] also indicates deviationdm an ideal first order depender@vingan

equation of y = 0.278x 6.9966x 10°.
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Figure 3-10 Plots of In[LA]o/[LA]t vs. time for ROP ofrac-LA catalyzed by complex
1afTHF/BNOH and 1a /BnOH ([LA]:[compkx]:[BnOH] = 200:1:1, [LA] = 0.66 M in
tolueneds, 80 °C).

The ROP ofrac-LA initiated by 1afTHF was investigated under immortal
conditions using benzyl alcohol or isopropyl alcohol as chlraimsfer agents. The
polymerization rate increased with incregsiBnOH concentratia (Figure 3-13) and a
linear dependence of thereaction rate on [Polymer chairldTHF] (i.e.

[BNOH]:[1&fTHF]) is observedwhich indicates an activated monomer mechanism
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Figure 3-11 Plots of In[LA] o/[LA]t Vs.

time for ROP ofrac-LA catalyzed by complex

18THF/BNOH ([LA]:[ 1afTHF]:[BnOH] = 100:1:1, 200:1:1 300:1:10r 500:1:1; [LA] =

0.66 M in tolueneds, 80 °C).
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Figure 3-12 Plots of In ks
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In[1a-THF]
vs. In[lafTHF]. Polymerization conditions:

[LA]:[ 1aTHF]:[BNnOH] = 100:1:1, 200:1:1300:1:10r 500:1:1; [LA] = 0.66 M in toluene

ds, 80 °C).
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Figure 3-13 Plotsof In[LA] o/[LA] ¢ vs. time (top) and corresponding observed rate constant

Kobs VS. [Polymer chains]:[Complex] plots (bottom) for the ROPraxf-LA catalyzed by
complex1afTHF/BnOH ([LA]:[ 1aTHF]:[BnOH] = 200:1:1, 200:1:2 or 200:1:5; [LA] =
0.66 M in tolueneds, 80 °C) The solid lines are the best linear fits.

124



3.2.2.2 Study of the Polymers

3.2.2.2.1 Gel Permeation Chromatography

Polymer molecular weight determination by gel permeation chromatography (GPC)
showed a proportional increase in molecular weight with increasing ldotichalyst ratio
(100:1, 200:1 and 500:1) and equimolar ratioslgfTHF and alohol (Figure 3-14).
Similarly, polymer molecular weight decreased with increasing BnOH to lactide ratio
(Figure 3-15). The molecu ar wei ght distri butions of t
1.16, except polymers obtained using a lactide to complex ratio of 500:1, which showed
only slightly broader mol ecul ar wei ght
transesterification by impities in therac-LA or adventitious water and the longer reaction
time required Table 3-3). A representative polymerizatiovhere [LA]:[1afTHF]:[BnOH]
= 200:1:1 in toluene at 80 °C shows good control with polymer molecularhiseig
increasing linearly with conversion and narrow dispersities ranging from 1.03 to 1.10

indicating living polymeriztion (Figure 3-16).
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Figure 3-14 Plot of Mncpc)Vvs. [LA]:[1afTHF] for ROP ofrac-LA catalyzed by complex
1aTHF/BnOH ([LAJ:[ 1aTHF]:[BnOH] = 100:1:1, 200:1:1 or 500:1:1; [LA] = 0.66 M in
tolueneds, 80 °C).
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Figure 3-15 Plot of Mncpc)Vvs. [LA]:[BnOH] for ROP ofrac-LA catalyzed by complex
1afTHF/BnOH ([LA]:[ 1afTHF]:[BnOH] = 200:1:1, 200:1:2 or 200:1:5; [LA] = 0.66 M in
tolueneds, 80 °C).
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Table 3-3 ROP ofrac-LA using compleXlafTHF ([LA] = 0.66 M in toluene, 80 °C).

t Conv Mo Mo
Entry [LA]:[1a-THF]:[BnOH] min)  (%)® (Theor)® (GPCY Mw/Mn PO
0 (kg/mol)  (kg/mol)
1 100:1:1 40 99.1 14.3 9.1 1.16 0.53
2 200:1:1 60 97.8 28.2 20.1 1.11  0.53
3 200:1:2 40 99.5 14.3 15.5 1.16 -
4 200:1:5 40 99.5 5.73 6.72 1.04 -
5 500:1:1 140  83.1 59.8 38.9 1.25 -

2 Calculatedvia integration of the methine resonancesad-LA andPLA. ® M, (cal.) =
[LA] o/[1afTHF]o x conv. x M (A). ¢ Determined by gel permgan chromatography
(GPC) in THF by triple detectionusing dn/dc =0.049 mL §*. ¢ Determinedfrom
homonucleardecoupled®H NMR by R = 211/(I1 + 12), with 11 = U 5.19-5.24 (rmr,
mmr/rmn), 12 =05.135.19 (mmr/rmm, mmm, mrm
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Figure 3-16 Plots of molecular weight and molecular weight distribution vs. lactide

conversion

for the

ROP ofrac-LA

catalyzed by complex 1a{THF/BnOH

([LAJ:[ 1afTHF]:[BnOH] = 200:1:1, [LA] = 0.66 M in toluene, 80 °C)
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3.2.2.2.2 MALDI -TOF MS

The MALDI-TOF mass spectra of ¢hpolymers produced using compléafTHF
in the presence of BnOH were obtained. Polymers obtained usings rafio
[LA]:[ 1aTHF]:[BNOH] = 100:1:1, 200:1:1, 200:1:2 or 200:1:5 have repeating units/nf
72, indicatingthe occurrence of transesterificatidaring the polymerization. The linear
mode spectra show three dominant series of peaktesponding t@yclo-(CsH4O2)n-Na
(A) and cyclo(C3H4O2)n-K*™ (B) and BnO(C3H4O2)nH-Na"™ (C) (Figure 3-17). The
reflectron mode spectra galetter resolutionn the lower mass rangsd showadditional
peals corresponding téHO(CzH402)nH-Na" (Figure 3-18). The mass spectrum oblymer
obtained usinga lower catalyst loading d500:1:1 [LA]:[ 1a-THF]:[BNnOH] shows two
domnant series of peaks corresponding tyclo(CsHsO2)n-Na"™ (A) and cyclo

(C3H402)n-K™ (B) (Figure 3-19 andFigure 3-20).
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3.2.2.2.3 Homonuclear DecoupledH NMR

The stereochemistry of the obtained polgrs Table 3-3, entries 1 and 2) was
studied using homonuclear decoupletiNMR. The probabilities of racemic enchainment
of monomer units (fp of the PLA were found to be 0.53, which indicates the polymers are
atactic. Pvalues are calculated by P 211/(I1 + I2), with 1 = U0 -5524 @m®, mmr/rmn),

~

l,= 0 -519 @rdr/rmm, mmm, mn{Figure 3-21).%°
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Figure 3-21 Homonudear decoupledH NMR spectrum of thenethineregion of PLA

prepared fronrac-LA with 1afTHF/BnOH ([LA]:[ 1afTHF]:[BnOH]=100:1:1), at 80°C
for 40 min.(500 MHz, CDC}).
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3.2.3 Ring-openingPolymerization of rac-L actide Using Complex 2

3.2.3.1 Kinetic Studies

Polymerizaion of rac-lactide using the zinalkoxyl derivative, 2, was found to
exhibit slower activity than the zinc ethyl speciésr 2, kopswas found to b®.665x1¢s?
whereas 1la-THF exibits a kobs Of 1.833x1G° s! under identical conditions
([LA]:[complex]:[BnOH] = 100:1:1 in toluenels at 80 °C). This maybe because zinc
complex2 is more stericallyhinderedthan complexta-THF, which has a labile THF that
can dissociate from the zinc center and allow the coordination of BnOH or lactidalstt is
possibe that complexX must undergo a dissociatignocess in solution first, followed by
the coordination ofrac-lactide. This would lead to the formation of tvemuiv. of a
Zn(solv)[L] species, where (solw)epresents a coordinating solvent, alcohol or lactide
monomer?® ROP ofrac-lactide usingi-PrOH or BnOH as cinitiator was studied and
kinetic data were obtained fpolymerization performed at various temperatures in toluene
ds. The mlymerization rate appears to be independenthe amount ofi-PrOH usd
(Figure 3-22) whereasncreasing [BnOH] increases the rate significantly, asleoilHF

(Figure 3-13).
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Figure 3-22 Plotsof In[LA] o/[LA] ¢ vs. time for ROP ofac-LA catalyzed by comple&/i-
PrOH or /BnOH ([LA]:[2]:[1-PrOH] = 100:1:1, or 100:1:5; [LA]Z]:[BnOH] = 100:1:1, or
100:1:5; [LA] = 0.66 M in toluengls, 80 °C).

The influence of cenitiator concentration, [ROH], othe reaction rate of ROP of
rac-lactide was studiedncreasing theifPrOH]:[2] ratio from 1:1 to 5:1 has onlery little
effect on the polymeézation rate, but a morsignificant increase in the reaction rate is
observed with 40:1 ratio of alcohol to zinc cgntex. Figure 3-23 preseis the dependence
of the reaction rate on the numberpailymer chains per complex, lefting the influence
of [i-PrOH]. Zinc compleX2 contains twd i-PrO groupghat can act as initiating units and
three zinc centers. Thuke number of polymer chains generated per complexbean
expressed as (Z] + [i-PrOH])/[2] and the number gbolyme chains generated per zinc

center is equal to (2] + [i-PrOH])A[2)).%’

135



3.2.3.2 Thermodynamic Activation Parameters

The influence of tempenate on reaction rate shows the anticipated increase on
going from 70 to 90 °C. Arrhenius analysis gave an activation enBgypf(83.19 + 15.29
kJ-mol? for rac-lactide polymerization in the presence of aemuiv. of BnOH (Figure
3-24). Eyring analysis of the dat&igure 3-25) gave thermodynamic activation parameters
of DHY = 80.25 + 15.31 kJ-mdla n d Y =piS78.71 + 43.35 J-K-mol?, which are
consistent with an ordered transition state and a cagidminsertion mechanism, but also

do not exclude an activated monomer mecharfi$fa
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Figure 3-23 Plots of In[LA] o/[LA] ¢ vs. time (top) and corresponding observed rate constant

Kapp VS. [Polymer chains]:[Complex] plots (bottom) for the immortal ROPraafLA
catalyzed by complex/i-PrOH to determine the dependence oiPrOH]([LA]:[ 2]:[i-
PrOH] = 100:1:15, 10; [LA] = 0.66 M in toluendals, 80 °C). The solid lines are the best

linear fits.
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Figure 3-24 Plotsof In[LA] o/[LA] ¢ vs. time and corresponding Arrhenius plots of dg %s.
1/T for ROP ofrac-LA catlyzed by complex/BnOH ([LA]:[ 2):[BnOH] = 100:1:1, [LA]
= 0.66 M in toluenals) in the temperature range of 70 to 90 °C. The solid line is the best

linear fit.
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Figure 3-25 Eyring analysis for ROP ofac-LA catalyzed by complex?/i-PrOH
([LAJ:[ 2):[i-PrOH] = 100:1:1, [LA] = 0.66 M in toluends) in the temperature range of 70
to 90 °C. The solid line is the best linear fit.

3.2.3.3 Study of the Polymers

3.2.3.3.1 MALDI -TOF MS

MALDI mass spectra were obtainéat the polymes produced by compleXin the
presence of-PrOH. The most intense peaks show intervals&d72 correspondingoti-
PrO(GH402)nH-Na" (Figure 3-26). The MALDI mass spectrum of the polymer obtained
using complex 2 in the presencEBnOH is shown irFigure 3-27. The spectrum shows a
mixture of polymers with either BriQor i-PrGi end groups and the main series of peaks
can be assigned as Bn®rO(GH402).H-Na’. The linear mode spectrum shows peaks

arisingfrom K*cationized polymer fragments as wigure 3-28).
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Figure 3-26 MALDI-TOF mass spectra of PLAbtained using complexX/i-PrOH
([LAJ:[ 2):[i-PrOH] = 100:1:1, [LA] = 0.66 M in toluends, 90 °C), (I: linear mode, full
spectrumjll : linear mode expandedspectrumwith experimental and theoretical modelled

peaks Il : reflectron mode, full spectrum)
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Figure 3-27 MALDI-TOF mass spectrun{reflectron mode)of PLA obtained using
complex2/BnOH ([LA]:[2]:[BnOH] = 100:1:1, [LA] = 0.66 M in toluenels, 80 °C)
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Figure 3-28 MALDI -TOF mass spedr (linear moa) of PLA obtained using complex
2/BnOH ([LA]:[2]:[BnOH] = 100:1:1, [LA] = 0.66 M in toluengs, 80 °C), (I: full

spectrum]l : expandedpectrumwith experimental and theoretical modelled pgaks
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3.2.4 Mechanistic Study of Rng-openingPolymerization of rac-L actide

NMR scale experiments weemdnducted to monitor the reactions in toluelet
353 Kin orderto model polymerization conditions. Spectra weodlected upon cooling
after heating the reaction mixtufer set times because the resonances were brahdat
readily assignable at 353 K. THel NMR spectrum ofBnOH in tolueneds was first
obtained. The hydroxyp r ot on appeared as a tr ipmptbnst at
coupling with the hydroxyl H appearedagd@ u bl et at O 4.]9BhOH A 1: 1
was heatedor 30 min and théH NMR spectrum was collected 208 K after codhg
(Figure 3-29). The peakscorresponding teac-lactide showed little changépwever, the
methylene protons of the BnOH appearedasiget at G 4.29 and the h
absent. mew weak peak appear ed hydroxyl protdn reBuBing whi c
from reaction of BnOH witHactide or possibly due to hydrogen bonding betwige®H
and LA. In any case, a reaction is cleafgervedoetween BnOH and lactide upon heating
to 353 K.

Reactions of 1:1 or 1:2 mixtures d&-THF and BnOHwere conductedisingthe
same NMR monitoring conditionsH NMR spectra were collected immediately after
mixing and hedahg (Figure 3-30). Complex la-THF reacted with 1 equivBnOH
following heating to 353 K and show#ltatt he THF peaks had shifted
3.91 t03.54) indicating dissociation from the zinccenter. Amew a k i s observed

corresponding to ethamesulting from protonolysis of an ethyl group. Tgresence of one

(a4

set of sharp ethyl resonees is observed s we | | as a singlet at

zinc-bound benzyloxide. Reaction of a 1:2 ratio d&-THF and BnOH showed a more
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intense ethane resonance dmdading of the remaining resonances including thogbeof
aromatic group. The diagnostic methylene doublets 1a-THF are no longer clearly
visible, implying the complete conversion ola-THF to another species, likelpne
containing two benzyloxide groups. This is consistefith an increasing number of
polymer chain growthsites per complex and the decrease in observed PLAwih
increased BnOH loadg (Table 3-3, entries 24). Hence, itis likely that reaction of
la-THF with BnOH gives goroduct related t@, however, it is more fluxional thad at
these conditions. Disproportionation of zbenzyloxidess u p p o r t-dketimibaye b
ligands to givdrimetallic alkoxyl-bridged zinc complexes similar fohas been previously

reporteck’

75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

Figure 3-29 *H NMR specta intolueneds of A: BnOH; B:rac-LA and BnOH (1:1 ratio)
following heating to 353 K then cooling to 298 K; andr&x-LA.
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Reaction ofrac-lactide withla-THF followed byaddition of BhOH in a 1:1:1 ratio
was then monitored byH NMR (Figure 3-31). Comparison of the spectrum of the pure
complex with that of the mixtureftar heatingshowed that there were only slight shifts of
the THFpe a k s , i . e. from U0 3090. 538d nHedp&dt itwel
chemical shifchangeo f one of the et hyl groups, from
0.14, respectively. Therefore, it imlikely that THF dissociation occurs in this case, or if
displacement does occur at 353 K, the zinc site issufficiently hindered to prevéme
coordination of thedisplaced THF upon cooling to 298 K. Comparison of spectra
before ad after heating showed the riogeningof the cyclic lactide monomer based on
the chemical shit hange of the met hi ne aqoiecalddwiththe m G 3.
THF peak near 4 3.90. A peak at U0 0.81 is
heating to 353 K. Interestingly, when lactide is presenethg group(s) ofLla-THF do not
appear to undergprotonation bythe alcohol as readily as whéda-THF and BnOH are
heated without LA as described above.

Reaction of a 1:1:2 mixture ohc-lactide, 1a-THF, andBnOH was investigated
under the same conditions alove. A spectrum was collected after mixing and showed
slight broadening of the THF, lad&é and ethyl groupeaks Figure 3-32). Comparison of
the spectra of the pure complex and the mixture after heatingeshegligible shifting of
the THF peaks as mentioned above, from @
respectively. Ethane is observed as before, but again one ZnEt group appears to remain
intact; however, the intensity of the ethane peak increases lwpating Figure 3-32,
spectra A and B) and increasing BnOH loadiRmgy@re 3-33, spectra A and B)l'herefore,

protonolysis of one ethyl group does not proceed fallgn with excess BnOH when
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lactide ispresent andisplacement of both ethyl groups by BnOH is clearjavored. The
'H NMR spectrum of the reaction of 2:1of rac-lactide: 1a-THF:BnOH showed one of
the ethylgroups shifted downfield very slightly after hieg (Figure 3-33, spectrum C).
Also, when more than onequiv. of lactide is present, protonation of an etgybup still
proceeds even though LA and BnOH al®wn to undergo ringpening at 353 K. Since
the presence of lactide was found to hinder rba&ction & BnOH with 1la-THF, the
experiment wagepeated but now lactide was added after the additioBn@H to a
solution ofla-THF in tolueneds (Figure 3-34). It is apparent that a zirethyl group is lost
along with the appearance BfELA r esonances between 0 4.
solution Figure 3-34, specta B andC). A coordinationinsertion mechanism requires
formationof a ZnOBn complex via protonolysis of a-Bt bondand evidence for this has
been observedn H NMR spectra Unfortunately, crystalline product of this reaction
suitablefor X-ray diffraction could not be obtained. In the casecomplex 2, which
already possesses ZnOR sites ankay stabilized by the presence of an additionakc
centre, a coordinatiemsertion mechanism is likelfavored. The low solubility ofi{
PrOYZn in toluene likelymakes it unavailable to act as an initiator, but its presenicev
concentrations cannot be ignored and it may plagla in the actiity of that system.
Benzyl alcohol concentration does, however, exhibit an influence reaction rates,

therefore the nature of the alcohol coinitiatwaty be an important factor in the mechanism.
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Figure 3-31 Complete'H NMR spectra l(), expansionof the THF peak regionll(), and
expangn of the ethyl group regionl( ) in tolueneds. A: [LA]:[ 1afTHF]:[BnOH]=1:1:1
after heatingto 353 Kfor 60 min B: mixture of [LA]:[1afTHF]:[BnOH]=1:1:1 before
heating; C1afTHF alone.
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3.3 Conclusions

Zinc complexes ofridentate amindis(phenolate) ligand®r ring-opening ofrac-
lactide were studied Zinc complex 1a showed activity in melt phaseac-lactide
polymerization, giving 92% conversion after only 15 min producing polymers with narrow
molecula weight distributions. ROP ahc-lactide usindlafTHF in the presence of BnhOH
wasstudiedby 'H NMR spectroscopin tolueneds. Kinetic data showethatthe reaction
is first order inmonomerconcentration and the rate is proportional to the concentrafio
added benzyl alcohol. The reaction appears psérsioorder in metal complex
concentration, but the bimetallic nature of the complex and the presence of two possible
reaction sites with BnOH prevent definitive confirmation of reaction order. Arlinea
relationship of reaction rate to [polymer chain]:[complex] ratio was obtained in the
presence of BhOHComplex1afTHF providespolymers withmoderatemolecular weight
distributions,and polymerization haalinear relationship of Mvs. lactide conversig Mn
vs. lactide to complex ratio, and\Ms lactide to ROH ratiothus indicating immortal
polymerization. lwever, cyclicoligomers due to backiting werealsoobtained Activity
of complex2 for ROP ofrac-lactide in the presence of BnOH iePrOH wasstudied and
the thermodynamic activation parameters were determinedstigations oflafTHF with
stoichiometric amounts of BnOH suggéisé formation of ZnOBn groups; however, the
increased rate upon addition of BhOH argues for an activated monomeamseciThus,
the mechanisms in this systenman ambiguous, possibly following combination of
activated monomer and coordination insertion mechanisthgfortunately, further

mechaistic studies werdimited by the poor solubility ofrac-lactide in toluae. The
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viscosity changever thepolymerization time may affect the reaction rates and it may also
affect the aggregation state of zinc complexes, which makes the actual mechanism

complicatel to study.
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Chapter 4 Experimental

4.1 General Methods

Unless otherwise stated, all manipulations were performed under an atmosphere
of dry oxygenfree nitrogen by means of Schlenk techniques or using an MBraun
LabmasterDP glove box. Anhydrous diethyhest was purified using an MBraun Solvent
Purification System. THF was stored over sieves and distilled from sodium benzophenone
ketyl under nitrogen. Diethylzinc (1.0 M in hexanes) was purchased from Sifgiriah.
rac-Lactide was purchased from either Abth or Alfa Aesar and dried over sodium
sulphate in THF, recrystallized and stored under an inert atmosphere prior to use. Benzyl
alcohol was purchased from Alfa Aesar and dried over activated 4 A molecular sieves,
distilled under reduced pressure andrediounder nitrogen in an ampule prior to use.
Other reagents were purchased from Strem, Aldrich or Alfa Aesar and used without
further purification. The proligandsofL1] and H[L2] were prepared according to the

previously reported procedute.

4.2 Instrumentation

MALDI -TOF MS was performed using an Applied Biosystems 4800 MALDI
TOF/TOF Analyzer equipped with a reflectron, delayed #xtraction and high
performance nitrogen laser (200 Hz operating at 355 nm). Samples were prepared in the

glove box and sealed under nitrogen in a Ziploc bag for transport to the instrument.

160



Anthracene was used as the matrix for the zinc compoands2,5dihydroxybenzoic

acid (DHBA) was used as the matrix for the polymers. The matrix was dissolfétFin

at a concentration of 10 rfigL™. Polymer was dissolved in THF at approximately 1
mgTmLL. The matrix and polymer solutions were mixed together at rafi8so 1; 1 pL

of this was spotted on the MALDI plate and left to dry. Images of mass spectra were
prepared using mMass software (www.mmass.org).

GPC analysis was performed onVdyatt Triple Detection (triple angle light
scattering, viscometry and reftare index) system with Agilent 2600 series sample and
solvent handling and two Phenogel columns®(A0300 3 4.60 mm and 1DA 300 3
4.60 mm). Samples were prepared at a concentration offfaliiign CHCl and left to
equilibrate for ~2 h before beindtéred through 0.2am nylon syringe filters and eluted
with HPLC grade solvents (CHECbor THF) at flow rates of 0.25 nfmin™ with 100 pL
injection volumes. The appropriate dn/dc values were employed for polylactide in CHCI
(dn/dc = 0.0237 mfg?) and for THF (0.049 mifgY).

NMR spectra were recorded at 300 MHz ¥k and 75.5 MHz fot3C or at 500
MHz for *H NMR kinetic studies. CDGland GDs were purchased from Cambridge
Isotope Laboratories and toluedg pyridineds from Aldrich. Deuterated solventssed
in the analysis of the zinc complexes were dried over calcium hydride ¢Cindl
pyridine-ds) or sodium/potassium alloy §De and toluenals), vacuum transferred and
stored under nitrogen in ampules fitted with Teflon val¥&sass transition tempdraes
(Tg) were measured using a Mettler Toledo DSCTAR® System equipped with a Julabo

FT 100 immersion cooling system, using R1150 refrigerant in an EtOH bath with a
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working range of 1100 to +20 AC. Sampl es
pansand subjected to three heating cycles. The first heating cycle consisted of heating
from 0 to 100 °C at a rate of 10 @in, held for 2 min at 100 °C and then cooled back

to 0 °C at 1°Cfmin™. The sample was held at this temperature for 2 min aneced;

to a two heating cycles from 0 to 190 °C at a rate diCmin. Elemental analyses were

performed at Canadian Microanalytical Service Ltd., Delta, British Columbia, Canada.

4.3 Synthesis of ZincComplexes

43.1 (ZnEt)7L1], la

ZnEtk (1.00 g, 8.06 mmol) itnexane was added to a solution eflH] (2.00 g,
4.03 mmol) in pentane. The reaction mixture was stirred for 2 h at ambient temperature.
The solvent was removed under vacuum to yield a pale yellow solid (yield: 2.78 g, 99%).
Anal . C astHe:NOdZno:f Co66.10CH 9.01, N 2.05%; Found: C 65.25, H 8.93, N
2.10%.'"H NMR (300 MHz, CDCJ) Ui 7J=2$ Hz 2H, ArH), 6.91 (d] = 2.5 Hz,
2H, ArH), 4.15 (d,J = 14.0 Hz, 2H, ArCH), 3.74 (d,J = 14.0 Hz, 2H, ArCH), 2.72i
2.55 (m,J = 4.6 Hz,J = 3.7 Hz,2H, NCH2CH,CH), 1.65i 1.54 (m, 2H, NCHCH,CHs),
1.48 (s, 18H, C(CH)s), 1.30 (s, 18H, C(Ch)s), 0.96 (t,J = 8.1 Hz, 3H, ZnCHCHs3), 0.82
(t, J = 7.3 Hz, 3H, NCHCH,CHz), 0.75 (t,J = 8.1 Hz, 3H, ZnChKCHa), 0.35 (q,J = 8.1
Hz, 2H, ZnGH,CHa), -0.12 (q,J = 8.1 Hz, 2H, Zn®>CHs). 13C NMR (75 MHz, CDCJ)
U 158.75 (Ar), 140.64 (Ar), 139.25 (Ar),

(ArCHz), 60.14 (NCH2CH2CHzg), 35.51 C(CHz)z), 34.30 C(CHs)s), 31.82 (CCHz3)3),
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30.47 (CCHa)s), 18.68 (NCHCHCHs), 12.20 (ZNCHCH3), 11.86 (NCHCH:CHs),

11.46 (ZNCHCHs), 1.00 (ZICH2CHs), -2.07 (ZrCH2CH).

4.3.2 (ZnEH)2L2], 1b

ZnEt (1.00 g, 8.06 mmol) in hexane was added to a solution@f2H(1.66 g,
4.03 mmol) in pentane. The reaction mixture was stirred for 2 h at ambient temperature.
The solvent was removed undercuam to yield a pale yellow solid (yield: 2.36 g, 98%).
Anal . CaslHgNOdZnfCo62.21CH 8.25, N 2.34%; Found: C 62.50, H 8.30, N
2.50%."H NMR (300 MHz, CDC4) &I  71=@8 Hz 2H, ArH), 6.74 (d] = 1.9 Hz,
2H, ArH), 4.15 (dJ = 14.1 Hz, 2H, ArCH), 3.69 (d,J = 14.1 Hz, 2H, ArCH), 2.74i
2.58 (t,J = 7.3 Hz, 2H, NE®2,CH,CHa), 2.27 (s, 6H, ArCH), 1.691 1.57 (m, 2H,
NCH2CH2CHz), 1.47 (s, 18H, C(B3)3), 1.03 (t, 3H,J = 8.0 Hz, ZnCHCH3), 0.84 (t,J =
7.3 Hz, 3H, NCHCHCHj3), 0.75 (t,J = 8.0 Hz, 3H, ZnCHKCHj3), 0.41 (9J = 8.1 Hz, 2H,
ZnCH2CHg), -0.12 (q,J = 8.1 Hz, 2H, Zn€l>CHs). ®*C NMR (75 MHz,CDC§) 4 159. 00
(Ar), 140.00 (Ar), 128.83 (Ar), 128.57Ar), 127.33 (ACH.), 125.99 (ACH,), 64.35
(ArCHy), 60.58 (NCH2CH.CHz), 35.53 C(CHs)3), 35.21 C(CHza)s), 31.58 (ACHs3),
30.40 (CCHa)3), 20.98 (CCH3)3), 19.26 (NCHCH2CHs), 12.21 (ZnCHCH3), 12.01

(NCH2CH.CHs3), 11.52 (ZnCHCH3), 0.88 (ZICH2CHs), -2.08(ZnCH>CHz).

4.3.3 (ZnEt)2[L1])(THF), 1afTHF

ZnEtk (1.00 g, 8.06 mmol) in hexane was added to a solutiondflH(2.00 g,
4.03 mmol) in THF. The reaction mixture was stirred for 2 h at ambient temperature. The

solvent was removed under vacuum to yield a whitedlsThe solid was then washed

163



with pentane (yield: 3.00 g, 99%H NMR (300 MHz, Toluenals) U 7J=28Hz d

2H, ArH), 6.93 (dJ = 2.6 Hz, 2H, ArH), 4.07 (dJ = 13.7 Hz, 2H, ArCH), 3.94i 3.86
(m, 4H, THF CH), 3.51 (d,J = 13.7 Hz, 2H, ArCH), 2.427 2.31 (t,J = 7.3 Hz, 2H,
NCH.CH:CHs), 1.59 (s, 18H, C(Chs), 1.571 1.51 (m, 4H, THFCH,), 1.38 (s, 18H,
C(CHg)s), 0.92 (t,J = 8.1 Hz, 3H, ZNCHCH3), 0.50 (t,J = 7.3 Hz, 3H, NCHCH,CHa),

0.44 (t,J = 8.1 Hz, 3H, ZnCKCHs), 0.15 (g,J = 8.1 Hz, 2H, Zn€®l2CHs). 'H NMR (300
MHz, CDCk) U 7J=2.8 Hz 2H, ArH), 6.88 (d] = 2.6 Hz, M, ArH), 4.14 (dJ =

13.8 Hz, 2H, ArCH), 3.95i 3.87 (m, 4H, THF Ck), 3.74 (d,J = 13.8 Hz, 2H, ArCH),

2.64i 2.53 (M, 2H, N®I,CH,CHs), 1.97i 1.89 (m, 4H, THF Ch), 1.64i 1.52 (m, 2H,
NCH,CH2CHs), 1.47 (s, 18H, C(Ck}s), 1.29 (s, 18H, C(ChJs), 0.85(t, J = 8.0 Hz, 3H,
ZNnCH,CHs), 0.81 (t, J = 8.0 Hz, 3H, ZnCHCHs), 0.80 (t, J = 7.3 Hz, 3H,

NCH,CH:CHs), 0.11 (q,J = 8.0 Hz, 2H, ZnE®,CHs), -0.07 (g,J = 8.0 Hz, 2H,

ZNnCH.CHs). 2°C NMR (75 MHz, CDC#d) & 159.22 (Ar), 139.

125.32 (Ar), 124.76 (Ar), 124.47 (Ar), 68.66 (@H 62.44 (ArCH), 59.41
(NCH2CH2CHs), 35.39 C(CHa)s), 34.21 C(CHs)s), 31.94 (CCHa)s), 30.39 (CCHa)a),
25.66 (CH), 12.29 (ZNnCHCHs), 12.11 (ZNnCHCHs), 11.68 (ZICH.CHs), -2.03

(ZNCH2CH).

4.3.4 Zns(0i-Pr)2[L1]2, 2

A solution of i-PrOH (0.18 g, 2.92 mmol) in pentane was added to a pentane
solution of complexia (1.00 g, 1.45 mmg) which caused the formation of a colourless
precipitate.The reaction mixture was stirredrf4 h at ambient temperature. The upper

solution was removed using a pipet. The remaining solvent was removed under vacuum
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to yield acolourlesspowder. The powder was then washed twice with pentane to yield a
pure product (yield: 0.92 g, 97%). Anal. Cldr C72H11eN20eZnz: C 62.21, H 8.25, N
2.34%; Found: C 62.50, H 8.30, N 2.50844.NMR (300 MHz, CDCJ) & 71=26 ( d,
Hz, 2H, ArH), 7.15 (dJ = 2.6 Hz, 2H, ArH), 6.60 (d] = 2.6 Hz, 2H, ArH), 6.54 (d] =

2.5 Hz, 2H, ArH), 4.32 (sep] = 6.0 Hz, 2H,CH(CHs)2), 4.13 (sep, = 6.0 Hz, 2H,
CH(CHa)2), 3.51 (d,J = 13.4 Hz, 2H, ArCH), 3.12 (d,J = 13.4 Hz, 2H, ArCH), 2.70 (d,

J = 13.2 Hz, 2H, ArCH), 255 (d,J = 13.2 Hz, 2H, ArCH), 259 (m, 4H,
NCH2CH2CHs), 1.50 (s, 18H, C(CHhs), 1.42 (d,J = 6.0 Hz,6H, CH(CHa)2), 1.39 (s,

18H, C(CH)3), 1.30 (s, 18H, C(CHs), 1.2911.26 (m, 4H, NCHCH,CHz), 1.23 (d,J =

6.0 Hz, 6H, CH(Gl3)2), 1.19 (s, 18H, C(Chs), 0.73 (t, J = 7.3 Hz, 6H,
NCH;CH2CHs). 3C NMR (75 MHz, CDCJ) & 162.34 (Ar), 157.31
139.52 (Ar), 137.93 (Ar), 135.72 (Ar), 126.40 (Ar), 125.73 (Ar), 125.66 (Ar), 124.30
(Ar), 123.94 (Ar), 120.08 (Ar), 68.00 (CH), 58.15 (@), 56.28 (ACH2), 54.86
(NCH2CH2CHs), 35.39 C(CH3)3), 35.37 C(CHa)3), 34.28 C(CHs)3), 33.92 C(CHa)s),

3191 (CCH3)3), 31.12 (CCHs)s), 29.84 (CCHa)s), 28.63 (CHCHs)2), 28.04
(CH(CHs)2), 14.75, 11.50 (NCECH-CH3). Complex3: *H NMR (300 MHz, Pyridineds)

U 7. 6892.7(Hd, 4H, ArH), 7.14 (d] = 2.6 Hz, 3H, ArH), 06 (d,J = 12.4 Hz, 2H,
ArCHy), 3.74 (d,J = 12.4 Hz, 2H, ArCH), 2.707 2.60 (m, 2H, N&,CH;CHs), 1.68 (s,

18H, C(CH)3), 1.44 (s, 18H, C(Chka), 1.32 (d,J = 6.1 Hz, CH(®a3): of

Zn(OCH(CH)2)2), 0.47 (tJ = 7.3 Hz, 3H, NCHCH2CHs).
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4.4 General Focedure ofrac-Lactide Polymerization

4.4.1 General Procedure of Melt Phaserac-L actide Polymerization

In the glove boxyac-lactide (0.5 g, 3.47 mmol) and the appropriate amount of
zinc complexla (according to the desired lactide to complex ratio) were added to a vial
equipped with a magnetic stir bar. The vial was removed from the glove box and placed
on a preheated hot plate where it was heated and stirred for the specified time. The vial
was removed from the hot plate and cooled in an ice bath to terminate polyioeriaa
sample of the solidified material was analyzed by NMRe polymer was dissolved in
CHCIs/CH2CI2 and precipitated with MeOH. The upper solution was decanted off and the

polymer was dried under vacuum.

4.4.2 General Procedure ofrac-Lactide Polymerizationin Toluene

In the glove box,rac-lactide (0.5 g, 3.47 mmol) was added to an ampule
equipped with a magnetic stir bar, followed by 6 mL of toluene. Individual stock
solutions for BnOH and complekafTHF were prepared in toluene and the appropriate
amountsof each were added to the ampule in sequence. The ampule was removed from
the glove box and placed on a preheated oil bath where it was heated and stirred for the
specified time. The ampule was removed from the oil bath and a sample of the reaction
mixture was analyzed by NMR. The réiao mixture was transferredtma vial followed
by adding 20 mL hexane to precipitate the polymer. The upper solution was decanted off

and the polymer was dried under vacuum.
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4.4.3 General Procedure ofrac-Lactide Polymerizationin NMR Scale

In the glove box, 75 mg (0.521 mmol) lactide was added ¥ @hg NMR tube,
followed by adding 70@L tolueneds. Individual stock solutions for BnOH ao#PrOH
and complexiafTHF or 2 were prepared in toluerdg and the appropriate amounts of
each were added to the NMR tube in sequence. The appropriate amount ofdeluase
added to the NMR tube toake the total volume 796L ([LA] = 0.66 M). The NMR
tube was sealed, removed from the glove box and loaded into the spectrometer. Before
preparing the NMR sample, the spectrometer was preheated to desired temperature and
the lock, tune and shimming werenducted and saved using a blank sample, which
contained the same concentrationra¢-lactide in toluenals. The measurements were
started upon the stabilization of spin with a time interval of 120 s and a sufficient

relaxation delay time for completinge polymerization.

4.5 Crystallographic Experimental

Measurements were made on a Bruker APEXII CCD equipped diffractometer (30
mA, 50 kV) using monochrmat ed Ma dK 8 t=i0&71073 (Ap-at 12K by
ProfessorJ ason Masuda (Chemistry Department, St
Scotia, CanadaRefinement of the data was performed by €sebrLouise N. Dawe
(Department of Chemistry and BiochemistiWilfrid Laurier University, Waterloo,
Ontario, Canada). Structures were solved using Glekth ShelXT structure solution
program using Direct Metids and refined with the ShelXlrefinement packge using

Least Squares minimisatioH-atoms were introduced in calculated positions and refined
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on a riding model, while all other atoms were introduced in difference map positions and
refined anisotropically.For 1c, two pendant ligand-NCH.CH-.CHz groups were
disorderedDistance (SADI) restraints and aoisopic constraints (EADP) wemgplied.
Occupancy wasllawed to refine to convergence, with G22 at0.757(6)occupancy and
C19A-21A at0.243(6)occupancy; and C488 at0.763(7)occupancy, and C46A8A at
0.237(7)occupancy. Fol, two disordered-butyl groups are peent. C56C58:C56A

C58A at0.581(8):0.419(8) occupancy and GC662:C6(A-C62A at 0.731(8):0.269(8)
occupancy. Both groups were refingaisotropicallywith SADI and RIGU restraintsAll

other nonhydrogen atoms were refined anisotropically, without restraints.
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Appendix: NMR Spectra

Figure A - 1 ATP spectrum ofLa (75 Hz,CDCls, 298 K)
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