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ABSTRACT

The copolymerization of epoxide and carbon dioxicktalyzed by metal
complexes provides an efficient method for synttiegi polycarbonates. Compared to
industrial polycarbonate production, which involviesic phosgene reagent, this is a
cleaner and greener way which uses a renewabledahtiand non-toxic gas GCand
has 100 % atom economy. This dissertation focuseshe investigation of epoxide
reactivities in the copolymerization with GCGand the properties of the resulting

polycarbonates.

First of all, the electronics of the epoxide monasneere studied. Herein, we
determined the epoxide coordinating ability, oribi&g by infrared spectroscopy, based
on the O-D vibration shifts of GJ®D in epoxidessersusthat observed in benzene. As
expected, epoxides with electron-donating alkylugs were found to be more basic
compared to those with electron-withdrawing substits. The relative basicities of
epoxides were shown to greatly influence the intggtion of reactivity ratios of two
epoxides in their terpolymerization with GOOn the other hand, steric effects of
epoxides were also studied by investigating copelymtion of CQ with a series of
butene oxides with methyl substituent groups ifedént positions. Among these butene
oxides, only cis-2-butene oxide when coupled with €Qvas able to produce
polycarbonate.

Copolymerizations of different cyclic eqdes with CQ were discussed

regarding their ring sizes and functionalities. IOpentene oxide was shown to have
il



distinct reactivity and polymer selectivity overctig carbonate compared to widely
studied cyclohexene oxide. Postpolymeization fumaiization of the polycarbonate
from cyclohexadiene oxidegia the thiol-ene reaction was applied to provide lipta
water-soluble polycarbonate. Besides, the olefisitpms in cyclohexadiene oxides
affected their reactivities. That is, 1,3-cyclohgeme oxide, which has the olefin group

adjacent to epoxide group, was more active thand dhésomer.

In the last part of this dissertation, the applaratof metal-organic frameworks
(MOF) in CQ, sequestration was investigated. Céollected at atmospheric pressure
over MOF was thermally released and utilized inatgmerization with propylene oxide
to synthesize poly(propylene carbonate). Compagastudies using COprovided
directly from a compressed gas source gave sirpilapylene oxide conversion and

molecular weight. This study showed the feasibitytilizing MOF for CQ storage.
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NOMENCLATURE

1,3-CHDO 1,2-epoxy-3-cyclohexene
1,4-CHDO 1,2-epoxy-4-cyclohexene
AGE Allyl Glycidyl Ether

AIBN Azobisisobutyronitrile
Anal. Cal. Analysis Calculation

br (NMR) broad

BC Butene Carbonate

BGE Benzyl Glycidyl Ether

BO 1-Butene Oxide

Cat Catalyst

CHO Cyclohexene oxide

Co Cobalt

CO Carbon Dioxide

Conv Conversion

COPO 3,4-Epoxytetrahydrofuran
CPO Cyclopentene Oxide

Cr Chromium

CXO 3,5,8-Trioxa-bicyclo[5.1.0]octane
D (NMR) Doublet

Da Dalton
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DHNO
DMF
DNP
DSC

ECH

eq.

FGE
FTIR
GME

GPC

HO

LCST

mCPBA

MEsMO

MS

Dihydronaphthalene Oxide
Dimethylformamide

Dinitrophenoxide

Differential Scanning Calorimetry
Epichlorohydrin

Equation

Monomer Feed Ratio

Mole Fraction of Monomer 1 in the Copolymer
Furfuryl Glycidyl Ether

Fourier Transform Infrared Spectroscopy
Glycidyl Methyl Ether

Gel Permeation Chromatography

Hour

1-Hexene Oxide

Indene Oxide

Infrared Spectroscopy

Lower Critical Solution Temperature
(NMR) Multiplet

m-Chloroperoxybenzoic Acid
2-((2-(2-(2-Methxyethoxy)ethoxy)ethoxy)methyljoane
Number Average Molecular Weight

Mass Spectroscopy
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MPa
My
NMR
OAc
ONBGE
PCHC
PDI
PGE

PO

Polym. Selec.

PPC
PPNCI
PPNDNP
PPNN;

r

rt

s

Salen

SO

TBD

Tyq

Mega Pascal
Weight Average Molecular Weight
Nuclear Magnetic Resonance
Acetate
o-Nitrobenzyl Glycidyl Ether
Poly(cyclohexene carbonate)
Polydispersity index, MM,,
Phenyl Glycidyl Ether
Propylene oxide
Polymer Selectivity
Poly(propylene carbonate)
Bis(triphenylphosphine)iminium Chloride
Bis(triphenylphosphine)iminium Dinitropheiaie
Bis(triphenylphosphine)iminium Azide
Reactivity Ration
Room Temprature
(NMR) Singlet
N,N'-Bis(3,5-di-tert-butylsalicylidene)-1,2etohexanediamine
Styrene Oxide
tert-Butyl
1,5,7-Triazabicyclo[4,4,0]dec-5-ene

Decomposition Temperature
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Temp

TGA
THF
TMSO
TOF
VCHO

VIO

Temperature

Glass Transition Temperature
Thermogravimetric Analysis

Tetrahydrofuran
(2-(3,4-Epoxycyclohexyl)ethyl)trimethoxysilane
Turnover Frequency

Vinylcyclohexene Oxide

Vinyloxirane

Weight Fraction of Monomer 1 in the Copolymer
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

Chemical Utilization of Carbon Dioxidein Polycarbonate Production

Carbon dioxide utilization is one of the many tedlogies available for
alleviating the rising C®level in the atmosphere. In addition to its widelustrial
application as a solvent in extraction and purtfam® there are a variety of chemical
reactions that convert GQo useful materials such as methanol, urea, cagtisoacids
and carbonate’sBeing cheap, abundant, renewable and nontoxie,i€®good C1 feed
stock candidate for chemical synthesis. Howevegtesjies are needed to address its
high thermodynamic stability. The following are ssmethods that can be employed: (1)
reaction of CQ@ with molecules of high energy such as small meeiberings,
dihydrogen or unsaturated compounds, (2) drivinguafavorable reaction with GO
forward by product removal as the reaction progresé3) synthesis of products in the
oxidized form, and (4) the use of energy from realel source. Productions of high
oxidation state compounds(carboxylates, carboretdscarbamates) which incorporate
the entire C@ molecule, have low energy content and may occuo@h temperature.
Reactions where CQOis reduced require energy inpuAn epoxide, a strained three-
membered ring molecule, is a relatively high-enengglecule, representing a good
candidate to react with GOIn the presence of a suitable catalyst,€én couple with
epoxides to generate polycarbonates or cyclic cates (eq. 13.The catalyst can be

either an organic compound or a metal complexterdyclic carbonate formation, but

1



only metal complexes, sometimes with cocatalysts,felp in polycarbonate formation.
This kind of reaction has 100 % atom economy aresdwt need additional solvent as
the epoxide can act as the solvent. This dissentatiill focus on the coupling of

epoxides and C£xo generate polycarbonates.

(0]

0 b T J
/ \ + o + O O
Ry R, €02 /eko)\é 7Ln o (eq. 1)
R, R,

epoxids polycarbonate cyclic carbonate

Polycarbonates are engineering thermoplastics emdidely used in industries,
such as construction and automobile materials,treleic devices, data storage and
lenses owing to their excellent mechanical propsriike toughness, transparency,
lightness, high impact resistance and non-ele¢tcoaductivity. The most common
polycarbonate in industry is the bisphenol A pohpcmate. Bearing two rigid phenyl
rings on the backbone, bisphenol A polycarbonateery tough and has a high glass
transition temperature ¥ of 150 °C. It is made by the polycondensation of the

bisphenol A diol and phosgene (eq. 2).

o NaOH o
+
O O C|)J\C| polycondensation /el\ O O a, (eq 2)
HO OH 0 O/n

bisphenol A bisphenol A polycarbonate



As phosgene being toxic, there are safer substitie it, diphosgene or
triphosgene, which are derivatives of phosgene shilisiot very safe. Later Asahi Kasei,
a chemical company, developed a greener reageplhemlyl carbonate, to replace
phosgene. It is made by the transesterificatioph&nol and dimethyl carbonate, which

can be derived from Gand ethylene oxide (Scheme®1).

Scheme 1

HO OH
PhOH

e} 2
/\ MeOH Ph\ /Ph

Copolymerization of C@and epoxides provide an alternate method to peduc

polycarbonates. The polycarbonates made by thitadehave different mechanical
properties than bisphenol A polycarbonate, they soéier and have lower glass
transition temperatures, so they are applied ifediht areas like ceramic binders or
lubricants, coating, surfactants and polyurethamecyrsor. This copolymerization
method was first developed by Inoue in 1969. Thelyieved it using a heterogeneous
catalyst system obtained from diethylzinc and wabecopolymerize propylene oxide

(PO) and C@*



Catalyst Development

After the first heterogeneous catalytic system,aaety of homogeneous zinc
catalysts, as well as other organometallic com@exgh different metals and ligand
scaffolds were developed for this copolymerizatidhis section will focus on metal
salen catalysts, with the metal being mainly cobalt

Inspired by Jacobsen’s research of epoxide hydsolysth salen chromium
catalyst, Darensbourg and coworkers used metah sadenplex in the epoxide/GO
copolymerizatior?. Air and moisture stable chromium salen catal§st@as shown to be
active for cyclohexene oxide (CHO)/GO copolymerization, producing
poly(cyclohexene carbonate) (PCHC) with narrow roolar weight distribution. The
turnover frequency (TOF) (10-30"hat 80°C with 58.5 bar C@for 24 h was moderate
and positively related to amount of Lewis base tadgat. This catalyst was shown to be
active towards C@PO copolymerization with more temperature-depehgetymer

selectivity.

Coates: R= Br, X=0Ac
Lu: R='Bu, X=dinitrophenoxide

Later on, Coates’s group utilized cobalt salen demgs @) for
copolymerization of C®and propylene oxid®.The cobalt catalyst was active alone

without any cocatalyst at relatively low temperatushowing good turnover frequency

4



of 81 K'at 25°C at 55.2 bar C©for 3 h. Compared to Cr salen catalyst working %t
°C, Co salen was less activity but more selectivepfmymer over cyclic carbonate.
Soon after this work, Lu’s group published thesuks on similar copolymerization in
the presence of Co salen catalyst and ammoniuntsedtalyst. In this work, 100 %
carbonate linkage was obtained at lower (20 bar) @@ssure along with excellent
turnover frequency (> 2007hfor 3h at 25°C). It is noteworthy that the polycarbonate
selectivity over cyclic carbonate was heavily defet on the fifth ligand on the cobalt
catalyst. In the presence of a tetrabutylammoniuomide cocatalyst, the polymer
selectivity was low when the ligand was acetatd,rbached 99 % when the ligand is
nitrophenoxide. In contrast, Coates reported potysedectivity is > 99 % with the
acetate ligand without cocatalyst. Furthermorehwite R configuration on the chiral
centers of the cyclohexyl backbone, the catalystveldl unprecedented stereoselectivity
in PO ring-opening. From this point, ammonium oinium salt cocatalysts started to
have a large role in Cf&poxide copolymerization. This combination was adrhinary
catalyst system, involving (1) metal center forxade activation and (2) anion or Lewis
base from the cocatalyst for epoxide ring-opening.

Afterwards, researchers developed various supeabalyst achieving higher
activity and polymer selectivity by building funahalities on salen ligand framework.
With attached functional groups bearing positivearge, these second generation
catalysts have built-in initiators, the countercanrs. They are able to serve as catalysts
for epoxide binding and activation and cocatalystsepoxide ring-opening at the same

time, making them bifunctional catalysts. They hbeen successful in reducing cyclic

5



carbonate formation and stabilizing cobalt compéexa¢ relatively high temperature.
Nozaki’s group in 2006 revealed their Co salenlgstavith two axial acetate ligands.
This complex had two piperidinyl substituent grogosthe salen’s phenol rings, where
one of them is protonated. The proton can be useap the dissociated polymer chain
to prevent backbiting, which results in undesirgdlic carbonate formation (Scheme 2).
The catalyst provided high polymer selectivity,®0at raised temperature of 80 and
gave the high turnover frequency of 602. IGiven longer reaction time with higher
monomer/catalyst ratio, molecular weight of theuh@&sg poly(propylene carbonate)

(PPC) can be greater than 80 kDa.
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Following this work, the other kind of bifunctionabbalt salen catalyst was
developed by Lee’s groupEquipped with two side arms with ammonium groupd a
nitrophenoxide counter aniond, (Figure 1, left), this catalyst gave superior awer
frequency (>1000 1) in the copolymerization of Cand propylene oxide, at very low

catalyst loading (0.004 mol %) at temperatures drigthan 70°C. At this high



temperature, catalyst retained excellent polymer selectivity, where treviously

mentioned binary Co salen catalyst system only ggekc propylene carbonate.

-+

X
X NBU3 } Bu3N X NBuz Bu3 NBu3 Bu3N [BF
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Figure 1 Bifunctional catalysts developed by L&¥.

Later in 2008, the same group published resultsatdlyst with four ammonium
side arms§, Figure 1, middle}° This catalyst achieved even higher turnover fraqye
higher than 10000 tat 80°C for less than 3h. With low catalyst loading (Q.0fiole %)
the molecular weight of the resulting PPC was gh lais 285 kDa. These are the highest
turnover frequency and molecular weight reported @ in this kind of
copolymerization. Moreover, this catalyst is reeypté due to its increased affinity with
silica gel resulted from four ammonium groups. Wipassing the reaction solution
through a silica gel pad, the catalyst stayed erstlica gel and polymer was eluted out,
and the catalyst was recovered later by NaBlethanol solution. After treated with
nitrophenoxide, the recovered catalyst showed amilctivity in subsequent
copolymerization. In a later report, the structofethis catalyst was investigated by
NMR spectroscopy and unusual coordination strustuneere elucidatet: Imine

nitrogens were observed to not coordinate to theder, instead, nitrophenoxides and
8



solvents took its place (Figure 1, right). Thisyhlappened with less bulkier methyl
groups on the 3-position of the salicylaldehyde] eatalysts with this kind of structure
had higher activity than those of normal structivaing four coordinating salen ligand
(13000 vs. 1300h. The extraordinarily high activity was ascribegthe authors to the
scrambling of labile nitrophenoxide anion initisgavith epoxide and propagating chains.
In 2009, Lu’s group developed another kind of bdiional Co salen catalyst with only
one TBD (1,5,7-Triazabicyclo[4,4,0]dec-5-ene) omaomium side arm7and8, Figure

2, upper left and middle) which as well showed sbetivity and polymer selectivitf.

=N_ _N= =N_ _N= =N_ _N=
/Co\ /Co\ /Co
But o] )|( o Bu But o] x o ‘Bu  Bu o] X\o Bu

o CQURC Gy

Figure 2 Bifunctional catalysts developed by L.

In the mechanism study, they suggested that innitiation, the anchored TBD

reacted with one PO and €@ form a carbonate (Figure 2, bottom), and cow@tibn



of this carbonate to metal helped stabilize thellQadgainst decomposition to Co(ll)
and also activated the epoxide or anions on thms fpasition. Thus the Co catalyst was
stable at temperatures over 1@ Interestingly, the symmetric bifunctional casil9

of this kind (Figure 2, upper right), bearing tw&0 showed much lower activity and
polymer selectivity than the ones with only one TBODF 41 and 410 h polymer
selectivity 85 and > 99 %). Later the same groupdoated the kinetic study of GO
couplings with both binary and bifunctional Co dgs#s® Unlike binary catalyst system,
coupling reaction by bifunctional catalyst did matve induction period and the reaction
rate had first order dependence on catalyst coratent, where in binary system it was
order of 1.61. The activation energy for cyclic pytene carbonate formation was
determined to be 77.0 kd/mol, which was higher tihan of binary system (50.1 kJ/mol).
The activation energy for poly(propylene carbond&beination was 29.5 kJ/mol, lower
than 33.8 kJ/mol from binary catalyst. The biggeergy difference between cyclic
carbonate and polycarbonate formation from bifuoral catalyst reflects the higher

polymer selectivity.

Epoxide Scope

The most widely studied epoxides are propylene exdd cyclohexene oxide.
These two epoxides have good reactivity in thepotgmerization with CQ@ Propylene
oxide, a linear epoxide, can couple with £& low temperature while cyclohexene
oxide, an alicyclic epoxide, needs higher tempeeatimterestingly, in the coupling with

propylene oxide, cyclic carbonate is often obsers@dcomitantly with polycarbonate,

10



but with cyclohexene oxide, the product is mostiyparbonate due to the difficulty for
it to backbite with the rigid cyclohexyl backbonia. this section different epoxides
copolymerization with C@will be discussed in terms of reactivity, polynssiectivity

and resultant polycarbonate property.

Linear epoxides with different length

While propylene oxide is widely studied, other bBhgic linear epoxides with
longer chain do not draw too much attention. Whenfitst published their binary Co
catalyst in 2004, for PO/C{xopolymerization, 1-butene oxide (BO) and 1-hexaxide
(HO) were also studied.While having identical polymer selectivity, HO svahown to

be less reactive than BO, and both were much é&sgive than PO.

Bl B B
PO BO HO

Same trend but higher reactivity with PPNCI (Bigpttenylphosphine)iminium

chloride) cocatalyst was conveyed in their 2006lipation** Also with Lu’s enantio-

selective catalystl(), epoxide with longer chain showed lower reacgiahd enantio-

selectivity’® With Nozaki's bifunctional catalyst, copolymerimat of PO/CQ in a

solvent completed for two days while BO and HO sbownly 89 % conversich.
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The trend was also observed in Lee’s terpolymedrnabf CQ, and PO with
either BO or HO, using quaternary ammonium teth&eccatalyst §).'® The resulting
polycarbonates’ Jvaries with the epoxide length, longer chains daweer Ty. They are
40 °C, 9 °C and -15°C for poly(propylene carbonate), poly(butene cagten and
poly(hexene carbonate), respectively. In Lu’'s aaptesearch of CHO/CGfdong chain
epoxide terpolymerization by bifunctional catalystlonger chain epoxide resulted in
lower reactivity as expected and higher cyclohexeaebonate component in the

terpolymer’

Linear epoxides with electron-withdrawing groups

Linear epoxides with electron-withdrawing groups af another kind. Styrene
oxide (SO) and epichlorohydrin (ECH) are two exasplElectron-withdrawing group
plays a role in three perspectives: (1) it makes dpoxide less basic thus less easily
coordinate to metal, (2) it makes the epoxide canore electrophilic thus more easily

be ring-opened and (3) it facilitates back-biting ¢yclic carbonate formation.
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In 2011 Lu and Darensbourg first published the stigation of CQ/ECH
copolymerizatiort® The result showed that ECH has slightly lower tigdg but much
lower polymer selectivity than PO. ECH had highetivation energies for both
polycarbonate (53.1 vs. 34.5 kJ/mol) and cyclicboaate formation (98.5 vs. 88.0
kJ/mol) than PO, and smaller difference between téh@ activation energies (45.4
vs.53.5 kJ/mol). This smaller energy differencengetn polymer and cyclic carbonate
formation reflects the lower polymer selectivity®@€H. The T, of poly(epichlorohydrin
carbonate)s were around 3, slightly lower than PPC. Furthermore, highly
stereospecific poly(epichlorohydrin carbonate) wpeepared by utilizing chiral
bifunctional catalyst? These catalysts also provided regioselectivitepoxide ring-
opening, where the methylene carbon was preferiidte isotactic polymer is
semicrystalline and has, Bf 42°C and T, of 108°C. Apart from its copolymerization,
ECH was also commonly used in glycidyl ether prapan by substitution reactions of
alcohol.

On the other hand, styrene oxide was found to bg feactive than propylene
oxide in copolymerization with CQTOF was one order of magnitude smaffeAt 50
°C, PO still had 99 % polymer selectivity but SO didt make any poly(styrene
carbonate) unless pressurizing the reaction furtbe?v MPa, where 91 % polymer
selectivity was observe. Bearing a rigid phenyripoly(styrene carbonate) has a higher

T4 80°C, than PO. The polymer selectivity of 4-chlororete oxide was much lower,
13



60 %, while reactivity maintained similar to SOdahe resulting copolymer has higher
Ty at 92°C. Contrarily, 4-methyl styrene oxide was non-re@ctt room temperature.
The activation energies for cyclic carbonate anlyqasbonate formation from SO/GO
were measured to be 50.7 and 40.4 kJ/mol respbctiVbe difference between them
was only 10.3 kJ/mol, much smaller than that of FP&3.5 kJ/mol). Enhanced
electrophilic nature of the methine carbon fadiéitabackbiting for cyclic carbonate
formation resulting in much lower activation barrieor cyclic styrene carbonate
compared to propylene carbonate.

Vinyloxirane (VIO) is another example of this kinth Darensbourg’s 2014
report of VIO copolymerization with CQit showed much lower reactivity (TOF < 10
h™) and polymer selectivity (70 % at 26) than PO in the presence of binary Co salen
catalyst syster” If bifunctional Co catalyst was used, TOF increase40.6 H for 21
h at 40°C with 92 % polymer selectivity. When terpolymedzeith PO and CgQ the
conversion and polymer selectivity of VIO increas@dhe advantage of VIO is its
postpolymerization functionalization availabilityiel to its double bond. The resulting
poly(vinyloxirane carbonate) can be functionalizey thiol-ene reaction with thiols
bearing hydrophilic groups (Scheme 3). After fuostlization, the hydrophobic
poly(vinyloxirane carbonate) became hydrophilic awen water soluble. They Tof
poly(vinyloxirane carbonate) was T8, of the polymer with carboxylic acid groups
after functionalization was &. And after deprotonation of that, thg af polymer with

carboxylate ammonium salts increased drasticalBA{tC.
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Overall, electron-withdrawing groups on the epoxidake it less reactive and
less selective for polycarbonate, but can give rigulting polycarbonate different

thermal or chemical properties.

Glycidyl ethers

Glycidyl ethers are of another group that are widgldied. Some of them were
considered to have protected version of hydroxglugr and after postpolymerization
deprotection poly(1,2-glycerol carbonate) was fadménlike poly(propylene carbonate)
being hydrophobic and inert to enzymes, this kihdalycarbonates are hydrophilic and
biodegradable/biocompatible thus have applicationbiomedical field. It can be
synthesized from epichlorohydrin and functionalizddohols. The convenience of its

synthesis provides possibility for epoxides to eoma variety of functional groups.

EV"@ Aote Ao ) Aoy

ME,MO BGE alkyl glycidyl ether
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Copolymerization of phenyl glycidyl ether (PGE) Wi€Q, was studied by Lu’s
group, and was described to have good turnoveuémecy and polymer selectivity with
both binary and bifunctional Co catalysts, whichrevesimilar to PG? At raised
temperature, 56C, TOF increased but polymer selectivity droppedo%. With the
rigid phenyl ring pendant groups, the resultingypwr has higher g (50 °C) than
poly(propylene carbonate) but with two more atom$&etween giving it flexibility, it's
lower than poly(styrene carbonate), (80 °C). With binary Co catalyst, the activation
energies for polymer and cyclic carbonate formatiere determined to be 39.2 and
72.8 kJ/mol, both were similar to PO but the ddfeze between polymer and cyclic
carbonate was smaller (33.6 kJ/mol) than that of &W0ounting for the lower polymer
selectivity at raised temperature.

Epoxides with oligo ethylene glycol segments like-((2(2-(2-
Methxyethoxy)ethoxy)ethoxy)methyl)oxirane (M¥O), or MEMO, are good
candidates for hydrophilic polycarbonate prepamati®wang’'s group looked into
terpolymerizations of MEVIO/MEMO/CO, and MEMO/PO/CQ by binary catalyst
system and noticed that reaction rate decreasesthgikene glycol content increased,
indicating its lower reactivity than P®.The Ty of MEsMO/PO/CQ terpolymer’s
dropped as MEMO content enlarged in the terpolymer, while itscamposition

temperature (J) was higher than poly(propylene carbonatg)aiid Ty for a terpolymer
16



with 9.7 % MEBMO are 6.9°C and 241°C, respectively. Bearing oligo(ethylene glycol)
pendant groups, the terpolymers were hydrophila laad water contact angle down to
25° with 23.6 % MEMO compared to S0with hydrophobic pure poly(propylene
carbonate). Moreover, when the BMED content is higher than 37%, the terpolymer
became water soluble, and had reversible thernsabresive phase transition in water,
presenting lower critical solution temperature (O§Sbelow which the polymer is
soluble in water. The LCST of the terpolymer posssgositive linear relationship with
ethylene glycol content. The terpolymer with 72.6M&sMO has LCST at 35.2C,
which is close to body temperature, showing itepbél application in biomedical area.
The same LCST behavior and relationship happengh&én MEMO/MEMO/CO,
terpolymerization as well.

Polycarbonates derived from benzyl glycidyl etB®GE) can be deprotected by
H, to give poly(1,2-glycerol carbonate). Copolymeti@a of CQ/BGE and subsequent
deprotection were published by Grinstaff in 261®Results illustrated that BGE had
somewhat lower reactivity and similar polymer steléty compared to PO. The
polymer's T (8 °C) is much lower than poly(propylene carbonate) potycarbonate
derived from phenyl glycidyl ethér. The deprotected polymer is more hydrophilic as
expected and not soluble in g, but soluble in DMF. Faster degradation rate was
observed for poly(1,2-glycerol carbonate) than If&isomer, and was attributed to the
lower activation energy required for intramolecuddtiack of the pendant 1° OH than 2°

OH.
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Later, the same group also published the explaoratioCQO, copolymerization
with long chain alkyl (butyl, octyl and stearyl)ygldyl ethers by bifunctional Co
catalyst® Glycidyl ethers’ reactivities and copolymersy Were inversely related to the
numbers of carbons in the alkyl chains, and thetnaties were lower not only than PO
but than all of the above mentioned glycidyl eth&ise T, of the polymers derived from
butyl and octyl glycidyl ethers were -24 and &} but the polymer from stearyl {§
glycidyl ether only had a melting point at 56 due to the hydrophobic interaction
between the pendant alkyl groupsg.sTwere around 270C except for stearyl, 24%C.
The ionic conductivity of poly(butyl ether 1,2-ghl carbonate) exhibited
temperature-dependence, being°18/cm at 25°C and. 10° S/cm at 120°C. These
conductivities are comparable to present PEO-bdsstery electrolytes make this
polycarbonate a potential solid polymer electrofgiebatteries.

Expanded from their VIO/COcopolymerization work, Darensbourg’s group
demonstrated terpolymerization of allyl glycidyhet (AGE) with propylene oxide and
CO,.%” With the double bond two atoms away from epox&BE is more reactive than
VIO. The detailed reactivity study will be addresdater. The terpolymers were cross-
linked via thiol-ene reaction with dithiol or tetinéol. Rubbery modulus andyTof the
cross-linked films increased as cross-link denisityeased. The surface of non-saturated
cross-linked films can be functionalized via suhsag thiol-ene reaction. This surface
functionalization offers application for biomoleeul or metal nanoparticle

immobilization.
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In this year Frey reported terpolymerization of fdwyl glycidyl
ether(FGE)/glycidyl methyl ether(GME)/G& With FGE incorporation, gs of
terpolymers are lower than that of GME/C@bpolymer (1.7°C), ranging from -2 to
-24.7°C. The terpolymer can be modified by reversiblelfider reaction between the
furan on the polymer and maleimides with functiommbups (Scheme 4). When
bismaleimide was used in the functionalization, teolymer was cross-linked and
showed much higher Tabove 90°C. The reversibility of Diels-Alder reaction gives

promise for self-healing materials.
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Overall, glycidyl ethers hold similar or slightlyeds reactivity and polymer
selectivity compared to propylene oxide. Resultgalycarbonates’s properties,

predominantly hydrophilicity, are distinct from p@gbropylene carbonate), with or
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without postpolymerization functionalization. Fuocialities on the glycidyl ethers

spreads out the polymers’ application in divergeets.

Cyclic epoxides

In addition to terminal linear epoxides, internaicloalkene oxides are also
studied in this field. The polycarbonates from @y@poxides usually have higheg T
than from linear epoxides, owing to the ring fusedthe backbone. Cyclohexene oxide
is the most widely investigated cyclic epoxide wAtarious catalysts. In its coupling
reaction with CQ, the cyclic carbonate is rarely generated, makangh polymer
selectivity. Activation energy for cyclic cyclohexe carbonate formation by Cr salen
catalyst was measured by Darensbourg’s group td3#0, higher than for cyclic
propylene carbonafé. The activation energy difference between cyclitboaate and
polymer formation is 86 kJ/mol, higher than 32.201dl of PO. The difficulty of making
cyclic carbonate was ascribed to the five-membeirggls ring strain to accommodate

the six-membered cyclohexyl ring conformation.

5 &by 8
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5 ) A
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In 2006, researchers started to use binary Co sedtalysts in CHO/C®O
copolymerizatiort**®3Different from Cr salen catalyst where elevatedperature was
needed, Co salen catalysts work at lower temperator coupling CQ and CHO.
Binary Co salen catalyst alone was able to catdlylze copolymerization with a TOF of
98 h! for 3 h at 22°C, which was about the same as PO, and producedosyoiic
poly(cyclohexene carbonate) which contained 81 &ntered tetrad®.With the help of
PPNCI cocatalyst, the TOF remained in the sameeamgt was lower than that for PO
in the similar conditior?>** Upon using chiral catalyst, the resulting polyriseisotactic-
enriched 37 % enantioselectivityWhen the reaction temperature was raised, the Co
catalyst activity rose one order of magnitude wHilg0 % polymer selectivity was
maintained. Poly(cyclohexene carbonate) has highigr (117 °C) than most
polycarbonates derived from linear epoxides becabisiee rigid cyclohexyl ring on the
backbone.

Based on high polymer selectivity of cyclohexeneidex 4-position
functionalized CHO were studied in their copolymation with CQ in the hope to
make useful polycarbonates. (2-(3,4-Epoxycyclohetilyl)trimethoxysilane (TMSO)
was successfully copolymerized with €@y Cr salen catalyst with comparable
reactivity as CHG? Both epoxide monomer and copolymer from TMSO atatde in
liquid CO; due to the trimethoxysilane group, thus liquid ®@s used to separate the
polymer from yellow catalyst. Random cross-linkwfghe trimethoxysilane was noticed
and gave rise to agThigher than 180C. Besides, vinylcyclohexene oxide (VCHO), a

good candidate for cross-linking, was terpolymetingth CQ and CHO byB-diiminate
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zinc catalyst® The thus formed terpolymer was cross-metathesthedugh olefin
groups by Grubb’s Ru catalyst. When the polycaat®rtoncentration was low in the
cross-metathesis reaction, cross-linking occumé@molecularly to create nanoparticles.
Compare to the linear polymer, the nanoparticle tigker T, (194 vs. 114C) caused
by reduced segmental chain mobility.

While CHO was widely explored, the five-memberedseven-membered rings
counter parts were not often seen in publicatidnscontrast to CHO, cyclopentene
oxide was very unreactive in its copolymerizatiomhwCQO, by either binary or
bifunctional Co catalysts (TOF 3*hor 48 h at 25°C). However, when catalyzed by
dinuclear Co salen complexeld) alone or with cocatalyst, the TOF reached highan

200 h'with 100 % polymer selectivity/

Bimetallic synergistic effect was observed in a wiagt epoxide coordinates to
one metal thus being activated then the secondI’méfth axial ligand ring-opens the
epoxide. They reported good TOFs’ around 200fdr 1 or 2 h at 28C and moderate
with dinuclear Co catalysts alone. Isotactic pojg(opentene carbonate)s with ee >99

% were synthesized by the chiral catatlyst withatalyst. Compare to the CHO/GO
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copolymerization with the same group of dinucleatatysts alone, CPO showed similar
reactivity but higher enantioselectivity, but inetlpresence of cocatalyst CHO show
much higher reactivity (TOF around 13006 for 0.25 h). Copolymerization of CPO/GO
was also done by zinc catalysts.

Similar to cyclopentene oxide, with epoxide fused a five-membered ring,
indene oxide (I0) is not very reactive toward bin&o catalysts® Cis-cyclic indene
carbonate was the only product generated in IQ/CQupling by binary catalyst at
temperatures higher than 25. Poly(indene carbonate) started to grow &€ Obut only
with moderate polymer selectivity (45-60 %) and IGDF (<5 h' for days). Its
reactivity and polymer selectivity were improved éyploying bifunctional Co catalyst
with tethered ammonium s&ft.Polymer selectivity achieved >99 % even a@5and
TOF went up to 11.5h though still very low compare to CPO. With rigiienyl ring
fused on the five-membered ring backbone, poly(iedearbonate)’s gireaches 138C
with 9.7k molecular weight, which is higher thah@dlycarbonates mentioned above. In
an effort to increase polycarbonate’'s Topolymerization of dihydronaphthalene oxide
(DHNO), a phenyl ring fused CHO, and €Was attempted by applying Cr salen
catalyst, but only causeds-cyclic carbonate formation along with a trace ditgrof
polycarbonaté’

Oxa-cyclic epoxides are potentially different frameir hydrocarbon counter
parts in the Cgepoxide copolymerization. In Lu’s 2014 publicaticegarding
copolymerization of 3,4-epoxytetrahydrofuran (COP&) CQ, dinuclear Co itself

alone presented low activity, but with cocatalystactivity was improved (TOF 170h
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for 2 h at 25°C) with 95% enantioselectivity and 100% polymer esgbity.>®
Interestingly, the atactic COPO derived polycarlteraf molecular weight 8200 hag T
at 122°C, which is much higher than poly(cyclopentene oadte)'s T 85 °C with
molecular weight of 27R° While both isotactic and atactic poly(cyclopentene
carbonate)s are amorphous, isotactic COPO deriogdarbonate is crystalline.

On the other hand, copolymerization of 3,5,8-tritsxayclo[5.1.0]octane
derivatives (CXO) and C£by dinuclear Co catalyst was demonstrated tosheffecient
and selective as COPO (TOF 186 for 2h at 25°C).*° To the best of my knowledge,
this is the first report of C£copolymerization with epoxide fused on a seven-ivened
ring, and the Jof the resulting polycarbonate being 14D is the highest observed in
this kind. Moreover, the ketal protecting group the seven-membered ring can be
deprotected with acid back to two hydroxyl grougisg the resulting polymer can serve
as a macro-initiator in lactide ring-opening polymation to make brush copolymer.

Overall, cyclic epoxides have higher polymer sélggt and T, compare to
linear epoxides. Among them, cyclohexene oxiddésrhost reactive epoxide and thus
widely researched. Furthermore, cyclic epoxidesvddrfrom renewable resource, such
as limonene oxide and cyclohexadiene oxide, makectipolymerization thoroughly

renewable.

Terpolymerization of CO, and Two Epoxides

Terpolymerization of C® and two (or more) epoxides are beneficial in

incorporation of the relatively unreactive epoxiaied tuning polymer properties. For
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example, when catalyzed by Cr catalyst, cyclohexeade copolymerizes with CCat
temperatures higher than 4C but displays no reactivity at room temperature. |
contrast, terpolymerization of propylene oxide, lojiexene oxide and GCran cause
incorporation of cyclohexene oxide at low tempeamiti As mentioned above, this
phenomenon also happened for vinyloxirane. On therdand, the Jlof terpolymer is
able to be tuned betweegsTof respective epoxides and £€polymers by varying the
two epoxides’ incorporation ratios based on thery-kox equation (eq. 3Y.
Terpolymers with  ranging from -15 to 118C were prepared by terpolymerization of

PO/CQ with CHO or 1-hexene oxid8.

1 . . .
- :%+ﬂ (w = weight fraction of respective monomer) (eq. 3)

g gl g2

Terpolymerization also delivers information of thedative reactivity of different
monomers. Fineman and Ross reported a method {gzaneeactivity ratios of two
monomers? The reactivity ratio was defined as the self-pggin rate over the cross-
propagation rate. The monomer with higher reagstivitio has a greater tendency for
self-propagation. In the early stage of polymeraai{conversion lower than 10 %), the
monomers feed ratio F = #1,, molar ratio of monomer components in copolymer f
m,/m, and reactivity ratios,rand ¢ can be correlated as stated in equation 4. By
comparing monomers feed ratio versus their comiposit terpolymer, rand g can be
obtained. Epoxide whose reactivity ratio is lartfean 1 has great propensity to self-

propagate. Epoxide that has higher reactivity ratioa terpolymerization is more
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reactive compare to the other epoxide. This secsimmmarized reactivity ratios of
different epoxides in their terpolymerization wif@iO,, not limited by Co salen catalyst

system.

) (eq. 4)

Terpolymerization involving linear epoxides

As mentioned above, Lee and coworkers examinealigngrization of PO/CQ
with CHO, BO and HO catalyzed by their superior f@ammonium arms tethered
catalyst at 70-75°C° In addition to reactivity ratio, the relationshipetween
terpolymer’s | and composition was explored. For BO/PO/C,= 0.58and 4= 1.4,
and Ty = -27*f;c+ 38. For HO/PO/C@Q r,= 0.46 and &= 1.9, and § = -62*f,.+ 38.
For CHO/POI/CQ, reio= 0.37 and &= 1.7, and § = 81*f,.+ 40. In all three cases,Is
larger than 1 and the other r is smaller than intpg out that PO is more reactive. Also,
as the steric bulk increasing from BO to HO to CHiG®, reactivity ratio decreases. It is
noteworthy here that the linear relationship ofptdymer’s T, and composition is
different from Flory-Fox relationship. The sameptdymerization of CHO/PO/COwas
done at lower temperature using salan Cr cataltiistead by Darensbourg’s grotfp.
At 25°C, 10 and ko are 0.172 and 1.11, and they are 0.869 and 1.40°a, presenting
temperature dependence of reactivity ratios invag that CHO gets more reactive at

higher temperature.
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Darensbourg’s group also investigated reactivitfiosa of each epoxide in
VIO/PO/CQ, terpolymerization employing bifunctional Co ca&tl§/ In their earlier
study of VIO mentioned before, VIO was way muclslesactive than PO, and here the
reactivity ratios reflected the trend. That ig, * 0.224 is much smaller thap,* 3.74.
They blamed this reactivity difference on epoxidercination ability: PO is more basic
than VIO thus coordinates to metal center mordyeasi

The reactivity ratios of styrene oxide were meagumndts terpolymerization with
CO, and PO or CHO using binary Co cataf{’stn SO/PO/CQterpolymerization,
and g, are 0.18 and 2.26. The two epoxides display distireactivities. The
terpolymer’s T increased as styrene carbonate component increls&D/CHO/CQ
terpolymerization, & and g, are 0.48 and 0.79. Higher reactivity of SO in

terpolymerization with CHO was ascribed to theistbulk of cyclohexene oxide.

Terpolymerization involving glycidyl ethers
Following BGE/CQ copolymerization, Grinstaff's group published paegdion
of BGE/PO/CQ terpolymer and a kinetic study The benzyl glycidyl ether fraction in

terpolymer is always slightly larger than it feedio. This means it incorporates slightly
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faster than PO. Reactivity ratios for BGE and PQewmeasured to be 1.15 and 0.93.
These numbers are close to 1, with BGE’s reactisatjo be slightly larger than PO,
indicating they are almost equally reactive in tkespolymerization. However, the
overall TOF decreased as BGE feed ratio increasedition of 40 % propylene
carbonate to the pure BGE/@Q@opolymer brought about 7 times increase in s®@g
loss modulus. Upon deprotection to hydroxyl groups, terpolymer’s J droped to 10
°C from 15°C with 60 % BGE component.

Around the same time, Luinstra’s group illustraggwther route to 1,2-glycerol
carbonate containing polymé&r.O-nitrobenzyl was chosen as the protecting group
because of its easy deprotection via UV light iadtef hydrogenation. Zinc glutarate
catalyst was utilized for the terpolymerizationoshitrobenzyl glycidyl ether (ONBGE)
with PO and C@ This nitro-derivative of BGE is less reactivettBGE and PO in the
terpolymerization. When its feed ratio was highearnt 30%, no epoxide was converted
to polymer. The reactivity ratios of ONBGE and P@re determined to be 0.64 and
1.46. Deprotected terpolymer has highgr ahd lower water contact angles. These
changes in Jand contact angle are proportionabtaitrobenzyl glycidyl ether fraction
in the terpolymer.

Likewise, reactivity ratios of allyl glycidyl etheand PO in AGE/PO/CO
terpolymerization by binary Co catalyst, were répdrto be 0.876 and 0.755The
reactivity ratio of AGE is slightly larger and AGEas found slightly more reactive than
PO. The reactivity ratios of both epoxides are s 1, meaning cross-propagation is

favored and the two carbonates distribute randomtige terpolymer.
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Frey's group devoted efforts on a variety of teypmrizations of two glycidyl
ethers with C@ mostly using zinc pyrogallol catalyst in order neodify terpolymer
physicochemical propertiés Those glycidyl ethers all showed similar reaci@stbased
on the similar epoxide ratio in the terpolymer &@ed. Postpolymerization modification
made the terpolymers cross-linked or hydrophilicfumctionalized thus have wider
application in the fields of adhesives, coatingmsers, self-healing materials, smart
hydrogels, photovoltaic materials and drug delivéfsey’s group also worked on 1,2-
epoxy-5-hexene terpolymerization with PO/C®Hydroxyl groups were attached to the
terpolymer via thiol-ene reaction for “graft fromhg-opening polymerization of lactide.

Unfortunately, they did not provide the reactiwitgta for any of their terpolymerizatoin.

Terpolymerization of COwith two cyclic epoxides

In order to understand the effect of substitueougron the 4-position of CHO
on reactivity, 4-vinyl cyclohexene oxide was tegpoérized with CHO and C*
Reactivity ratios of VCHO and CHO are 0.847 and31These two close numbers show
that the vinyl group at 4-position, which is awagrh epoxide, only has slight effect on
reactivity.

As mentioned earlier, in 2014 Lu stated the resuts COPO/CPO/C®
terpolymerization. The reactivity ratios for thelseo epoxides were determined to be
very different, 8.49 for COPO and 0.17 for CPO,retleough their reactivities towards
the copolymerization with CQalone were similat® This large reactivity difference

makes the terpolymer tapered, with one COPO ertdieinel and one CPO enriched end.
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At the beginning of the terpolymerization, COPO arporates dominantly. When it
finishes up later CPO starts to consume. Combin#disotactic PCOPC'’s crystallinity,

the tapered terpolymer is crystalline on one ertlaanorphous on the other end.

Block terpolymers

In addition to random terpolymer discussed befamedh block terpolymers have
different properties and special applications. Dab®urg’s group demonstrated the
feasibility of di- and tri- block polycarbonates nsiyesis** Diblock poly(propylene
carbonate-b-cyclohexene carbonate) and triblock y(podpylene carbonate-b-
cyclohexene carbonate-b-vinylcyclohexene carbonatse prepared by subsequently
cannulating PO/CHO/VCHO into the reactor. The sasaa block terpolymer synthesis
expresses catalyst immortality.

Coates’ group in 2011 and 2012 published theirgitesf series block polymers
of 4-substituted cyclohexen oxid&sMultiblock polymers were synthesized from CHO
with different functionalities including vinyl, oxcilyl and fluoro groups ranging from
lipophilic to hydrophilic and fluorophilic in intehangeable sequence. Furthermore, the
norbornenyl chain ends of multiblock polymer fromrimornenyl acetate in the catalyst
made the polymer a macromonomer in ring-openingathesis polymerization. Core-
shell and block core-shell molecular brushes weadervia “grafting through” method
with Grubb’s catalysts.

Route to di- or triblock terpolymers of polycarbtamand polylactide was created

by Darensbourg’s grouPl. Poly(styrene carbonate-b-lactide) and poly(lacbde
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propylene carbonate-b-lactide) were obtained bgdanepoxide/C@copolymerization
and lactide ring-opening polymerization. For dilkqmly(styrene carbonate-b-lactide),
SO/CQ copolymerization was terminated by adding wateshain transfer/termination
reagent. The thus formed hydroxyl group chain emel® deprotonated by DBU later to
generate the alkoxide-terminated polymer, as a onatator for the subsequent lactide
ring-opening polymerization. Adding the lactide dkoto the polycarbonate lowered
poly(styrene carbonate)'s, from 80 to 6(°C the lowest, and only ong Was observed
for every block copolymer. However, using the stepecific D-lactide, the polylactide
end started to be crystalline with melting points about 135°C. For triblock
poly(lactide-b-propylene carbonate-b-lactide), wates added at the beginning of the
PO/CQ copolymerization. Water terminated the growingictend also hydrolyzed the
trifluoroacetate initiator. This brought about pgsopylene carbonate) polyol, a
poly(propylene carbonate) with hydroxyl groups athbends. DBU and lactide were
added afterwards to produce the ABA triblock teypmér.

This dissertation focuses on expanding the scopespmixides in order to
efficiently make other polycarbonates with desieaptoperties. Salen metal complexes
catalyzed copolymerization of G@nd epoxides with different electronics, sterind a
structures will be discussed in terms of reactjvipplymer selectivity and resultant
polycarbonate property. The final goal is to apky knowledge of epoxides to produce

useful polycarbonates from renewable resources mitiimum energy input.
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CHAPTER Il
RELATIVE BASICITIES OF CYCLIC ETHERS AND ESTERS: GMISTRY OF
IMPORTANCE TO RING-OPENING CO- AND TERPOLYMERIZATIN

REACTIONS*

Introduction

In endeavors to maintain a sustainable chemicalsing, alternative feedstocks
are needed to replace decreasing petroleum supplies utilization of carbon dioxide
as a source of chemical carbon can contribute tetinge this shortag®’. Among the
processes exhibiting commercial viability are theorporation of carbon dioxide into
polymeric materials, a subject of much current reg€’ Important among these
processes is the completely alternating copolyragam of CQ and epoxides to provide
polycarbonates (eq. 5).Because there are a limited number of epoxidd@shtrovide
good selectivity for copolymer formation, it may becessary to synthesize terpolymers
from two such epoxide monomers and carbon dioxiderder to obtain polycarbonates

with desirable physical properties.

{OE catalyst O
+ Coz —’y O/\/ (eq . 5)
R O In

R

*Reproduced in part with permission from: “RelatiBasicities of Cyclic Ethers and
Esters. Chemistry of Importance to Ring-opening &ud Terpolymerization Reactions.”
Darensbourg, D. J.; Chung, W.-Rolyhedron2013, 58, 139. Copyright 2013. Elsevier.
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The basicity of the cyclic ether should be a factothe copolymerization of
carbon dioxide with this monomer. That is, cydither activatiorvia binding to the
metal center should correlate with the basicityhef cyclic ether in the absence of steric
hindrance, and hence facilitates ring-opening bycleaphiles (Scheme 5). At
sufficiently high CQ concentration, insertion of GOnto the resulting metal alkoxide
species is generally not rate-limiting. Hence]dwing the initiation step the rate of
copolymerization should be both a function of tlasibity of the cyclic ether monomer
and the nucleophilicity of the growing polymer ahaiThe growing carbonate polymer

chain in19 serves as the recurring nucleophile in speties

Scheme5
| | |
—M— = =2 M—
0 0 o%
“~N & (0] Nuc
Nuc Nuc o
17 18 19

Fineman and Ross have defined a linear method dtarmining the monomer
reactivity ratios for two monomers in a copolymatian reactiorat low conversiorby
way of equation (eq. 6).M; and M refer to the monomer composition in the feed and
m; and m to the monomer composition in the polymer. Thenamer reactivity ratios

are given by rand g, which are k/k;, and kJ/k,, in Scheme 6, respectively.

dMy _ My My + My _ my (eq. 6)

dM» M, My + oMy mo
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K11
My + My k_’ My Anne = growing polymer
woMy + M, —12, M, chain

Upon examining the relative reactivity of two diéat cyclic ethers which differ
significantly in basicities, the terpolymerizatiparameters should include both the rate
constants for ring-opening and the binding constéatthe monomers (Scheme™?).

The binding constants in turn are proportionahi Ihasicities of the cyclic ethers.
Therefore, 1= k;;K,/k; ;K12 and § = kK, /k»K,,. In the absence of steric hindrance, if
the Ky's of the two monomers are similar,;;Kand K, should be similar, and the
reactivity ratio reduces to simply.k.,. Hence, it is important to know the relative

basicities of the two monomers involved in the podyization process.

Scheme 7
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Resultsand Discussion
Determination of pks of cyclic ethers

Over seventy years ago, Gordy and coworker estedglisan empirical
relationship between theykand the shift of the OD stretching vibration inthanol-d
dissolved in organic bases (eq. 7), wh&ep = shifted value obop in millimicrons
from that in benzen® Pertinent to the subject of terpolymerization psses involving
two or more cyclic ethers and carbon dioxide, iiseful at this time to revisit the Gordy
equation while extending it to relevant epoxidesrigiDally, these researchers
established a correlation between thedf amines and the shift of,; of CHOD in
amines in comparison with that in benzene. Théchhgsonstants were determined in
aqueous solution and are interpreted as the alofithe base to attract a proton from
water.

Ao = 0.0147 log Ky + 0.194 (€q.7)

In Figure 3, we have re-plotted Gordy’s originatadan more commonly used
units of cm® and pK, leading to equation 8¢ In an analogous manner, we have
measured the shifts in thg,, vibration in CHOD dissolved in various amines and
compiled that data in Table 1, along with the &tare values of the pKof the amines
determined in aqueous solutiosﬁsTheseVODs are compared to the corresponding value
for CH;OD in benzene of 2667.4 ¢ém Our measurements result in the linear
relationship (Figure 4), which is slightly differefrom that of Gordy and coworker,

equation 9. It should be noted that we utilized ightiesolution FTIR instrument,
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whereas, Gordy and coworker employed an infraredctspmeter which utilized
interchangeable 8grisms in a Wadworth-Littrow mountirig.Nevertheless, the trends

are comparable.

AV = 9.011 pk, - 259.02 (eq. 8)

OD band shift v.s pK,

-100 -
-150 - ¢
-200 -

-250 -

OD band shift {(cm!)

-300 . . \

pK,
Figure 3 Re-plot of Gordy’s\v, shift data of CHOD in aminevsthat in benzene.

AV, = 15.41 pK - 299.37 (eq. 9)
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o OD band shift v.s pK,
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Figure 4 Plot of Av,, shift data of CHOD in aminevs that in benzene. Correlation
coefficient (R) = 0.9469.

Table 1 Basicities of amines.
MeOD peak OD band shift fron

Amine (cm™) benzene (cf) PKs ref
piperidine 2422.5 -244.9 2.95 10
pyridine 2503.5 -163.9 8.79 11
aniline 2509.3 -158.2 9.38 12
tributylamine 2407.0 -260.4 3.11 10
trimethylaniline 2518.9 -148.5 9.62 13
cyclohexylamine 2432.1 -235.3 3.36 12
4-picoline 2507.3 -160.1 8.00 14
triethylamine 2405.1 -262.3 3.35 10
2,6-lutidine 2464.9 -202.5 7.36 14
diisoproylethylamine 2410.9 -256.5 2.55 15

p in benzene observed at 2667.4criReferences are for best amine,piélues in aqueous
solution.
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As mentioned earlier, our goal in these studiestoatetermine theelative pKys
of various cyclic ethers and lactones in orderuarditatively assess their incorporation

into terpolymers. Table 2 lists the spectral shift thev, frequency of CHOD in

several organic ethers and lactones relevant tcataytic polymerization studies. In

turn, these data taken together with the correspgnailue ofv in benzene of 2667.4

cm™ and equations 8 and 9 were employed in computiagpk, provided in Table 2.
As is obvious in Table 2, there are significantfeténces in the values of the base
strengths of these weak organic bases predictedibyesults compared to those earlier
reported by Gordy. However, the trends or relabasicities are essentially the same.
Indeed, since the procedure utilizesyptalues for amines in aqueous solution as
calibration data, there should be no expectatiat the absolute pKvalue will be
correct in either case.

Previous studies by Arnett and Wu have reportedbtise strengths of several
cyclic ethers in aqueous sulfuric acfdThe order of basicity for a series of cyclic ether
was determined to be the same as that found bysoihesix other acidic systems. The
pKys of two saturated cyclic ethers (THF and 2-MeTkEé&)hmon to our reported values,
along with that of diethyl ether, were measured fauchd to be 16.08, 16.65, and 17.59,
respectively. These values show the same trerttlose listed in Table 2, and lie in
between those determined herein and earlier by yGott should be pointed out that
others have calculated pKalues for organic bases based on Gordy’s origigahtion

incorrectly®>®>” For example, pKvalues for the cyclic ethers, propylene oxide &hiF
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were reported as 7.0 and 6.0 respectively, i.ettebebases than many amines.

Nevertheless, their relativity base strengths atddlthe expected trends.

Terpolymerization studies

As alluded to in the introduction, a useful meaos farying the properties of
copolymers derived from epoxides and 08 to incorporate two chemically different
epoxide monomers. In these instances, the relatigetivity patterns of the epoxide
monomers are important in determining the copolysn@mposition and structure. For
example, if the two epoxides have significantlyfetiént reactivities diblock or tapered
polymers are most likely to be produced. Hence,erwhcarrying out such
terpolymerization processes, the binding and ripgring parameters for the two
epoxides in addition to their concentrations (feaiib) account for the extent to which
each monomer is incorporated into the polymericeniat Schiff base metal complexes,
in particular (salen)MX where M = Cr(lll), Co(lll)gnd Al(lll), along with onium salts,
are the most active and well-studied catalyststferprocess defined in equatiof Bhe
inspiration for the use of these particular mepacses is based on the elegant studies of

Jacobsen and coworkers for the asymmetric ringiogesf epoxides®
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Table 2 Basicities of organic ethers and lactones.

MeOD peak OD band shift from PKp
(cm?) benzene(ci) PKs (from Gordy)
oxetane 2571.0 -96.4 13.2 18.0
3,3-dimethyl oxetane 2574.8 -92.6 13.4 18.5
indene oxide 2601.8 -65.6 15.2 21.5
cyclopentene oxide 2605.7 -61.7 154 21.9
cyclohexene oxide 2607.6 -59.8 15.5 22.1
vinylcyclohexene
2607.6 -59.8 15.5 221
oxide
propylene oxide 2609.6 -57.9 15.7 22.3
methylstyrene oxide  2619.2 -48.2 16.3 234
styrene oxide 2621.1 -46.3 16.4 23.6
Epichlorohydrin 2625.0 -42.4 16.7 24.0
THF 2576.8 -90.7 13.5 18.7
2-methyl-THF 2578.7 -88.7 13.7 18.9
valerolactone 2588.3 -79.1 14.3 20.0
diethyl ether 2592.2 -75.2 145 204
caprolactone 2594.1 -73.3 14.7 20.6
butyrolactone 2603.8 -63.7 15.3 21.7
propiolactone 2639.5 -28.0 17.6 25.6

%op value of CHOD in benzene determined to be 2667.4'c®ur data would predict benzene to have g pK
of 19.4, and Gordy's data would provide a valu@®f7.
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Kinetic studies of terpolymerization reactions abmylene oxide (PO) and
cyclohexene oxide (CHO) have been reported recéhtfyFor example, Lee and
coworkers have examined this process using a (€2d€il) catalyst, where the salen
ligand has tethered quaternary ammonium saltsthig investigation, Fineman-Ross

analysis provided.s and k., values of 1.7 and 0.37, respectively; where=rk,/k,, (see

Scheme 8) and., = k/kz. In this instance, these measured monomer résctatios
are good indicators of the relative rate constairtee the binding constants of the two
monomers are very similar based on theip p¥5.7vs 15.5). Support for the similarity
of these two epoxides binding to cadmium has beeviged by thermodynamic data as

well as Cd-O bond distances obtained by X-ray etiggraphy>®°*

Scheme 8
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Nevertheless, it is possible with the yskirom Table 2 to correct the values for
ki/k, and kjk,, to 2.69 and 0.234, respectively. That is, the boper chain ended in
propylene carbonate prefers to ring open a progylexide monomer over a

cyclohexene oxide monomer by a factor of 2.69 caoegbdo a factor of 1.7 if binding

differences are not taken into account. Likewisg,, =K,,K:"/k,Ki® or
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K,,/K,, = 037x (316x10*°)/(200x10™°) = 0234 . On the other hand, in our
previous study for the terpolymerization of cyclgbee oxide and vinylcyclohexene
oxide (VCHO), two chemically similar monomers wittentical pkss, with CQ the g0

and [ values determined from Fineman-Ross data of 1n@30a85 are true measures

of their respective rate constant parametérs.

@) @)
VCHO e

Herein, we have investigated the reactivity ratadwo epoxide monomers with
significantly different reactivities and basicitjes., the terpolymerization of propylene
oxide and styrene oxide (SO) with €OIndividually, the rates of copolymerization of
these two epoxides with GQuitilizing the same binary (salen)CoX catalyst egst@,

Figure 5) and reaction conditions are quite digearand their respective estimategsK
are considerably different, witK;° being 2.00 x 18° andK:° being 3.98 x 18”2

For example, the TOFs for processes carried outnidéntical conditions at Z& were
found to be 540 fh (PO) and 75 th (SO), respectively. These large differences in
binding affinities and self ring-opening rates makepolymerization reaction quite
challenging. Hence, it was necessary to carrytloesge processes to slightly greater than
10% conversion in order to achieve adequate incatjpm of the less reactive monomer,

styrene oxide. Table 3 contains the experimengh dor the terpolymerization of
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propylene oxide and styrene oxide at different festbs, and Table 4 summarizes the
data for the monomer content in the isolated tgrpets. The Fineman-Ross plot in
Figure 6 affords monomer reactivity ratios @f # 5.37 and & = 0.504 (eq. 10§

Equation 10 is derived from equation 6 assumingdovwersion of reactants to product.

—N_ /N_
4

/J\
OXO
2

PPNX
PPN = bis(Ph;P)N*
X = 2,4-dinitrophenoxide

Figure 5 Binary (salen)CoX/PPNX catalyst system used indigrperization reactions.

(1) _ (eq. 10)

§=Te} —f + r
- SO
F2

Based on the expected metal binding differencasdisated by their pks, the
reactivity ratio values,.¢ and &, are a function of both the relative monomer higdi

ability and rate constants for self-propagation omss-propagation. That is,

oo = Ky, K ° 7k ,KP = 537 provides a rate constant ratiolof, /k,, = 107. Similarly,
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for the styrene oxide monomer the self- and crogg-ppening rate constant ratio
k,,/k,, = 253. This example points out that a critical interptitn of reactivity ratios
requires some knowledge of thelative monomer binding ability. In cases where the
binding is expected to differ significantly, assiggnthe reactivity ratios to differences in
kinetic parameters alone can be misleading. Singly, in this instance, the propylene
carbonate chain end shows little preference fag-dpening propylene oxide or styrene
oxide monomers, whereas, the styrene carbonata ehdi displays a slight tendency to

self-propagates cross-propagate.

Table 3 Terpolymerization Reactioffs.

feed (mmol) monomer/catalyst  reaction conversion (%)
entry SO PO SO PO time (h) SO PO
1 17.5 42.9 667 1632 3 2.8 13.7
2 21.9 35.7 833 1360 5 5.3 16.9
3 24.1 32.2 917 1224 3 0.3 6.3
4 26.3 28.6 1000 1088 4 2.6 16.1
5 30.6 21.4 1167 816 24 1.9 12.6

®Catalyst systemN,N’-bis(3,5-ditert-butylsalicylidine)-1,2-cyclohexanediaminocobalffd?,4-
dinitrophenoxide/PPN(2,4-dinitrophenoxide)1:1 nigétio, 2 MPa CQ@pressure, ambient
temperature.
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Table4 Monomer Content in Feed and Resulting Terpolymer.

mole fraction in feed mole fraction in polyrier y° X
entry SO PO SO PO (f-1)/F fIF
1 0.29 0.71 0.08 0.92 -2.24 0.50
2 0.38 0.62 0.13 0.88 -1.40 0.38
3 0.43 0.57 0.14 0.86 -1.12 0.29
4 0.48 0.52 0.18 0.82 -0.86 0.25
5 0.59 0.41 0.27 0.73 -0.45 0.18

®Determined by 1H NMR, b: F = mole ratio of SO/PJéard, f = mole ratio of SO/PO in polymer.

0 -

0.5 A
1 -

(f-1)

-1.5 \¢
2 -

_2.5 T T T T T 1

0 0.1 0.2 0.3 0.4 0.5 0.6

f/F>

Figure 6 Fineman-Ross analysis of PO/SO/@rpolymerization reaction at ambient
temperature. y =-5.3666x + 0.5043; R? = 0.9849.
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Finally, in terpolymerization processes involvinggot monomers of greatly
different binding abilities, where the strongerdimg monomer is more difficult to ring
open, no reaction takes place. For example, we fawnd that oxetane and propylene
oxide monomers do not undergo terpolymerizatiorhv@O, at modest temperatures
where oxetane, unlike propylene oxide, is resistantring-opening polymerization
because of its lesser strain energy. That is,ameeinhibits activation of propylene
oxide monomer due to its lack of a metal bindirtg ¢iecall relative pks of oxetane
and propylene oxide are 13.2 and 15%°° This is, of course, the necessity for carrying
out copolymerization reactions of epoxides with,@®weakly binding solvents, such as

methylene chloride or toluene.

Experimental Section
Spectral measurements

A calibration curve was initially made by deternmgithev,, of stretching
vibration in CR3OH dissolved in ten different amines with p¥alues in water spanning
the range 2.55 to 9.62. The difference betweervahge ofv,, of CH;OD in benzene,
determined to be 2667.4 ¢nand the corresponding,, value in the amines was
measured and plottaed the pK, of the amine (see Table 1 and Figure 4). As noted

Figure 4, there is a rough correlation betwAeg, and the amine pKwith a correlation

coefficient (R) of 0.9469. Similarly, the shifts of the, vibration in CHOD dissolved
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in the respective cyclic ether (~ 0.2 M) and thab@mzene were determined. From these

shifts and the calibration curve pKalues of the cyclic ethers were determined.

Terpolymerization reactions of styrene oxide/prepgl oxide and CO
(S,5)-N,Nbis(3,5-di-tert-butylsalicylidine)-1,2-cyclohexandiaminocobalt(l11)-
2,4-dinitrophenoxide (20.67 mg, 0.02627 mmalis(triphenylphosphine)iminium 2,4-
dinitrophenoxide(18.96 mg, 0.02627 mmol), styrem&@®(2.00 mL, 17.5 mmol) and
propylene oxide(3.00 mL, 42.9 mmol) were added i anL autoclave reactor which
had previously been dried for six hours. For ottepolymerization with different
SO/PO ratio, the SO and PO volume were varied totaia the total volume at 5 mL.
The reactor was pressurized to 2MPa with,@@d maintained at ambient temperature.
Subsequent to the allotted time, the reactor wasedsurized and a small aliquot was
taken to be analyzed byH NMR to calculate the conversion of styrene oxatel
propylene oxide. The reaction solution was dissblve CH,Cl, and added to c.a. 1M
HCI methanol solution to obtain pure polymer, whighs driedin vacuoat 40°C and

analyzed byH NMR and GPC.

Conclusion

We have revisited the Gortfyequation by assigning relative pkalues for
various common monomers employed in ring-openindyrperization processes
catalyzed by coordination metal complexes basethem respective shifts in the —OD

stretching vibration of CEDD vs that observed for benzene. Theppkalues for cyclic
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ethers were utilized in assessing the kinetsicthermodynamic components of the
reactivity ratios determined by a Fineman-Ross\amalfor two different monomers in
terpolymerization reactions with GQt was clearly illustrated that for cyclic ethevgh
significantly different pKs, the interpretation of the reactivity ratios cainbe simply

based on the rate constants for self- or crossagaion of polymer chains.
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CHAPTER IlI
AVAILABILITY OF OTHER ALIPHATIC POLYCARBONATES DERIVED FROM
GEOMETRIC ISOMERS OF BUTENE OXIDE AND CARBON DIOXIB

COUPLING REACTIONS*

Introduction

The copolymerization of epoxides and carbon dioxideselectively afford
completely alternating copolymers continues to halenging and important subject
for study. This is the consequence of this prdcebdity to provide value-added
chemicals from the recalcitrant G@nolecule, an abundant and renewable chemical
feedstock:®® Indeed, these polymerization processes have beemnercialized and
represent one of the most viable new uses of 0O large-scale industrial chemical
synthesi€® Although various epoxides have been shown to eébg undergo this C®
coupling process to afford copolymers, in manyadnses it is often accompanied by
formation of the thermodynamically more stable &ddiproduct, cyclic carbonafé’
These two competing pathways are illustrated ine8wh 9, specifically for propylene
oxide and CQ Recently, the use of bifunctional salen metédlgats have proven to be

very effective at selectively providing the kinetimduct, the copolyméf:+33¢:68

*Reproduced in part with permission from: “Availdtyi of Other Aliphatic
Polycarbonates Derived from Geometric Isomers deBe Oxide and Carbon Dioxide
Coupling Reactions.” Darensbourg, D. J.; Chung,GMAacromolecule®014, 47, 4943.
Copyright 2014. American Chemical Society.
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Scheme9

O
40 \J\O )k) poly(propylene carbonate)
n

A\ + CO, o)
O)J\O

0 /
\ \—Q propylene carbonate

In our continuing efforts to expand the scope obxeges that will efficiently
couple with carbon dioxide to selectively affordpotymers, herein we report on the
copolymerization reaction otis-2-butene oxide and GO(eq. 11)° In addition,
comparative studies of the coupling reactions of, @@h the other isomers of butene
oxide will be examined. These investigations stia@Kpand the range of thermal and
mechanical properties of copolymers available basedhis methodology, and hence
their applications. Indeed, it is of interest tonpare the large range of; Values
anticipated based on the differences in the chdnsicactures of the non-crystalline
copolymer materials derived from the isomeric forohdutene oxide. The copolymer
produced from 1-butene oxide and £@as previously been reported by Lee and
coworkers'® whereas, a brief mention of the successful capehzation of cis-2-

butene oxide (a meso-epoxide) and.®@s been cited by Nozaki and coworkérs.
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0 | VL 7
catalyst
AR o + CO, </O O)L% (eq. 11)

cis-2-butene oxide
(meso-epoxide)

Resultsand Discussion

In order to probe the steric effects of the substits on the epoxide monomer on
the selectivity of its coupling reaction with @Qo provide copolymer, we have
examined the process with four different butenedexisomers/derivatives. These
include cis-2-butene oxideH1l), trans-2-butene oxideER), isobutene oxideH3), and
2,3-epoxy-2-methylbutane E4), initially utilizing binary (salen)Co(lll) %) and
(salen)Cr(lll) @) catalyst systems (Figure 7). For both catalgtistemscis-2-butene
oxide was found to be the most reactive epoxidtefgroup (Figure 8)Cis-2-butene
oxide was the only epoxide among these four eporidaomers which reacted with
CO; in the presence of the cobalt catalyst sys2eah 40°C. In this instance, the overall
conversion was 59.2% with a selectivity for copotynformation of 75.4% along with
trans-cyclic carbonate. On the contrary, the chromiunaty catalyst systerth at both
40 and 70°C were efficient at coupling GCand epoxide&1, E2, andE3 to provide
exclusively cyclic carbonate products. Similartihie case of cataly®, catalystl was
completely ineffective at catalyzing the coupling monomer E4, 2,3-epoxy-2-
methylbutane, with C® Trans2-butene oxide afforded all trans-cyclic butene
carbonate, whereasis-2-butene oxide produced bottiss and transcyclic butene

carbonate in a ratio of 4:1 (vide infra) at“@
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cis-2-butene oxide trans-2-butene oxide isobutene oxide 2,3-epoxy-2-methylbutane
El E2 E3 E4
Binary cobalt catalyst system 2 Binary chromium catalyst system 1
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Figure 7 Coupling of CQ and different butene oxide isomers/derivatneecobalt or
chromium salen complexi
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Figure 8 Reactivity of different epoxides in coupling reactiwith CC,. All monomers,
exceptE4, provided cyclic carbonates wiCr catalystl at 70°C. Co atalyst2 afforded
a selectivity for copolymer of 75.4%. Reaction dibion: epoxide/catalyst/cocatalyst
500/1/1 for Co ) and 500/1/2 for Crl1), CO, 20 bar, 20 h.
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The bifunctional catalyst analogk3, and14 in Figure 9, have been previously
shown to exhibit significant improvement over thbinary analogs for the selective
production of copolymers from the coupling reacsionf several epoxides and
CO,. 1233988 gomewhat surprising, cataly$t was unreactive towards coupling £0O
and the epoxideE2 andE3. This is in sharp contrast with the binary chrom(lll)
catalyst systeml which effectively catalyzed the production of tw@responding cyclic
carbonates (Figure 10). This observation is predlyndue to steric inhibition of the
epoxide ring-opening process resulting from thdricted spatial requirements in the

metal salen ligand in bifunctional Cr catal{4t

O ey O

=N_ _N= NO> =N_ _N=
Co Cr
¢ /1N ¢ " RN ¢
Bu (0] (0] Bu Bu (e} (e} Bu
DNP NO, N3
Bu Bu

Bifunctional cobalt catalyst 13 Bifunctional chromium catalyst 14

Figure 9 Bifunctional cobalt(lll) and chromium(lll) catalyst
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Figure 10 Conversion of epoxidE2 andE3 coupling with CQ catalyzd by binar (1)
and bifunctional 14) chromium salen catalys

On the other hand, the cobalt(ll113) and chromium(lll) {4) bifunctional
catalysts were highly selective for producing cgpwr from cis-2-butene oxide an
CO; (Scheme 10 Under identical reaction conditions, catall4 was 79.0% selectiv
for affording poly(2butene carbonate), whereas catall was 100% selective fc
forming cyclic butene carbonate. Catall3 was found to exhibit excellt selectivity
and reactivity for the coupling (cis-2-butene oxide and GQ@o poly(2butene carbonatt
at 40°C. These results are summarizeTable 5 Although the bifunctional chromiu
catalyst {4) was slighly less effective at couplincis-2-butene oxide and C, at 70°C
than its binary analodl), unlike the¢ catalystl system which afforded cyclic carbon:i
exclusively, the catalyst4 was 79% selective for copolymer formatidrable5, entry 1

vs Table 6 entry 8). The bifunctional cobalt catalyl3 was quite effective ¢
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copolymerizingcis-2-butene oxide and GQo provide 100% selectivity for copolymer
at 40 oC (Table 5, entries 2 - 4). Upon increasimgreaction temperature to %0, the
% conversion increased with a decrease in selgctti copolymer production (Table 5,

entry 5).

Scheme 10 Coupling ofcis-2-butene oxide and GQo provide poly(2-butene carbonate)
with cis andtranscyclic butene carbonate(BC) byproducts.

(0] O
O
/&\ . co, Catalyst AOJW/O* . ﬁ)_j\& . O)I\o \
n JUAN

cis-2-butene oxide poly(2-butene carbonate) butene ggrbonate butenetrggfbonate

Table 5 Copolymerization of C@andcis-2-butene oxide utilizing bifunctional cobalt
and chromium salen catalysts.
polymer

Temp time Conv. TOF - n Ty

entry catalyst i selectivit PDI
PEER o m o e T (koa) (C)
1 14 70 20 551 276 79.0 45 1.08653
2 13 40 24 673 280 > 99 139  1.0569.0
3 13 40 12 590 492 > 99 11.6  1.0467.9
4 13 40 6 463 771 > 99 11.1  1.0465.5
5 13 70 6 745 1242 65.0 139 1.1268.0
”1"3)2 40 48 495 103 93.1 48 1.0563.6

2 CO, 20 bar, monomer/catalyst = 100071Determined by NMR® (R,R-, (S,S)-, and R,9- backbone
mixture.

Non-crystalline polymeric materials all experierglass transitions which result
in changes in polymer properties such as thermpam@sion, specific heat capacity or
modulus. Since the glass transition temperatusensitive to chemical structure, there

is expected to be a difference ig Values for poly(2-butene carbonate) and poly(1-
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butene carbonate). As indicated in Table 5, tassgtransition temperature of poly(2-
butene carbonate) is about &8, or some sixty degrees higher than that repdded
poly(1-butene carbonate) of°@.° It is also of interest to compare the effect ddiag
methyl substituents to the copolymer backbone cbaithe §. This is illustrated below
where the T values increases from I& for poly(ethylene carbonate) to 86 for
poly(propylene carbonatéy.”* Upon addition of a second methyl group in poly(2eme

carbonate) the Jlincreases by about 3G.

0 0 0 0 /(/
o % Aoj\/ % /(J\OJ\( % o 0%

poly(ethylene carbonate)  poly(propylene carbonate)  poly(2-butene carbonate)  poly(1-butene carbonate)
T,=18°C Ty=36°C T,=68°C T,=9°C
As is apparent in Table 5, entries 1 and 5, catalpins at 70°C utilizing

catalystsl4 and 13 resulted in formation of copolymers of greatlyfelient molecular
weights. That is, the chromium derivativigl) afforded a polymer with a Mvalue of
4.5 kDa, whereas the cobalt catalys?)(yielded a polymer with IMequals 13.9 kDa.
This cannot be accounted for by the lower levetaiversion for the4 catalyst alone
(55.1 vs 74.5%), and would strongly suggest tharehis more adventitious water
present in the chromium catalyzed process. The @R€es are consistent with this
interpretation as seen in Figure 11, where a biinoddecular weight distribution is
observed with a sizable tailing for the chain-tfangenerated copolymer. On the other
hand, the copolymer produced from the bifunctiomalbalt catalyst displays a

monomodal molecular weight distribution.
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30 - e hifunctional Co catalyst
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Figure 11 The GPC traces of poly(2-butene carbonate)s frobiela entry 1(blue) and
entry 5 (red).

The *3C NMR spectrum of poly(2-butene carbonate) in thebonate region
exhibits several overlapping peaks indicative oftactic polymer (Figure 12). That is,
there was no stereoselectivity in the epoxide opgning step, utilizing stereospecific
catalysts with eitheR,R- or S,Scyclohexylene diamine backbones. A catalytic run
employing a mixture version of the catalyst (Tab)eentry 6) which was less effective,
provided a copolymer with the sar®€ NMR spectrum as that shown in Figure 12a.
The complex®™C NMR spectrum in the methine carbon region of (lyutene

carbonate) is also provided in Figure 12b.

(o]
@) «ko&% (b) gkokfogﬁ

—— T e B e s S S S S N AL A A
154.5 154.0 153.5 75.5 75.0 74.5
Chemical Shift (ppm) Chemical Shift (ppm)

Figure 12 **C NMR spectrum of (a) the carbonate carbon anth@)methine carbon of
poly(2-butene carbonate) from Table 5 entry 2.
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In studies addressing the synthesis of cyclic qzates fromtrans2-butene
oxide and CQ@catalyzed by iron(lll) amino triphenolate complsx&leij and coworker
have prepared bottis andtrans cyclic butene carbonate in different ratio depagdn
reaction condition&’ These researchers demonstrated that with higlatalyst loading
and higher reaction temperatures, more trans butangonate was formed, e.g., a
[cocat]/[Fe] = 2.5, the product was mostly the sravarbonate. In the work presented
herein, catalyzed by chromium salen complex beasimg chloride with two equivalent
PPNN; cocatalysttrans cyclic butene carbonate was also the dominantymtoftom
trans-2-butene oxide and GO At 40 and 60C, nocis butene carbonate was observed,
with thecis butene carbonate observed at’80in very low yield (1.4 %). On the other
hand, coupling otis-2-butene oxide and G@ave botlris andtrans cyclic carbonates
in addition to poly(2-butene carbonate) (Scheme l@jerestingly, when catalyzed by
the binary Cr catalyst, the major product wasis cyclic carbonate, but with the more
polymer selective bifunctional catalyst8 and14 (Table 5, entries 1, 5, 6), the cyclic
carbonates generated were all of ttems form. These observations indicated that with
binary Cr salen catalyst, carbonate back-biting dominated, resultingcia cyclic
carbonate (Scheme 11), and the leaving group dmaileither the polymeric alkoxide or
the initiator, azide or chloride. On the contraalkoxide back-biting, which generates
trans cyclic carbonate, was the only process observetth Wwifunctional catalysts.
Depolymerization of poly(2-butene carbonate) byc@talystl gave only trans cyclic
butene carbonate (Scheme 12). This observati@onsistent with back-biting of the

alkoxide polymer chain end group to yididhns butene carbonate and explained the
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selective production of thigans cyclic carbonate product from reaction catalyzgd®

and 14 which were selective for copolymer formation.

lal the result reported by

Kleij and coworkers, temperature did not have aifcant effect on the cis/trans ratio

(Table 6), but affected the polymer selectivity egected, i.e. higher temperature

resulted in lower polymer selectivity. In additicat, 60°C, increasing the CQpressure

gave higher polymer selectivity and more trans icychrbonate (Table 6, entries 4-6).

The data in Table 6 are represented as a bar grdpgure 13.

Table 6 Binary chromium salen compléxcatalyzed coupling of CCandcis-2-butene

oxide at different temperatufe.

Entry Tgmp Time ConV’ CisBC TransBC Pol_yr_ner
(°C) (h) (%) (%) (%) selectivity (%)

1 30 72 39.7 80.1 19.9 33.7
2 40 12 9.2 85.6 14.4 28.2
3 40 20 45.8 80.0 20.0 22.3
4 60 12 57.3 72.8 27.2 15.2
5 60 12 80.6 76.0 24.0 0.0
6 60 12 70.1 65.6 34.4 13.6
7 60 20 97.9 77.2 22.8 0.0
8 70 20 > 99 85.4 14.6 0.0
9 80 12 98.6 83.4 16.6 0.0

3CO, 20 bar, monomer/catalyst = 10007Conversion otis andtrans butene carbonate and poly(2-

butene carbonate). Determined by NMRO, 10 bar%CO, 30 bar.
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Figure 13 Conversion otis-2-butene oxide to different products in the presaric
catalystl.

Scheme 11 Back-biting from alkoxide and carbonate to fotrans-butene carbone and
cis butene carbonate, respectiv
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Scheme 12 Depolymerization of poly(-butene carbonate) dyat 110°C.
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Experimental Section
General information

All manipulations involving air- and/or water-setng compounds were carried
out in a glove box under an argon atmosph€re2-butene oxide (Alfa Aesar)rans2-
butene oxide (Alfa Aesar), isobutene oxide (AlfasAg and 2,3-epoxy-2-methylbutane
(Alfa Aesar) were stirred over CaHdistilled, and stored in an argon-filled glovebox
Research Grade 99.999% carbon dioxide supplied imgh-pressure cylinder and
equipped with a liquid dip tube was purchased frAimgas. The CQ was further
purified by passing through two steel columns pdckéth 4 A molecular sieves that
had been dried under vacuum>a200 °C. High pressure stainless steel reactors were

previous dried at 17%C for 6 h.

Representative coupling reaction of cis-2-butendeand CQ

The coupling reactions of the four epoxides angd @€ére carried out in a similar
manner utilizing either binary or bifunctional dg&ts 1, 2, 13, 14. For example, 9.1 mg
of the cobalt catalys? (11.5umol, 1 eq), 8.3 mg of PPNDNP (11ufol, 1 eq) and 0.50
mL of cis-2-butene oxide (5.73 mmol or 500 eq) were chamged12 mL stainless steel
autoclave reactor. The following loading were emngptbfor binary chromium cataly4t
epoxide/Cr/cocatalyst = 500/1/2, and for bifunciibncatalysts 13 and 14,
epoxide/catalyst = 1000/1. The reactor was preasdiio slightly less than 2.0 MPa and
heated to the desired temperature in an oil batth mvagnetic stirring. After the required

reaction time, the reactor was cooled %) depressurized, and'ld NMR spectrum of
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the crude reaction mixture was obtained. The cme@etion mixture was dissolved in
CH.Cl, and added to about 1M HCIl/methanol solution tongbuethe reaction and

precipitate any copolymer formed. The supernata@iiidethanol solution was removed
and the polymer precipitate was re-dissolved imldiomethane and reprecipitated from
methanol. The resulting copolymer was obtained &wyaving the supernatant and

subsequently dried in vacuo at ¥Dfor further analysis by GPC and DSC.

Conclusion
This study has focused on the use of binary andnbifonal chromium and

cobalt salen catalysts for the coupling of £&hd di-substituted epoxides to provide
either copolymers and/or cyclic carbonates. Hergamhave reported that among the di
substituted epoxide§l — E3, isobutene oxideH3) bearing two methyl substituents on
the same carbon center was the least reactivethdfaorore, betweenis- andtrans2-
butene oxidesH1 and E2, respectively), thecis isomer was more active. This is
consistent with the nucleophile being less hinddrngdhe methyl group on the adjacent
carbon during the epoxide ring-opening stépnly cis-2-butene oxide was selective in
the coupling to C@to produce polycarbonatesvith the other epoxides affording the
corresponding cyclic carbonates. The tri-subgidu®,3-epoxy-2-methylbutane was
unreactive under the conditions of this investigaticonsistent with the low reactivity of
the epoxide obtainable from a renewable resoutitepnene oxide £5), with CO."
The production ofcis- or trans-cyclic carbonate frontis-2-butene oxide and carbon

dioxide was found to be highly dependent on thelgst as well as the reaction
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conditions, with binary catalysts favoring formatiof thecis isomer and bifunctional
catalysts showing a high preference fortiiamsisomer. The copolymer produced from
cis-2-butene oxide and GChas a § of 68 °C, which is 30°C higher than that of
polypropylene carbonate. Further, this glass tti@anstemperature is 60 degrees higher
than the § of poly(1-butene carbonate). In addition, polp{Zene carbonate) is also
less resistant to changes in shape than polypmogytarbonate, exhibiting a fracture

strain value of approximately 3.0 compared to 81Qpblypropylene carbonafé.

H3C

)
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CHAPTER IV
CATALYTIC COUPLING OF CYCLOPENTENE OXIDE AND CQUTILIZING
BIFUNCTIONAL (SALEN)Co(I1l) AND (SALEN)C(Ill) CATALYSTS:

COMPARATIVE PROCESSES INVOLVING BINARY (SALEN)@II) ANALOGS*

Introduction

The coupling of carbon dioxide and oxiranes (epegjdto afford either linear
polycarbonates or five-membered cyclic carbonagpsasents encouraging technologies
for CO, utilization (eq. 12f. Of importance, these processes designed for catioaide
capture and utilization (CCU) involve carboxylatiogactions which are less energy
intensive than C@reduction processés. Each of these processes have the potential for
significantly contributing to a sustainable cherhigadustry. The selectivity of the
reaction depicted in equation one for linear orlicygroduct can presently be tuned by
the appropriate selection of catalyst and/or reactconditions. Until recently,
cyclohexene oxide has been the oxiranes monomehate by researchers for nearly
every catalyst screening for the copolymerizatisocpss. That is, researchers have
typically used this cyclic ether monomer as a bemalk in order to demonstrate the

viability of their catalyst for the Cfepoxide copolymerization reaction.

*Reproduced in part with permission from: “Cataty€oupling of Cyclopentene Oxide
and CQ Utilizing Bifunctional (salen)Co(lll) and (salen)(@it) Catalysts: Comparative
Processes Involving Binary (salen)Cr(lll) AnalogBarensbourg, D. J.; Chung, W.-C,;
Wilson, S. JACS Catal2013, 3, 3050. Copyright 2013. American Chemical Society.
Results of the coupling reaction by binary chromisaten catalyst mentioned here for
comparison is from Stephanie Wilson and was inaudeher dissertation.
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Cyclohexene oxide is an inexpensive, easy to hamdkerial that yields high selectivity
for polycarbonate over cyclic carbonate for mosalyat systems under a broad range of
reaction conditions. As such, many researchers hagerrectly generalized their
catalyst's high selectivity for production of patyclohexene carbonate) to be

translatable to all other potential monomers.

X
(o) . co, catalyst /<o o\]%/ + O (0] (eq. 12)
R R O R

Computational studies have shown this low prefexefioc carbonate chain-end
backbiting to produce cyclohexene carbonate in th&ance is due to the linear
polycarbonate having to undergo an endergonic corgtonal changechair to boaj of
4.7 kcal-mof* before traversing the activation barrier of 21dalkmol* for cyclic
carbonate formatioff Thus, this high selectivity for copolymer formatids not
necessarily typical even for all alicyclic oxiranesideed, the product selectivity for the
coupling of CQ with cyclohexene oxide and cyclopentene oxide Jsten)CrCl and
an onium salt catalyst system is starkly differenqugh the monomers differ by only
one methylene groufy:"® Herein, we have shown that cyclohexene oxideG®g will
combine to form poly(cyclohexene carbonate) witl9%electivity (< 1%trans
cyclohexene carbonate byproduct), cyclopenteneeoaitd CQ will instead formcis-

cyclopentene carbonate with 100% selectivity (Sahég).
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There are a few published reports for the prodactid poly(cyclopentene
carbonate) from the completely alternating copolyeation of cyclopentene oxide and
CO, involving zinc-based catalysts/?®° Recently, Lu and co-workers have published
the successful synthesis dotactic poly(cyclopentene carbonate) employing chiral
dinuclear cobalt(lll) complexes as cataly$tsBecause of the significant improvements
in catalytic activity, we and others have experezhaising bifunctional (salen)Co(lll)
catalysts for selectively providing copolymers owsclic carbonates, we choose to
investigate herein the preparation of poly(cycldpae carbonate) utilizing these
catalyst system&:**%® Lu and coworkers have shown that bifunctionahlyats such as
illustrated in Figure 14 exhibit a larger differenio the energies of activation for cyclic

vs copolymer formation than their binary (salen)Cifdhium salt counterparfs.
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Figure 14 Asymmetric bifunctional (salen)Co(lll) catalyst adoped by Lu and
coworkerst®

An added interest in developing good synthetic wdshfor the preparation of
poly(cyclopentene carbonate) stems from the faat this copolymer can be easily
depolymerized to its monomers, cyclopentene oxidd €Q."""® Although most
polycarbonates derived from carbon dioxide and mesx can be degraded to their
corresponding cyclic carbonate, copolymers capalblendergoing depolymerization
which lead to a regeneration of their monomersasgmt the ideal method for recycling
these materials. Indeed, depolymerization pathwdythis type greatly enhance the

sustainability of the process.

Resultsand Discussion

As noted earlier in Scheme 13, comparative coupleagtions of cyclohexene
oxide/CQ and cyclopentene oxide/G@ere carried out in the presence of (salen)CrCl
and two equivalents of PPNMt 80°C and 3.5 MPa. The preformed (salen)Cr(lll)
complex under these reaction conditions is aniaroataining two azide ligands. The
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reactions were monitored Lin situ infrared spectroscopy in the carbonate stretc
region as depicted ifigure 15 This study clearly contracts the twoocesses, with
cyclohexene oxide/CO coupling highly favoring copolymer formation, a

cyclopentene oxide/C{Zoupling leading exclusively to cyclic carbonateguction
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Figure 15 Product growth traces for the coupling of tilicyclic epoxides (CHO an
CPO) and C@ utilizing in situ ATR-FTIR spectroscopy(a) 99% selective PCHI1
growth at 1750 ci and < 1%transCHC at 1810 ci as confirmed by'H NMR. (b)
100% selectivity for CPC at 1804 ™ as confirmed byH NMR. Reactiorconditions:
500 eq. epoxide (15 mL), 1 eq. (salen)CrCl, 2 &NRKs, 3.4 MPa C@, 80°C, 3 hours.

In a separate series of experiments, the catatgtipling of cyclopentene oxic
and CQ to afford cis-cyclopentene carbonate using (salen)CrCl n-Bus;NCl was
monitored byin situ infrared spectroscopy at several temperatures. obiserved rat
constants (fs9 found inTable 7 were determined from plots of In{A)/Ai] versus
time in seconds, where; /& the alsorbance of cyclic carbonate at time = infinity ak;
is the absorbance of cyclic carbonate at 180™ at time =t (Figure 16 The activatior
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energy, k&, of the coupling reaction was determined fromdlope of the corresponding
Arrhenius plot (Figure 17). The direct couplingayclopentene oxide and G@ form
cis-cyclopentene carbonate utilizing (salen)CrCl hasaetivation barrier of 72.9 £ 5.2
kJ/mol. Thecis-nature of the product was confirmed both Y NMR and X-ray
diffraction analysis of single crystals grown frdhe final product mixture (Figure 18).
Separate attempts were made to produmes-cyclopentene carbonate frotrans1,2-
cyclopentanediol and ethyl chloroformate, but thesee unsuccessful. This is due to
the extreme angle strain at the bridgehead carliokéng the fused 5-membered
rings/®™® Transisomers are possible for the corresponding trithibonate,

however’ 8182

Table 7 Observed rate constants for the coupling of cycitgree oxide and CQo
afford cis-cyclopentene carbonate.

Temperature (°C) Kapsa X 10° (s1)
43.0 5.80
53.0 12.8
63.0 23.5
73.0 63.8

8CPO: (salen)CrCIn-Bu,NClI equals 500:1:2 in the absence of added sobtedits MPa C@pressure.
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Figure 16 Kinetic plots of In[(A-A)/A{] vs. time forcis-cyclopentene carbona
production. Red (43.2C), Blue (53.C°C), Yellow (63.0°C), and Purple (73.°C).
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Figure 17 Arrhenius plot oicis-cyclopentene carbonate production in the preseh
(salen)CrCih-BusNCI. R = 0.989.
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Figure 18 Thermal ellipsoid representation @é-cyclopentene carbonate with ellipsoids
at 50% probability surfaces. At right, looking dowhe plane created by C2-C1-C3-C5
to show the near-planarity of the cyclic carbomatg (01-C1-C2-02 = 0.34Y.

The reaction pathway for the formation of cyclome® carbonate in the
presence of C&(3.5 MPa) is proposed to procead backbiting by a free carbonate end
group following epoxide ring-opening by chloridedacarboxylation (eq. 13). This
pathway is most likely sincao copolymer chain growth was observed during cyclic
carbonate formation. Furthermore, it has been shopexperimental and computational
studies that the activation barrier for the badkpitprocess involving the carbonate
polymer chain end is significantly higher than tfatthe process illustrated in equation
137%™ High level ab initio calculations reveal this pathway to have\@ of 57.3
kJ/mol which is consistent with the activation gyyemeasured herein when considering

the positive entropy of activation expected for pinecess in equation 13.
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By way of contrast, we have initiated studies mitilg the bifunctional
(salen)Cr(lll) analog of the binary system usedha preceding coupling reaction of
cyclopentene oxide and GOThe (salen)Cr(lll) complexlb) depicted in Figure 19 was
shown to be selective for copolymer formation eseelevated temperatures. Although
we have not optimized the reaction conditions,adive hour reaction of cyclopentene
oxide and 2.0 MPa Cgat 100°C, the TOF for copolymer production was 50:3with
94.3% selectivity. For an epoxide:catalyst loadired 1000/1, the afforded
poly(cyclopentene carbonate) following 25.1% cosiar displayed a Iylof 11900 with

a PDI of 1.10.

—=N_ _N=
Cr
RN
Bu‘—do o} '‘Bu
N3
Figure 19 Asymmetric bifunctionalR,R-(salen)CrN catalyst15.

The bifunctional (salen)Cr(lll) catalyst system wimoin Figure 19 shows the

azide anion ion-paired with the ammonium catiomfdgtunately, we have thus far been
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unable to obtain single crystals for X-ray struatuanalysis, however, the solution
structure clearly indicates the azide ion is botmthe chromium center, similar to what
is observed in the binary catalyst system in bbéhsolid-state and in weakly interacting
solvents’® That is, the infrared spectrum in dichloromethafiecomplex 15, like its
binary analog compleg, was shown to haveo free azide band at 2000 ¢rand metal
bound azide bands at 2044 tmith a shoulder at 2060 ¢has illustrated in Figure 20.
This is an important observation, for it indicatke metal is the preferred site for anion
binding, where, during the polymerization reactitiee anion is the growing polymer
chain. Furthermore, the infrared spectra of compandl1 (shown in Figure 21) in
pure cyclopentene oxide clearly show that undemtidal reaction conditions, the initial
azide epoxide ring-opening step is faster in timatyi catalytic process. It is important to
note, however, that this step is not rate limitimghe coopolymerization process, which
is, in the presence of high G@ressures, ring-opening of the metal bound epokide

the growing polymeric carbonate chain.
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Figure 20 IR spectra of (¢ binarybis-azide chromium catalydtin dichloromethan: (b)
bifunctional chromiumcatdyst 15 in dichloromethane, (c) binatyis-azide chromiun
catalyst1 in cyclopentene oxide after 40 min. at ambient temperat. and (d)
bifunctional chromium comple 15 in cyclopentene oxide after 40 mint at ambient
temperatureThe asterisk (*) inc) and (d) represents th@l3 vibration in the rin-

opened epoxide.

—le

—N N3 N=

r]'BU4N(-D

Figure 21 Binary R,R-(salen)Crl/n-BusNNj3 catalyst system.

As anticipated, based on copolymerization studieslving otherepoxides, the

(R,R-cobalt(lll) analog of the bifunctional chromium{llicatalyst, comple»16, was
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found to be significantly more active for selectipeoduction of copolymer from
cyclopentene oxide and G@han complexi5.? For example, for a five hour reaction
carried out at 76C and 2.0 MPa, the corresponding TOFs were 6520 K (Table 8
and 9). Table 8 lists the effects of temperatG@@; pressure, reaction time, and catalyst
loading for the copolymerization of cyclopentenadexand CQ in the presence of
complex16 (eq. 14). As noted in Table 2, upon increasing rtbaction temperature
from 40 to 70°C (entries 1-3, the catalytic activity increased along with thelecular
weight of the copolymer. However, a further ine®@an temperature to 16C (entry 4
led to a significant decrease in catalytic activigpncomitantly with a decrease in
selectivity for copolymer production (62% seledfyi as compared with > 99%
selectivity at the lower temperatures. The drogdactivity is the result of catalyst
instability at this elevated temperature. Althoulére is a slight increase in copolymer
production with increasing GOpressure dntries 5-F, clearly the process can be
performed successfully at a modest pressure dfAP.8 with little loss in activity. There
was good molecular weight control as indicateéniries 3, 8and9 where an increase
in reaction time led to an increase in % conversama corresponding Mvalues.
Furthermore, albeit the copolymers exhibited a ladanolecular weight distribution
(Figure 22), the measured molecular weights were gnossly different from those
calculated based on each cobalt center averagiagoblymer chains. Additionally, a
decrease in catalyst loadingngries 7-10 had no negative effect on TOFs oy, kind
PDI. The T, of the high molecular weight copolymengry 9 was found to be 84 .%,

considerably lower than the 1€ value reported for its cyclohexene oxide derived
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analog®® The °C NMR spectrum of the synthesized poly(cyclopenteagbonate) is
shown in Figure 23, indicative of an atactic copoty as previously reported by Lu and

coworkers utilizing similar catalysté.

RI

12 13 14 15 16
Retention Volume (min)

Figure 22 GPC trace of poly(cyclopentene carbonate) from d&aBl entry 9
Deconvolution of the two overlapping peaks reveadlesl smaller peak to account for
10% of the total area.

O
catalyst 16 ,QO O\ﬁ/ (eq. 14)
+ co, — = U I n
catalyst 16 = DNP = o@

—=N_ _N= NO;
Co/
t 7N t
Bu (@] @] Bu
DNP NO,
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Table 8 Effects of variables on the copolymerization oflopentene oxide and GO

Temp Pressure Time Conv. TOF M,°

Entr ] PDI
Y (°C) (MPa) (h) (%) (h™) (Da)

1 40 2.0 5 9.43 18.9 5680 1.04
(6035)

2 50 2.0 5 20.9 41.8 9380 1.10
(13376)
19300

7 2. 28.2 . 1.1

3 0 0 5 8 56.5 (18048) 0

4 100 2.0 5 10.8 21.6 7410 1.20
(10432)

5 70 1.0 5 30.5 61.0 17620 1.08
(19520)

6 70 1.5 5 28.0 56.0 15250 1.13
(17920)

7 70 2.5 5 36.8 73.5 20450 1.06
(23552)

8 70 2.0 2 21.6 108 12220 1.06
(13824)

9 70 2.0 10 44.1 44.1 27000 1.05
(28224)

10 70 2.0 5 18.3 73.3 18100 1.06
(23424)

@ Catalyzed by catalyds.Catalyst loading = 1000/1. Polycarbonate seldagtiwer cyclic
carbonate for all entries is >99% except for edtwhich is 62%"Theoretical values provided in
parentheses’Catalyst loading = 2000/1.

For comparative purposes, we have examined thdingugf cyclopentene oxide
and CQ with various catalyst systems under similar reacttonditions. These are
tabulated in Table 9, where compleX&sand8 are illustrated in Figure 24. As seen in
entries 3-5 the bifunctional chromium catalysiiy) is thermally more stable than
complex 16, maintaining good catalytic activity at 12Q. Nevertheless, as would be
expected, there is a loss in copolymer selectwitthis elevated temperature. Finally, it

is noted, as previously reported, that there israetation between the bulkiness of the
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ligand tethered ammonium ion and catalytic actiaptries 1, 6and 7), with greater

steric bulk leading to greater reactivify.

Table 9 Coupling of cyclopentene oxide and £€atalyzed by different bifunctional

catalysts.
polymer
Entry catalyst teomp C;) n T?bF . M, PDF  selectivity
C) ) (h) o
(%)
1 16 70 28.2 56.5 19300 1.10 > 99
2 15 70 1.1 2.2 N/A N/A > 99
3 15 100 25.1 50.3 11900(16064) 1.10 94.3
49 15 100 194 38.8 8550 1.13 92.6
5 15 120 26.7 53.5 15400 1.16 75.8
6 13 70 38.3 76.6 18500 1.12 88.5
7 8 70 0.3 0.6 N/A N/A > 99

2CPO/catalyst = 1000/1, GQ.0 MPa."Determined byH NMR. ‘Moles of CPO converted/moles
catalyst/time.“Determined by GPCPolycarbonate/(polycarbonate + cyclic carbonad@alculatec
value. °CO, 1.5 MPa.
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Figure 23 **C NMR spectrum of poly(cyclopentene carbonate) fitable 8 entry 9
Methine region (left) and carbonate region (right).

_N\CO/N_ _N\CO/N_ O@
SNl \_/ \ /7 \_ /i - NO
O X O . \ / . (o] X O X 2

NO,
o\® 8 o\®

Figure 24 Asymmetric bifunctional (salen)Co(lll) catalysts veééoped by Lu and
coworkers®?

Experimental Section
General information
All manipulations involving air- and/or water-seting compounds were carried

out in a glove box under an argon atmosphere dr sténdard Schlenk techniques under
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dry nitrogen. Toluene was distilled from sodiunmbephenone and stored in an argon-
filled glovebox. Cyclopentene oxide (GL Biochemhéfghai), Ltd.) was stirred over
CaH,, distilled, and stored in an argon-filled gloveboxTetran-butylammonium
chloride (Aldrich) was recrystallized from acetahethyl either before use and stored in
an argon-filled glovebox. (R,R}N,N’-bis(3,5-ditert-butylsalicylidene)-1,2-
cyclohexanediaminochromium(lll) chloride, (saler@Grwas purchased from Strem,
stored in an argon-filled glovebox, and used a®ived. Research Grade 99.999%
carbon dioxide supplied in a high-pressure cyliraled equipped with a liquid dip tube
was purchased from Airgas. The £Was further purified by passing through two steel
columns packed with 4 A molecular sieves that hegnbdried under vacuum at200
°C. High pressure reaction monitoring measuremergie performed using an ASI
ReactIR 1000 reaction analysis system with a 300 stainless steel Parr autoclave
modified with a permanently mounted ATR crystal&mp) at the bottom of the
reactor (purchased from Mettler Toledo). Infrasgmbctra were recorded on a Bruker

Tensor 37 spectrometer in Gasolution cells with a 0.1 mm path length.

X-ray crystal study

For the crystal structure afs-cyclopentene carbonate, a Bausch and Lomb 10x
microscope was used to identify suitable cryst@lssingle crystal sample was coated in
mineral oil, affixed to a Nylon loop, and placedden streaming N(110 K) in a single-
crystal APEXii CCD or Bruker GADDS/Histar diffraateeter. X-ray diffraction data

were collected by covering a hemisphere of spaan igpmbination of three sets of
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exposures. The structure was solved by direct oglsth H atoms were placed at
idealized positions and refined with fixed isotpilisplacement parameters and
anisotropic displacement parameters were emploge@lf non-hydrogen atoms. The
following programs were used: for data collectiow aell refinement, APEX%*? data
reductions, SAINTPLUS, version 6.63° absorption correction, SADAB&* structure

solutions, SHELXS-97% structure refinement, SHELXL-9%*

Synthesis of bifunctional catalysts

Asymmetric _salen ligandsL (). Asymmetric bifunctional ligandL1 was

synthesized following the literatuté.However, instead of bearing two cyclohexyl
groups and one methyl group on ammonium, the ligalntdined had one cyclohexyl
group and two methyl groups. In the deprotectiap gb convert methoxyl group to
hydroxyl group on the phenyl ring using BBone cyclohexyl group on amine was
shown to be replaced by hydrogen, making a secgratame as outlined below. In the
following formylation step, this secondary amineaated with formaldehyde and
underwent reductive amination to give a tertiaryirewith one methyl group and one
cyclohexyl group’H NMR (300 MHz, CDCJ): § 8.34 (s, 1H), 8.29 (s, 1H), 7.32 (d, 1H,
J =3 Hz),7.18 (d, 1H, J = 3 Hz), 7.07 (d, 1H, 3 Hz), 7.00 (d, 1H, J = 3 Hz), 3.52 (m.
3H), 3.29-2.41 (m, 2H), 3.24 (s, 3H), 3.19 (s, 3R¥2 (M, 2H), 2.09 (m, 4H), 1.89 (m,
6H), 1.75-1.63 (m, 4H), 1.40 (br s, 15H), 1.249H), 1.22 (s, 9H) ppm*3C NMR (75

MHz, CDCk): 6 165.54, 165.17, 157.96, 141.40, 140.06, 136.58.413 126.86, 126.81,

126.12, 126.10, 125.82, 72.91, 72.28, 71.77, 6248204, 34.96, 34.07, 33.91, 33.50,
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32.98, 31.44, 31.37, 29.37, 27.32, 26.29, 25.18612424.31, 24.17, 22.27 ppm. MS

for(L1-1"): m/z = 658.5011.

¢

o~ /O OH 9 oH N =
-
NH N

?MN e, ?/\A CO), K?/\/\ . %—Q&H o

s 2O
/ N\

Bifunctional chromium catalysil5. Bifunctional chromium catalysfi5 was

synthesized via a modified literature procedir03 mg of ligand_1 (0.131 mmol, 1
eqd.) and 19.5 mg chromium(ll) chloride (0.158 mnibR eq.) were dissolved in THF
and stirred for one day under Ar and another dageurair. After being washed by
NH4Cl and NaCl aqueous solution, the reaction mixtwas dried, redissolved in
acetonitrile and transferred to a Schlenk flaskgbd with 51.4 mg AgBH0.263 mmol,
2 eq.). After one day stirring in the dark, theatéan mixture was filtered into another
Schlenk flask with 51.4 mg sodium azide (0.788 mnéokq.) and stirred for one day.
Subsequently, the solvent was remowedsacuoand the mixture was redissolved in
dichloromethane. After being washed by NaCl aquesoltion, the solvent was
removedin vacuo overnight affording 61.3 mg chromium cataly$ (0.0773 mmol,
58.8 % yield). MS for 15-N3): m/z = 750.4571, forl6-2(N3)): m/z = 354.2231. Anal.
Calc. for GHgOs: C, 65.1; H, 8.39. Found: C, 64.33; H, 8.38.

Bifunctional cobalt catalysi6. This complex was synthesized following the

literature procedure starting from 29.6 mg of ctlbtidlacetate (0.165 mmol, 1.3 eq) and
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99.9 mg ofL1 (0.127 mmol, 1 eq). The yield of compl&&was 81.9 mg (0.0757 mmol)

or 59.5%.

Coupling of cyclopentene oxide and £263ing binary chromium catalyst

72.5 mg (salen)CrCI (114.4mol) and 133.4 mg PPNN229.2 umol, 2 eq.)
were charged in a vial, dissolved in dry £, and allowed to stir at room temperature
under argon for ~30 minutes in order to activatectitalyst. The solvent was thoroughly
removedn vacuq and the vial was charged with 15.0 mL dry cyclipee oxide (171.9
mmol, 1500 eq.). The homogeneous solution wasuated into a 300 mL stainless
steel autoclave with a permanently mounted SiComystal. The reactor was
pressurized with 3.4 MPa GQ@nd heated to 88C. The course of the reaction was
monitored for 3 hours. The system was cooled toréemperature, depressurized, and
both '"H NMR and FT-IR spectra were obtained of the cruegction mixture. 56%

conversion tais-cyclopentene carbonate was observed ffaMNMR.

Cis-cyclopentene carbonate

Following the completion of the coupling of CPO a@®,, the mixture was
concentratedn vacuq redissolved in dichloromethane, and passed tlhraaugshort
column of silica gel in order to remove residudlabgst and cocatalyst. Clear, slightly
colored crystals were grown from slow evaporatiérihe resulting solution'H NMR
(300 MHz, CDC}): 8 3.39 (s, 2H), 1.94 (dd, 2H, J = 5.1, 7.8 Hz), 11454 (m, 3H),

1.23-1.34 (m, 1H) ppm.**C NMR (125 MHz, CDGJ): § 155.6, 82.0, 33.2, 21.6 ppm.
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FT-IR vcosl 796 cm' (CH,Cl,); 1838sh, 1807 cth(C;Hg). Anal. Calc. for @HgOs: C,

56.24; H, 6.29. Found: C, 56.22; H, 6.15.

Coupling of cyclohexene oxide and £0O

62.5 mg (salen)CrCl (98.8mol) and 115.0 mg PPNN197.7umol, 2 eq.) were
charged in a vial, dissolved in dry @El,, and allowed to stir at room temperature under
argon for ~30 minutes in order to activate the gatalThe solvent was thoroughly
removedn vacuq and the vial was charged with 15.0 mL dry cyclsre oxide (148.3
mmol, 1500 eq.). The homogeneous solution wasuated into a 300 mL stainless
steel autoclave with a permanently mounted SiComystal. The reactor was
pressurized with 3.4 MPa GQnd heated to 88C. The course of the reaction was
monitored for 3 hours. The system was cooled toréemperature, depressurized, and
both '"H NMR and FT-IR spectra were obtained of the cruegction mixture. 64%
conversion to poly(cyclohexene carbonate), 0.7%vemion to transcyclohexene

carbonate, 0.2% ether linkages was observable ffoNMR.

Poly(cyclohexene carbonate)

The crude reaction mixture from the coupling of CH@®d CQ was added
dropwise to acidified methanol (~5% HCI). The offite polymer precipitate was
collected by filtration, redissolved in dichlororhahe, and reprecipiated using the same
method. The resulting white solid was dried ungesuum with heating*H NMR (300

MHz, CDCk): 6 4.64 (br s, 2H), 2.10 (br s, 2H), 1.70 (br s, 2HP3-1.55 (br m, 4H)
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ppm. °C NMR (75 MHz, CDCJ): broad peaks centered&153.4, 29.5, 22.8 ppnf.T-
IR vco31850 (CHCIy); 1851 (GHg). Anal. Calc. for (GH100s),: C, 59.14; H, 7.09.

Found: C, 59.21; H, 7.09.

Kinetic measurements for the direct coupling ol@yentene oxide and GQ@tilizing
(salen)CrCl/n-Bu4NCI

In an argon-filled glovebox, 90.2 mg (salen)CrCl142 mmol), 79.3 mq-
BusNCI (0.285 mol, 2 eq), 6.00 g cyclopentene oxide.37mmol, 500 eq), and 5.22 g
toluene (6 mL) were charged into a vial. The raaist were cannulated into a 300 mL
stainless steel Parr autoclave modified with a peently mounted ATR crystal
(SiComp) at the bottom of the reactor. This ihitr@xture served as the background
signal for the measurements. £@.4 MPa) was charged into the system, and the
reactor was heated to the desired temperatures@%3, 73C). Infrared spectra were
taken periodically throughout the course of thectiea, and the reaction’s progress was
monitored through the growth of cyclic carbonatakpat 1804 cil. No activity was
ever observed at 1750 &mindicating that polymer formation did not takeq or was

not appreciable. The reaction was followed to 1@@¥hpletion.

Coupling of cyclopentene oxide and Q4ilizing bifunctional catalysts
The copolymerization reactions of cyclopentene exadd CQ were carried out
in a similar manner utilizing either of the metahtplexesl, 2, 15 or 16 as catalyst. For

example, 6.2 mg of the bifunction cobalt catalgst(5.7 umol) and 0.50 mL of
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cyclopentene oxide (5.77 mmol or 1000 eq) were gddhrin a 12 mL stainless steel
autoclave reactor which had previously been drieti7@ °C for six hours. The reactor

was pressurized to the appropriate pressure (R®-MPa) and heated to the desired
temperature in an oil bath with magnetic stirringfter the required reaction time, the
reactor was cooled to%T, depressurized, and'd NMR spectrum of the crude reaction

mixture was obtained.

Poly(cyclopentene carbonate)

The crude reaction mixture from coupling of cyclofme oxide and CQOwas
dissolved in CHCI, and added to about 1 M HCIl/methanol solution termh the
reaction and precipitate the copolymer. The suggamt HCl/methanol solution was
removed and the polymer precipitate was re-dissblve dichloromethane and
reprecipitated from methanol. The resulting copwy was obtained by removing the
supernatant and subsequently driedzacuoat 50°C for further analysis by GPC and
DSC. *H NMR (300 MHz, CDCY): §5.00 (br s, 2H), 2.13 (br s, 2H), 1.84-1.77 (br m,

4H). *C NMR (75 MHz, CDCJ): $153.5, 82.3, 30.0, 21.2 ppm.

Conclusion

Herein we have successfully prepared high moleautaght poly(cyclopentene
carbonate) from the completely alternating copolyration of cyclopentene oxide and
carbon dioxide utilizing bifunctional (salen)M(llitatalysts (M = Cr, Co). The

copolymers were synthesized in a very selectivernmiawith little to no production of
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cyclic carbonate byproduct. By way of contrastwis demonstrated that, whereas
under identical reaction conditions (8C/3.5 MPa) in the presence of the binary
(salen)CrN/PPNN; catalyst system, the coupling of cyclohexene oxatel CQ
produces poly(cyclohexene carbonate) with > 99%ecseity, the corresponding
reaction of the alicyclic cyclopentene oxide and,@fords > 99% selectivity foris-
cyclopentene carbonate. This cyclic carbonate stragcturally characterized by X-ray
crystallography. Kinetic studies fais-cyclopentene carbonate formation revealed an
activation energy of 72.9 = 5.2 kJ/mol proceedivig backbiting of the anionic
carbonate species generated in the initial eporitipopening process subsequent to
carboxylation, consistent with theoretical predios.

For reactions carried out at 7G employing the bifunctional Co(lll) catalyst in
0.1% catalyst loading at 2.0 MPa &€@ressure, 44% conversion to poly(cyclopentene
carbonate) occurred within 10 hours leading to poboner with a M value of 27,000
(PDI = 1.05). Although the analogous chromium lgatais less active, it is thermally
more stable and hence coupling reactions can biedaut at higher temperatures while
maintaining a high selectivity for copolymer protlan. The T, of the resulting atactic
poly(cyclopentene carbonate) was determined to #Beé 8C. Importantly, these
polycarbonates have been shown to be depolymerizedtheir comonomers,
cyclopentene oxide and GOthereby making their production from epoxide &@,

sustainable.
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CHAPTER V
COPOLYMERIZATION AND CYCLOADDITION PRODUCTS DERIVECOFROM
COUPLING REACTIONS OF 1,2-EPOXY-4-CYCLOHEXENE ANDQs.
POSTPOLYMERIZATION FUNCTIONALIZATION VIA THIOL-ENECLICK

REACTIONS*

Introduction

There are numerous reports involving a wide varadtynetal catalysts of the
coupling of cyclohexene oxide and carbon dioxideetectively provide copolymer as
opposed to the alternative, thermodynamically misble cyclic carbonate produifct.
The propensity of the cyclohexene oxide/afupling reaction to afford copolymes
cyclic carbonate results from the high activati@mrier for cyclic carbonate production
in this instancé®® As a result of this reactivity pattern, this epiimonomer is most
often the subject of catalytic studies of this & At the same time, poly(cyclohexene
carbonate) is a brittle, hydrophobic polymer whiblas thus far found limited
applications. An epoxide monomer which has someufea in common with
cyclohexene oxide, 1,2-epoxy-4-cyclohexeké)( provides reactivity which allows for
postfunctionalization of the derived copolymer w@f,.?” This can be achieved by the

thiol-ene click reaction (Scheme 1%)#2%8%0f further importance, the self-metathesis

*Reproduced in part with permission from: “Copolymzation and Cycloaddition
Products Derived from Coupling Reactions of 1,2-8pé-cyclohexene and Carbon
Dioxide. Postpolymerization Functionalization viahidl-ene Click Reactions.”
Darensbourg, D. J.; Chung, W.-C.; Arp, C. J.; TBaiT.; Kyran, S. JMacromolecule
2014, 47, 7347. Copyright 2014. American Chemical Society.
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of some polyunsaturated fatty acids derived froampbils provides 1,4-cyclohexadiene

as a waste byproduct, thereby affording a renewstnlece of epoxide6.”

Scheme 14
o) o)
0
cat %Q O)‘j HS-R %Q_ O)Jj\
+ CO Q n  AIBN n
E6
s
\
R

Of further interest, the cyclic carbonate prod(€6) which results from the
cycloaddition ofE6 and carbon dioxide represents gmplest of the numerous non-
macrocyclic and macrocyclic organic carbonates thraginate from both plant and
bacterial/fungi natural sourcés.That is, cis-cyclohexadiene carbonatei$C6) is
obtained from a microbial sourdéscherichia coliand was observed covalently bonded
to a serine residue at the active stie of ai{gctamase enzyme of akurebacterium
species (Figure 25Y:°* Ethylene carbonate and propylene carbonate weoesalown to

be good substrates for the y-lactamase enzyme.
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Figure 25 Ribbon diagram of the subunit of {flactamase showing the active site
cavity with the binding ligandc{s-C6) in blue®*

In this chapter we wish to report on the chemistijlined in Scheme 15, where
the synthesis of the copolymer derived from epokfi@nd carbon dioxide is described.
This was achieved using both binary and bifunctigealen)Cr(lll) catalystsl(and14)
as well as a binary (salen)Co(lll) catalyg} (nder solventless conditions (Figure 26).
Furthermore, by way of thiol-ene coupling reactiongh RSH (R = -CHCH,OH and —
CH,COOH) in postfunctionalization processes, amphiphitopolymers with a
cyclohexylene backbone have been prepared. Iniaddithe preparation and full
characterization, including an X-ray structure, of and transcyclohexadiene
carbonates are provided. These cyclic carbonatese wanthesized from the
corresponding diols, as well as frolm6 and CQ. Although the details of the
biosynthesis ofC6 are not presently understood, it is conceivabd¢ ithcould arisevia

the cycloaddition of one of the naturally occurrnyglohexene oxides and G&
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Resultsand Discussion
Coupling reactions of 1,4-cyclohexadiene oxide-QHDO) and carbon dioxide
Cyclohexadiene oxide was synthesized from 1,4-tytadiene usingneta
chloroperbenzoic acidCPBA) as an oxidant following the literature proeesf® Our
initial studies were designed to synthesize theuradly occurring cis isomer of
cyclohexadiene carbonate. To this end, we prepdregclohexenesis-1,2-diol by
acetylation of the diene followed by methanoly$ighe cis-diol was converted to the
correspondingtis cyclic carbonate using triphosgetieThe infrared spectrum dfis-
cyclohexadiene carbonateig CHDC) in THF solution in th@(C=0) region displayed a
band at 1805 cih with a'3C NMR signal at 155.0 ppfif. The crystal structure afis-
CHDC is depicted in Figure 27.Alternatively, cisCHDC is readily preparegia a
greener route from CHDO and G@sing the ZnGInBusNI catalyst system at AT and
3.0 MPa CQ pressure in the absence of added solvent. Ttatyzad pathway has been

shown to proceed by double-inversion at the ringragal carbon center of 1,4-CHB.

Figure 27 X-ray crystal structure dfis-cyclohexadiene carbonate.
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Because (salen)CrX complexes in the presence afinorsalts have been
successful for catalyzing the copolymerization wélochexene oxide and GQcatalyst
(1) was initially chosen to investigate the copolym&tion of epoxideE6 and CQ. As
summarized in Table 10 using this catalyst affordegolymer, along with smaller
quantities of bottcis- andtrans-cyclohexadiene carbonate. At 90 and 2.0 MPa of
CO, under solventless conditions, the conversion as®d with increasing reaction time
(2 — 10 hours) from 23.2 to 69.6% (entries 2-4yvasild be expected for a controllable
polymerization process. There was also an increaseopolymer selectivity with
conversion, as well as thendcis cyclic carbonate ratio, eventually reaching 77 &%
1.18, respectively. Decreasing the reaction tentperao 80°C resulted in an increase
in copolymer selectivity to 86.8% as is generalbgerved for these processes (entry 1).
Upon employing the bifunctional chromium catal§dt(entry 5), the reaction proceeded
more slowly, but with 100% selectivity for copolymproduction. This decrease in
reactivity is most likely the consequence of theristbulk of the pendant ammonium
group. In all instances, using the chromium(liBtatysts { and 14) the polymer
molecular weights were less than 9000 Daltons anubdal. The bimodality of these
processes results from chain transfer reactionts water, and accounts for the enlarged

PDI values noted.
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Table 10 Coupling of 1,4-cyclohexadiene oxide and £LO

Polym.

v o TR SRy o w0
1 1 80 6 350 583 868(153)7.6 12 105
> 1 90 2 232 116 489(298) 21 11 100
3 1 9 5 570 114 366(L74) 38 11 104
4 1 9 10 696 69.6 (ngg,) g8 12 104
5 14 9 10 95 95  >99 38 15  nd.
6 2 40 5 260 521  >99 122 14  nd.
7 2 40 20 339 169  >99 359 15 123
& 2 40 10 311 156  >99 206 13 118
o 2 rt 10 598 299  >99 176 13  nd.

@Reaction condition: 1,4-CHDO/Cr/PPNN 1000/1/2, 1,4-CHDO/Co/PPNDNP=1000/1/1, Qessur:

2.0 MPa.

® Determined byH NMR. ¢ The number in the parenthesis representsitirans CHDC ratio.
41,4-CHDO/Co = 500/1.

More importantly, upon utilizing the binary cobatatalyst system2j, the

copolymerization reaction could be carried out unaéder reaction conditions with

>99% selectivity for affording high-molecular wetgbopolymers.

For example, at

ambient temperature the copolymerization B6 and CQ selectively provided

poly(cyclohexadiene carbonate) with a molecularghe(M,) of 17.6 kDa at a TOF of

59.8 h' for a 10 hr reaction (Table 10, entry 9). It skibbe noted here that Williams

and coworkers have shown the cobalt compR)RSalcyCo(llIl)CI in the presence of

PPNCI to be an effective catalyst for selectivebymling E6 and CQ to copolymef’

Consequent to increasing the catalyst loading lofdid, the conversion to copolymer

remained approximately constant for a reactiongoeréd in one-half the reaction time
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(Table 10, entries 7 and 8). Furthermore, as erpeftir the lower catalyst loading
reaction (entry 7) the molecular weight (\Mf the copolymer was almost twice as large
at 35.9 kDavs 20.6 kDa. Both of these observations suggest gomdrol of the
copolymerization process. Nevertheless, based ®@mnfibient temperature result (entry
9) versusthose at 40°C, there is clearly some catalyst degradation otayrat the
higher temperature as has previously been observed.

The *C NMR spectrum of poly(cyclohexadiene carbonatepldiyed two broad
peaks for the carbonyl carbon indicating no sterksmsivity (Figure 28). This was
further confirmed when using tl& Scounterpart of the binary cobalt catalyst. That is
the coupling catalyzed by ti& Scatalyst exhibited similar reactivity to tiigRversion
under the same reaction conditions (TOF = 14'7 M, = 19.6 kDa, PDI = 1.3)
compared to Table 10, entry 8. Relative to thecttinally similar epoxide, cyclohexene
oxide, under the same reaction conditions as ehtiny Table 10, epoxid&6 is less
reactive and selective for copolymer formation (EC#8.3 H vs 118 h' and polymer
selectivity 86.8%vs 97.5%). The double bond of epoxid&6 backbone acts as a weak
electron withdrawing group, thereby makig® slightly less basic than cyclohexene
oxide which reduces its coordinating ability to ttmetal center and also increases the
probability for backbiting to provide cyclic carbate byproduct. However, there are
structural differences between these two relatexidps which might contribute to their
behavior differences. TheyTof the high molecular weight (M= 35.9 kDa) purified
poly(cyclohexadiene carbonate) was found to be “23vith lower Tgs observed for

polymers of lower molecular weights, e.g., £C8for M, = 20.6 kDa and 104 for M=
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8.8 kDa. The corresponding value for the compjetdternating copolymer derived

from cyclohexene oxide and G®as been reported to be 16>

154.5 154.0 153.5 153.0 152.5
Chemical Shift (ppm)

Figure 28 13C NMR spectrum in the carbonate region of poly(clieixadiene carbonate)
in CDCls.

Depolymerization of poly(cyclohexadiene carbontidjans-cyclohexadiene carbonate
Of additional interest are studies of the thermapalymerization of
polycarbonates derived from epoxides and, @@der anaerobic conditions. In the past,
we have examined numerous such processes and fthandto generally occwia
backbiting of the deprotonated copolymer chain eggllting in an unzipping of the
polymer chain to provide the cyclic carbondte Herein, the depolymerization of
poly(cyclohexadiene carbonate) is reported to pdceia a similar end-scission

pathway subsequent to the hydroxyl chain end bdemotonated by the strong base
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sodium bis(trimethylsilyl)Jamide (eq. 15). In orderstabilize these hydroxyl chain end
polycarbonates towards base degradation, it isssace to add an acetate end-group

employing acetyl chloride.

s e

(eq. 15)

This depolymerization reaction, like that of poly{tohexene carbonate),
proceeded slowly in toluene at 1£Q to produce exclusivelyrans-cyclohexadiene
carbonateé® The identity of theransisomer of the cyclic carbonate was confirmed by
an independent synthesis of this compound as dtescin Scheme 15. That isans
CHDC was prepared from epoxide6 in two steps. First, hydrolysis @6 in the
presence of N&O; provided thetransdiol, followed by carbonylation with ethyl
chloroformate to afford théranscyclic product. Transcyclohexadiene carbonate has
two infrared bands in the carbonate region, wiitets isomer has only one (Figure 29).
As illustrated in Figure 30, in thtH NMR spectra of the two isomeric forms of the
cyclic carbonate, th&rans isomer signals in the olefinic and methine regiars more

upfield.
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Figure 29 Infrared spectra ccis- (blue) andrans (red)cyclohexadiene carbone
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Figure 30 'H NMR spectra ocis- (blue) andrans (red)cyclohexadiene carbonz

Postpolymerization fustionalization oipoly(cyclohexadiene carbonate)

As mentioned in the introduction, the car-carbon unsaturated bond provide
site for modifying this hydrophobic copolymer bytrimducing functional groups ft
attaching other useful molecules, as wel providing amphiphit or water solubl

materials. Recently, Sugimoto and coworkers have chlorinatedl drominatec
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poly(cyclohexadiene carbonate) in unsuccessfulresffto enhance its glass transition
temperaturé’? Alternatively, we and others have used thiol-eliek chemistry to alter
copolymer propertie$-*2#%%|n this instance, this was achieved in a postpelyration
functionalization process of poly(cyclohexadieneboaate) (M = 11.5 kDa) using the
thiol, thioglycolic acid, in the presence of AIBNazpbis(isobutyronitrile)) to
guantitatively afford an amphiphilic polymer (M 20.9 kDa, M(theory) = 19.0 kDa)
with a reduced Jof 90°C. Upon deprotonation of this amphiphilic copolyméth an
agueous solution of NJDH, a water-soluble polymer material was obtainegl (L6).
This modified copolymer was shown to be water seluly dynamic light scattering
analysis. Because of the intrinsic ionic propeftyhe ammonium salt of this copolymer,

it exhibited an enhanced, of 120°C.

o) o) o
o g on fo 0)7 £ OA)\
%Q)Q)\n + Hs/ﬁof %Bo'\é» Q n  + NH,0H Q n
5 (eq. 16)

S
hydrophobic
o o~

OH ONH,

amphiphilic water-soluble

The thermogravimetric analysis traces of poly(clieboadiene carbonate) and its
functionalized polymers are shown in Figure 31nglavith the summarized data in

Table 11. As seen, the functionalized polymers l@xlbroader profiles. The weight loss
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observed for the deprotonated polymer at about°C is due to its decarboxylatiol

Except for this latter observation the three polsgrehare similar thermal stabili

100 -
80
S 60 -
e
=
o
$ 40 -
= PCHDC
20 4 = PCHDC_COOH
= PCHDC_COONH4
O T T T T
25 125 225 325 425

Temp (°C)

Figure 31 TGA traces for the three polymer samg.

Table 11 Summary of Fand TGA daté

polymer T, (°C) Tas(°C)  Taso (°C)
PCHDC 11€ 269 300
PCHDC_COOH 90 247 316
PCHDC COONH 12C 106 305

®Data obtained of a PCHDC polyn of molecular weight 11.5 kDa and
its functionalized derivatives.

Unfortunately, under similar reaction conditions e thcorresponding -
mercaptoethanol reagent was not effective fis thiol-ene coupling procesCurrently,

we are examining other epoe monomers that do not have too different reagtatios
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for providing terpolymers with epoxideE6, thereby potentially affording
amphiphilic/water-soluble polymeric materials wighrange of thermal and physical

properties.

Experimental Section
General information

All manipulations involving air- and/or water-setng compounds were carried
out in a glove box under an argon atmosphere. yiglblsexadiene (Alfa Aesar) and
metachloroperbenzoic acid (70-75%, Acros Organics)emgsed as received. Research
grade 99.999% carbon dioxide supplied in a higlsguree cylinder and equipped with a
liquid dip tube was purchased from Airgas. The,G@as further purified by passing
through two steel columns packed with 4 A molecsiawves that had been dried under

vacuum at >200°C.

Measurements

Molecular weight determinations ¢vand M,) were carried out with a Malvern
Modular GPC apparatus equipped with ViscoGEL lesgolumns (H+L) and Model
270 dual detector comprised of Rl and light scattedetectors. Samples were weighed
into a 2 mL volumetric cylinder, dissolved in THRdafiltered with 0.2um syringe filter
before injection. Glass transition temperatureg) (Tere measured using a Mettler
Toledo polymer DSC. Samples§ mg) were weighed into 4L aluminum pans and

subjected to two heating cycles. The first cycleered the range from 25 to 150 °C at

101



10 °C/min heating rate and was cooled down to Gf€10 °C/min cooling rate. The
second cycle ranged from°G to 150°C at 5°C/min heating rate and was whergwas
obtained (Figure 32). Dynamic light scattering (DL8easurements were conducted
using Delsa Nano C (Beckman Coulter, Inc., FullertoA) equipped with a laser diode
operating at 658 nm. All measurements were madeter (n = 1.3328; = 0.8878 cP)
at 25 =+ 1 °C. The concentration of water-solublé/mper was 1 mg/mL. Scattered light
was detected at 15° angle and analyzed using ediwglator over 70 accumulations for
a 0.5 mL of sample in a glass size cell (0.9 mLac#y). Prior to measurement,
solutions were filtered through a Qu&h PTFE membrane filter to remove dust particles.
The photomultiplier aperture and the attenuatorewaertomatically adjusted to obtain a
photon counting rate of ca. 10 kcps. Thermogravimeinalyses were performed under
an Ar atmosphere using a Mettler-Toledo model TG3 STARe system. Sample
(~6 mg) was weighed in tared aluminum pan, stalllae25 °C and heated to 500 °C at

10 °C/min heating rate.
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Figure 32 DSCtraces of the parent poly(cyclohexadiene carboi(blue), and its
functionalized polymer (red), along with the deprated analog (gre).

Synthesis of 1,4yclohexadienoxide®

To a flask charged with 20 mL ’-cyclohexadiene (0.21 mol, 1.06 eq.7.3 g
NaHCG; (0.33 mol, 1.6 eq.), 160 mL 0, and 240 mL CkCl, cosolvent, 46.8 ¢
mCPBA (0.20 mol, 1 eq.) was added in small portionsce bath, and the reacti
mixture was allowed to warm up to ambient tempegatAfter stirring for 19 h, 100 m
of a saturated N&,O; aqueous solution was added and the solution wagdtfor
another hour. The organic layer was collected amdhined with the C,Cl, extracts
from the separated aqueous layer, and was furtleshed with saturated NaH@
agueous solubn, dried over anhydrous ,SO, and concentrated under reduced pres:
The afforded clear liquid was further dried overH,, followed by distillation unde
reduced pressure at 9Q. The distillate was collected as colorless liq(ii@.6 g, 0.1:
mol, 65% vyield). "H NMR (300 MHz, CDCy): & 5.43 (s, 2H), 3.23 (s, 2H) and 2.49
4H) ppm.**C NMR (75 MHz, CDGs): § 121.5, 51.0 and 24.9 ppm.
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Synthesis of trans-cyclohexadiene carbori&té>

The synthesis ofransCHDC involves two steps from CHDO. In the firsest
cyclohexadiene oxide (0.761 g, 7.92 mmol) was adide® mL of 0.2 M NaCOs;
aqueous solution and the reaction mixture was Hette90-100°C. After 12 h the
reaction was cooled down and neutralized to abbué py adding HCI aqueous solution.
It was then extracted with GBI,, and the water layer was distilled to reduce weder
about 3 mL, followed by C§Cl, extraction. The combined organic layers were dried
over NaSQ, and concentrated under reduced pressure followdakimg fully dried in
vacuo. 0.481 g (4.21 mmol, 53.2% yield) of whitevoder was obtained as the desired
trans-diol product. In the second step, triethylamindf0OmL, 1.09 mmol, 2.07 eq.) was
added to THF solution ofransdiol (60.3 mg, 0.528 mmol, 1 eq.) and ethyl
chloroformate (0.1 mL, 1.06 mmol, 2 eq.) under egoa atmosphere in ice bath. The
reaction was allowed to warm up to ambient tempeeaand stirred for 40 h. The
solvent was removed under vacuum and the resutiestitire was redissolved in GBI
and filtered through a silica pad to purify. Theieit was concentrated and dried to
afford a yellow powder (38.6 mg, 0.276 mmol, 52.¢i%d) with a melting point of 128
°C.*H NMR (300 MHz, CDCJ): § 5.70 (s, 2H), 4.29 (m, 2H) and 2.59 (m, 4H) ppie.
NMR (75 MHz, CDC}): 6 154.9, 124.2, 79.8 and 29.8 ppm. Infrared (THBRS, 1813

cmt,
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Synthesis of cis-cyclohexadiene carbonate

ZnCl, (7.5 mg, 56umol, 1 eq.)nBusNI (82.8 mg, 224umol, 4 eq.) and cyclohexadiene
oxide (0.5 mL, 5.6 mmol, 100 eq.) were charged ih2amL stainless steel autoclave
reactor which had been previously dried at 3C@or 6 h. The reactor was pressurized to
slightly less than 3.0 MPa and heated td@0n an oil bath with magnetic stirring. After
24 h, the reactor was cooled t8@ depressurized, and'ld NMR spectrum of the crude
reaction mixture was taken immediately, which shawee exclusive production of the

cis-cyclic carbonate product.

Representative coupling reaction of 1,4-cyclohessadioxide and CO

(R,R-(salen)CrClI (3.5 mg, 5.6mol, 1 eq.), PPNN(6.5 mg, 1lumol, 2 eq.) and
cyclohexadiene oxide (0.5 mL, 5.6 mmol, 1000 ecgyercharged in a 12 mL stainless
steel autoclave reactor which had been previousgddat 170°C for 6 h. The reactor
was pressurized to slightly less than 2.0 MPa agatdu to 90C in an oil bath with
magnetic stirring. After 10 h, the reactor was edoto 0°C, depressurized, and'Hl
NMR spectrum of the crude reaction mixture was takemediately. The crude reaction
mixture was dissolved in GiEl, and added to about 1M HCl/methanol solution to
guench the reaction and precipitate any copolymeméd. The supernatant
HCl/methanol solution was removed and the polymecipitate was re-dissolved in
dichloromethane and reprecipitated from methandie Tesulting copolymer was
obtained by removing the supernatant and subsdguening in vacuoat 40°C for

further analysis by GPC and DSt NMR (300 MHz, CDCJ): & 5.57 (s, 2H), 4.97 (s,
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2H) and 2.45 (d, 4H) ppn°C NMR (125 MHz, CDGJ): & 153.7, 123.2, 73.3 and 29.4

ppm. Infrared (THF): 1753 ¢t

Thiol-ene click reaction between copolymer anddlyicolic acid

The procedure for synthesis of amphiphilic polymess started with the ratio of
reagents [C=C]/ [thiol], / [AIBN],=1/40/0.8. The thiol-ene click reaction between
polycarbonate (0.06 g, 0.43 mmol of C=C groups{®@PC (THF)): 11.5 kDa) and
thioglycolic acid (1.3 mL, 18 mmol) was conducteda 25 mL Schlenk flask under
argon atmosphere with 10 mL THF as solvent and AI@N56 g, 0.34 mmol) as
initiator. The reaction mixture was stirred for B4t 70°C. After filtration, the solvent
and excess thiol were removed under vacuum. Thaegouoduct was dissolved in THF
and precipitated in diethyl ether. Since the cosiegr of the first thiol-ene coupling was
around 55%, the secondary thiol-ene coupling waslected. After removal of excess
thiol and solvents, amphiphilic polymer with 100%neersion was obtained by vacuum

dry. My(GPC(THF)): 20.9 kDa; M(theory): 19.0 kDa; §(DSC): 90°C.

Deprotonation of amphiphilic polymer using aqueaaosmonium hydroxide

0.9 equiv (based on mole of olefinic groups of fernpolycarbonate) of aqueous
ammonium hydroxide (30% wt N®Haq) was added to a THF solution of the
amphiphilic polymer dropwis®ia syringe under positive argon atmosphere. This was
done to avoid the presence of unreacted reageomts fontaminating the produced

polymers. The reaction mixture was stirred for Snnait ambient temperature. The
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resulting suspension was filtered, and the whilel seas collected and vacuum dried.
Dynamic light scattering (DLS) analysis showed ndrbdynamic diameter distribution
was observed in aqueous solution, demonstratingethdting polymer could completely

dissolve in water. J(DSC): 120°C.

Conclusion

1,2-epoxy-4-cyclohexene (1,4-CHDO), which can rigabe synthesized from
1,4-cyclohexadiene ancthCPBA in good yield, was shown to be effectively pled
with carbon dioxide to either produce this-cyclic carbonate or the corresponding
copolymer selectively. Product selectivity waseted to be dependent on the catalyst
system utilized. That is, in the presence of ZnBusNI, CHDO reacts with C@to
produce the naturally occurringis-cyclohexadiene carbonate, whereas, employing
(salen)Cr(lll) or (salen)Co(lll) derivatives alomgth onium salts as catalysts, selective
formation of poly(cyclohexadiene carbonate) wasieaadd. In the case utilizing the
Cr(lll) derivative as catalyst, small quantities lmdth cis- and trans-cyclic carbonate
were produced. On the other hand, the binary {3@EDNP/PPNDNP catalyst was
most effective at selectively producing high molacweight copolymers. For example,
at ambient temperature and 2.0 MPa,@@essure poly(cyclohexadiene carbonate) was
produced with a TOF of 59.8'tfor a 10 hr reaction with a f 17.6 kDa. The Jof a
high molecular weight copolymer (35.9 kDa) was fduo be 123C, some 7 degrees
higher than that of its saturated analog, poly@yekene carbonate). Depolymerization

of an hydroxyl terminated copolymer was initiate¢ the strong base sodium
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bis(trimethylsilylamide) occurred under anaerobic dtinds at 110°C in toluene to
guantitatively affordtrans-cyclohexadiene carbonatélranscyclohexadiene carbonate
was independently synthesized from tinens-diol and ethylchloroformate, and was
fully characterized spectroscopically. Postpolyizegron functionalization of this well-
defined alicyclic carbonate was achieved by thecedchddition of thioglycolic acid to
the unsaturated carbon-carbon bond. The resultimphghilic copolymer was
subsequently deprotonated with ammonium hydroxadproduce the ionic ammonium

salt which displayed aglof 120°C and was completely water-soluble.
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CHAPTER VI
DRAMATIC BEHAVIORAL DIFFERENCES OF THE COPOLYMERIZAION
REACTIONS OF 1,4-CYCLOHEXADIENE AND 1,3-CYCLOHEXAMNE OXIDES

WITH CARBON DIOXIDE*

I ntroduction

Several recent contributions have been publishedthen copolymerization
reactions of 1,2-epoxy-4-cyclohexerié6] with carbon dioxide (eq. 17J:19%'% This
epoxide monomer with carbons 3 and 4 unsaturatedtgewith CQ to provide
copolymer more sluggishly under the same catalgbaditions than its saturated
counterpart, cyclohexene oxide (CHB}® As expected, the physical and thermal
properties of the two copolymer are similar, witle tadded feature that the copolymer
derived from epoxidde6 has the ability to be postmodified and the epoxida be

obtained from renewable resourées.

(0]
° (@) O
catalyst 2
n

E6

We were interested in whether the location of tballe bond in the six-
membered carbon ring system would alter the reagctiof the epoxide monomer.

*Reproduced in part with permission from: “DramaBehavioral Differences of the
Copolymerization Reactions of 1,4-Cyclohexadienel dn3-Cyclohexadiene Oxides
with Carbon Dioxide.” Darensbourg, D. J.; Chung,-@/. Yeung, A. D.; Luna, M.
Macromolecule2015, 48, 1679. Copyright 2015. American Chemical Society.
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Hence, we report herein an examination of the guais process in equation 17, instead
using 1,2-epoxy-3-cyclohexengE¥q). As might be anticipated, the structural pararst
and therefore the steric requirements of theseetbpoxides, CHOE6, andE7 are all
very similar. Similarly, the pKs of the three epoxides are not very differenthvdHO
being slightly more basic towards a proton tharxefesE6 andE7.'% That is, ther,,
shifts from MeOD in benzene (2667.4 ¢rare 2600.0, 2605.8, and 2603.8 tiior
CHO, E6, andE7, respectively. Therefore, it is expected thattlalee epoxides have
similar binding abilities to the metal centers bé tcobalt or chromium catalysts, and
hence any differences in reactivity can mainly Beribed to the kinetics of the ring-

opening step®’

O

E7

In this chapter, we present the synthesis and cteization of the copolymer
derived from epoxideE7 and carbon dioxide, along with the correspondigglic
carbonates. Further, the terpolymerization reastmf epoxidde7 with propylene oxide
and CQ were investigated, as well as the depolymerizatibthe copolymer derived
from epoxideE7 and CQ, for comparison with analogous studies involvinmpxdde

E6.2"1% This study has provided some striking differenaeseactivity patterns for
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copolymers produced from the two isomeric formsyélohexadiene oxide, epoxides

E6 andE?7.

Result and Discussion

Initially, we synthesized the epoxide monomer, dpdxy-3-cyclohexenek(),
via the commonly employed route of epoxidation of dy8lohexadiene witm-CPBA,
however in very low yield. Alternatively, the raced epoxide was synthesized by
reacting the diene with NBS to afford bromohydralldwed by ring closure (eq. 18).
This procedure also provided a yield of only 28%&ence, we resorted to obtaining the

epoxide from commercial sources.

O 1:1 Br pH (@)
THF/H,O \ NaOH
O oS i 5w
36 h Et,O
29h
o E7

Coupling of epoxideE7 (1,3-CHDO) and C@ using cobalt salematalyst 2
(shown in Figure 33) at 40C under solventless conditions afforded poly(1,3-
cyclohexadiene carbonate) exclusively with a dec&@t- of 30 — 70 . The

epoxide/CQ coupling reactions are summarized in Table 12.
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Figure 33 Binary cobalt salegatalyst 2 and chromium salecatalyst 1.

Table 12 Coupling of 1,3-CHDO and CC

entry cat T(Eg‘)p ti(rg)e %;)r)]t\)/ (-L?)Fb Sz%%g\ﬁtry (kDT';l) PDI (;I'Cg:)
1 2 40 5 33.3 66.5 100 8.7 1.09105
2 2 40 10 53.3 53.3 100 16.5 1.06104
3 2 40 20 66.9 33.5 100 22.0 1.07108
4 2 RT 10 58.2 58.2 100 24.6 1.05104
5 1 90 1 55.2 552 69.2 114 1.10n.d.
6 1 90 2.5 90.0 360 55.6 10.8 1.14107
7 1 90 5 100.0 200 40.8 8.9 1.25104

® Reaction condition: 1,3-CHDO/Co/PPNDNP=1000/1/1,3-CHDO/Cr/PPNN=1000/1/2, CQ
pressure 2.0 MP& Determined byH NMR.

As to be anticipated, upon increasing reaction siniee TOFs decreased while
higher conversions and molecular weights were ekserentries 1-3). At lower
temperaturecatalyst 2 exhibited similar reactivity while affording highenolecular
weight copolymer due to reduced chain transfer ggses (entries 2 and 4). When the
CO,/1,3-CHDO coupling reaction was catalyzed using ¢theomium salen complex,

catalyst 1, at 90 °C both copolymer anctis-1,3-cyclohexadiene carbonate were
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produced (eq. 19Y0f importance, no trans-cyclic carbonate was obsdifvide infra).
Although, the conversion to products increased we#ction time, there was no increase
in the molecular weights of the copolymer produéextries 5-7). Presumably, as the
monomer is consumed, the rate of enchainment deereslative to the backbiting

process depicted in equation 20.

i X
6 catalyst /H\O Oa; Q O (eq. 19)
T 00
o 0 0
XT{\O O)J\O
\ (eq. 20)

— @ X2 = NS or P

growing polymer
chain

Compared to 1,4-cyclohexadiene oxide and carbomiakocopolymerization
reactions catalyzed bgatalyst 2, 1,3-cyclohexadiene oxide is observed to be more
reactive. For example, under the same reactionitonsl as in entry 3, the 1,4-
cyclohexadiene oxide/CQroupling reaction exhibited 33.9% conversion, loow one-
half the reactivity of the 1,3-isomeric form. Slamly, in the presence afatalyst 1 in
entry 7, 1,3-CHDO provided 40.8% polymer selecjiviith 100% conversion, whereas,

1,4-CHDO under identical conditions afforded 36.@lymer selectivity with 57%
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conversion. Noteworthy, in the latter procéisnscyclic carbonate was produced. On
the other hand, using cyclohexene oxide (CHO) axidp monomer where all carbon
bonds are saturated, in the presence of the ccddalyst 2 1,3-CHDO was slightly less
reactive (33.3% conversion, TOF = 66.3)tin entry 1 compared to CHO (42.2%
conversion, TOF = 84.4. However, under the reaction conditions in eftrywhere
the chromiumcatalyst 1 is used, CHO was less reactive with a 63% conwersp
copolymer.

As indicated in the introduction, based on a retathasicity study of epoxides
using thev, shift of MeOD in epoxides from the correspondihiftin benzene, CHO
is slightly more basicAv = -67.4 crit) than 1,3-CHDO Av = -63.6 crif) and 1,4-
CHDO (Av = -61.6 crif). That is, the spcarbons of the double bond in both
cyclohexadiene oxides act as weak electron withiahgwvgroups. Hence, 1,3-CHDO
which bears a double bond next to the epoxy carsloould be the easiest to ring-open
because the-electrons can stabilize the ring-opening transistate yide infra).

The glass transition temperature of poly(1,3-cyek@diene carbonate) is lower
(104 — 108°C) than its 1,4-counterpart (128).'% and as well as poly(cyclohexene
carbonate) (118C).% This is likely due to the unsymmetric nature & thouble bond in
1,3-cyclohexadiene carbonate. T NMR spectrum of poly(1,3-cyclohexadiene
carbonate) is similar to the 1,4-isomer exceptefdnibiting an additional set of peaks in
the methylene and olefinic regions. The 6 NMR spectra are shown in Figure 34

for comparisons.
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Figure 34 *C NMR spectra of poly(1,3-cyclohexadiene carbonéik)e) and poly(1,4-
cyclohexadiene carbonate) (red) in the carbonafiemgleft) and olefin region (right).

Attempts to depolymerize poly(1,3-cyclohexadiengboaate) by deprotonation
of the hydroxyl polymer end-group, which normallgatls to an unzipping of the
polymer chain to provide the cyclic carbonate, wamsuccessful’** That is, poly(1,3-
cyclohexadiene carbonate) was stable in toluenéhénpresence of the strong base
NaHMDS at 110C, with no degradation twans-1,3-cyclohexadiene carbonate (eq. 21).
This is in stark contrast to poly(1,4-cyclohexa@ierarbonate) which, under similar
conditions, readily unzip quantitatively to trangtyclohexadiene carbonat®. As
anticipated based on the process depicted in @qual where the thermodynamically

more stablecis-1,3-cyclohexadiene carbonate is produced, if tepotymerization
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reaction is carried out in the presence of,ZIow formation of theis-cyclic carbonate
is afforded. That is, upon deprotonation of th@atgmer with a strong base, GO
addition occurs at the polymeric anionic alkoxy gmdup and backbiting proceedm

unzipping of the carbonate intermediate.

H(—O O)S\ + base —x> O)J\Q (eq. 21)
n <

However, the ring-opening polymerization (ROP)tains1,3-cyclohexadiene
carbonate was found to occur in the presence obtgano-based catalyst system TBD
(1,5,7-triazabicyclo[4.4.0]dec-5-ene) and benzytohbl (see Experimental Section).
The conversion otrans1,3-cyclohexadiene carbonate was observed to pdoet a
significantly faster rate under similar reactiomndiions than reported farans1,4-
cyclohexadiene carbonat®. The higher reactivity for the ROP of the 1,3-isone
consistent with computational results which pregditie driving force for this process to
be greater than that for the 1,4-isomead¢ infrg). Similar to the polymer derived from
the ROP of thérans-1,4-isomeric form, thé’C NMR spectrum in the carbonate region
of the polymer resulting from the ROP todns-1,3-cyclohexadiene carbonate differs in
tacticity from that obtained from the correspondiogpolymerization of C@ and
epoxide.

Nevertheless, hydrolysis of poly(1,3-cyclohexadiengbonate) with NaOH was

successful to providetransdiol.**® Subsequent carbonylation dfansdiol with
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ethylchloroformate in the presence of triethylamprevidedtrans1,3-cyclohexadiene

carbonatettans-1,3-CHDC) in 42.5% isolated yield (eq. 22).

0]

O 0] )J\
{)ko ;O7Ln NaOH HO)\:Q " CI)]\O/\ Q9

O MeOH TEA, THF

Thetrans conformation was confirmed by X-ray crystallogrgpirhe solid state

(eq. 22)

structure is similar tdrans-cyclohexene carbonatérgnsCHC), but exhibits a more
twisted cyclohexyl ring (Figure 35§:**! Trans1,3-CHDC has a larger O1-C1-C6-02
dihedral angle of 39°Zompared to that dfans-CHC of 23.9 (Table 13). Alsofrans
1,3-CHDC exhibits a small H4B-C4-C5-H5A dihedralgnof 34.7, whereastrans
CHC has a nearly perfectly staggered conformatitth & H3A-C3-C4-H4B dihedral
angle of 58. Cis-1,3-cyclohexadiene carbonateis{1,3-CHDC) was prepared by an
established route which involved the coupling abxade E7 and CQ in the presence of
ZnCl, and PPNI at 76C and 3.0 MPa pressut€1%Cis-1,3-CHDC synthesized in this

manner with 100% conversion displayed identicalcsmscopic properties«c(03 and*H,

C.NMR) as the byproduct produced in equation IPrans1,3-CHDC in
dichloromethane showed three carbonate infraredidbanh 1867.0, 1834.3, and 1809.2
cm™’; whereascis-1,3-CHDC exhibited only one band at a lower freguye (1799.5

cm?), Figure 36. A similar situation was noted in fisemeric forms of 1,4-CHDC
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where thetransisomer had two carbonate bands at higher freqasn(i824.6 and

1809.2 cnit) compared to one band at 1797.6'dor thecis-isomer'®®

7o
TS

&

Figure 35 Crystal structures dfans-1,3-CHDC (left) andrans-CHC (right). The
bottom ones are the views along C1-C6 axis.

-
w

Table 13 Dihedral angles of trans-1,3-CHDC and trans-CHC.
trans-1,3-CHDC trans-CHC

01-C1-C6-02 39.2(1) 23.9(9)
H4B-C4-C5-H5A 34.6(2) 58(2)
C2-C1-C6-C5 67.3(2) 72(1)
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Figure 36 Normalized infrared spectra of -1,3-CHDC and trans-1,@HDC in the
carbonyl region.

In order to enhance the applicability of polymegsided from carbon dioxid
and cyclohexene oxide or its derivatives, it isitddde to incorporate other less rig
epoxide monomers, e.g., propylene oxide (PO). Uafately, when 1-cyclohexadien
oxide is terpolymerized with propylene oxide and ,, very little 1,+CHDO is
incorporated into the propylene carbonate backbtma#eed, it has been shown t
cyclohexene oxide itself is much more reactive thed-CHDO in terpolymerizatiol

reactions with C@%"1%

By way of contrast, the 1,8HDO isomer’s reactivit
compares favorably with propylene oxide in terpodymmation processes with G (eq.
23).Herein, we have investigated the reactivity ratrasio of sel- to cros-propagation)

of propylene oxide and 1-CHDO by a Fineman-Ross analys&cheme 1).*
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O
O
0 catalyst 1 o O o )
Coz+® . A _V,J(E :J\);onyﬁm (eq. 23)

Scheme 16 Self- and cross-propagation pathways and reactratips of both epoxides
in the CQ/1,3-CHDO/PO terpolymerization reaction.
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A set of terpolymerization reactions with differe@poxide feed ratios were
conducted and the components of the resulting gmmrs were analyzed by NMR
spectroscopy. The results of this study are sunm@adnn Table 14 and Figure 37. The
reactivity ratio of propylene oxide for selfs cross-propagation was found to be 0.553,
whereas for 1,3-cyclohexadiene oxide was determindxk 0.846. The observation that
propylene carbonate incorporates 1,3-CHDO fastan fhropylene oxide is ascribed to
then-orbital of the adjacent olefin stabilizing thertsation state in the ring-opening step
of 1,3-CHDO. This effect was also observed in thgolymerization reaction of
propylene oxide/styrene oxide/GQvhere styrene oxide was more easily ring-opéfied.

On the other hand, cyclohexadiene carbonates incatgpropylene oxide slightly faster
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than 1,3CHDO as the result of propylene oxide better mbtating and less ste

hindrance than 1,8HDO.

Table 14 Terpolymerizatiorof CO,/1,3-CHDO/PC:

time 1,3-CHDO PO PPC/PCHD(
1,3-CHDO/Co  PO/Cc (min) conv. (%Y  conv. (%Y (m/ny°
600 180C 60 24.4 15.8 2.04
800 160( 30 17.9 9.6 1.43
1200 120C 30 13.6 9.0 0.855
1600 80C 40 8.4 2.5 0.489
1800 60C 43 6.9 5.6 0.330

®Reaction condition: CQpressure2.0 MPa, ambient temperatuPeDetermined byH NMR.

0 1 2 3
0.5 : ‘ ‘
o -
-0.5 -
-1 4
_15 -
-2 4 y=-0.846x+0.553
95 R?=0.997

Figure 37 FinemanRoss analysis cCO,/1,3-CHDO/PO terpolymerizatio The slope
indicates reactivity ratio of 1-CHDO and the intercept indicates that of

As has been previously reported for the copolynegivdd from carbon dioxid
and 1,4eyclohexadiene oxide or-vinyloxirane, poly(1,3cyclohexadiene carbonat
can be funtonalized with thioglycolic acid using th-ene chemistry in the presence
AIBN (eq. 24)?*1° All olefinic groups were coupled with the thiol lbizmy acetic acic

pendant group, with the resulting polymer havini,, value of 15.70 kDa and PDI
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1.2 (theoretical M 16.6 kDa for a parent copolymer with,Mf 10.0 kDa). The
functionalized polycarbonate exhibited a lowgrof 89 °C compared to its parent (108

°C).

O O

AIBN
o of 0 o of
Sy HSQJ\OH THF, 70 °C .
(eq. 24)

Computational studies

Computational modeling has the potential to provideeper insight into
experimental observations at a qualitative and tpadine level, and its application
toward the C@epoxide copolymerization has been surve¥latle have employed such
studies to quantify the thermodynamics of polynaranvs cyclic carbonate formation,
the kinetics of metal-catalyzed chain growth, assoaiated degradation reactidfis’’
Such calculations indicate that displacement ofgitmeving polymer strand (terminated
with carbonate) with an epoxide, followed by ep@xithg-opening (Scheme 17), is the

rate-limiting step in the overall enchainment react’’

That is to say, the last step,
carboxylation of the polymeric alkoxide, is rapidr fthese systems, and does not

constrain the catalytic reaction.

122



Scheme 17 Ring-opening of a metal-bound epoxide by a polymerarbonate
nucleophile.
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Pertinent to the observations noted on the epoRi@g/coupling reactions
reported herein, the enthalpies and free enerdi¢seorespective processes involving
cyclohexene oxide, 1,4-cyclohexadiene oxide, an8-c§clohexadiene oxide were
calculated and are presented in Figure 38 and &ig8y respectively. As is typical for
these processes, copolymer formation was foundetexothermic by 18-22 kcal/mol,
making it the enthalpic product. On the other hdodmation of cyclic carbonates are
much less exothermic, and are the thermodynamidugts of these coupling reaction

due to entropy (Table 15).
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Figure 38 Enthalpies of the reactions between , and cyclohexene, 1-
cyclohexadiene, and 1@&«clohexadiene oxide
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Figure 39 Free energi¢ of the reactions between GQCand cyclohexene, 1-
cyclohexadiene, and 1@&lohexadiene oxide
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While formation oftrans-cyclic carbonate from the backbiting process imira
all three polycarbonates are endothermic, they exergonic for poly(cyclohexene
carbonate) and poly(1,4-cyclohexadiene carbonat#) WG values of —4.3 and -5.9
kcal/mol, respectively. By way of contrast, polB-yclohexadiene carbonate)
degradation tdrans-1,3-cyclohexadiene carbonate was endergonic bkdaBmol due
to the enthalpic component of the free energy. dtvmputed kinetic barriers for the
alkoxide backbiting reactions for the three aliay@poxide derived copolymers were
quite similar yide infrg), therefore, thermodynamic explains why treatnadnioly(1,3-
cyclohexadiene carbonate) with a strong base yieldstransl,3-cyclohexadiene

carbonate (eq. 21).

Table 15 Thermodynamic Data (Enthalpies and Free Energoeshé CQ Coupling
Reactions with CHO, 1,4-CHDO and 1,3-CHBO.

. AH (AG) AH (AG) AH (AG)
Epoxide . cis-cyclic trans-cyclic
Copolymerization
carbonate carbonate
Cyclohexene oxide -22.6 (+3.4) -16.7 (-4.6) -130.9)
1’4'Cy‘;')‘(’izzxad'e”e ~18.6 (+6.0) ~14.6 (-2.6) ~12.3 (+0.1)
1’3'Cy‘;')‘(’izzxad'e”e ~20.6 (+2.6) ~16.9 (-5.2) 7.8 (+3.9)

@ Energies provided in kcal/mol. with free enerdgiesuded in parentheses.

The ~4.0 kcal/mol difference in free energy for fatian of transcyclic
carbonate from the other two epoxides is ascribeithé small H-C-C-H dihedral angle
of 35.7° (synconformation) oftrans-1,3-cyclohexadiene carbonate (Figure 40). Such

intramolecular steric repulsion is greater thart tbathe corresponding dihedral angles
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for the 1,4-isomer, whereas, this angle is clogbeddeal 60for cyclohexene carbonate

(gauche conformation).

H-C-C-H dihedral angles
trans-1,3-CHDC: 35.1°
trans-1,4-CHDC: 76.8°, 42.9°
trans-CHC: 56.5°

Figure 40 transl,3-Cyclohexadiene carbonate, highlighting the synformation
between two adjacent carbon atoms in the ring.

As alluded to earlier, the kinetic barriers for ttapolymers to undergo alkoxide
backbiting to affordtrans-cyclic carbonates were determined to be non-ratéithg
(Table 16 and Figure 41). On the other hand, faonaif thecis-cyclic carbonates from
the carbonate backbiting process have activatiamiels about 10 kcal/mol higher.
While the energy barrier leading toans-1,3-cyclohexadiene carbonate via alkoxide
backbiting is the highest, these barriers are gypeal, and should not, in themselves,
preclude cyclic carbonate formation. Experimentaliytempts to prepargans1,3-
cyclohexadiene carbonate via treating the polyméh va strong base were not
successful. These calculations emphasize that tikird is attributed to the
thermodynamics of the overall reactiohH = +12.8 kcal/molAG = +1.3 kcal/mol).
Indeed, the reverse process of RORrahs1,3-cyclohexadiene should be favored as

observed experimentally.
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Table 16 Energy barriers (kcal/mol) for metal-free alkoxiagckbiting.

AH¥ AG
CHC 15.3 14.6
trans-lSCHDC-ui) 16.2 15.7
trans-13CHDC-dowh 15.9 15.1
trans-14CHDC 15.0 14.9

2seeFigure 41

The carbon substituent on the
The Carbon SubStituent on the Sp3 Carbon points downward
sp® carbon points upward

Figure 41 Tetrahedral intermediates involved in the alkoxXidekbiting reaction for
trans-13-CHDC-up (left) and trans-13-CHDC-down Ift)g

The rate-limiting step for the (salen)M(IICl-citaed CQ-epoxide
copolymerization has previously been establishdattdisplacement of the metal-bound
polymeric carbonate with an epoxide molecule, fe#d by ring-opening the metal-
bound epoxide (Scheme 17). The overall energydrarpgresented here are calculated as:

AE* = E(transition state) — E([M]-polymeric carbonateff (epoxide)

As a further refinement, the growing polymer chiginepresented by cyclohexyl

carbonate (€H1:0CQ,) that better represents the steric bulk of theonmoag
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nucleophile than methyl carbonate (§(MCO,). Between the bulkier nucleophile and a
more typical cyclohexylene salen backbone, we wauétlude a transition states over-
stabilized by dipolar interactions between the cadbe oxygen atoms and the hydrogen
atoms on the salen ligand’s ethylene backbone #nat adjacent to the electron-

withdrawing nitrogen atoms.

The overall free energy barriers for these two stepe 22-27 kcal/mol;
carboxylation has trivial barriers in comparisakG{ = 6-8 kcal/mol):°” The overall
energy barriers for cyclohexene, 1,3-, and 1,4alyekadiene oxides to vyield
polycarbonates are presented in Table 17. In et “-1” refers to the polymeric
carbonate (represented by cyclohexyl carbonatg)apening the activated epoxide at
the vinylic carbon for aliyclic epoxides, wherea2™ refers to attack at the adjacent
methylene position. As before, the chromium-catadyzeactions have higher energy
barriers than the cobalt-catalyzed reactions.

Consistent with the case for styrene oxide, attaickhe methine positions of
vinylic epoxide (1,3-cyclohexadiene oxide) has eefenergy barrier lower by ca. 2-6
kcal/mol than for methylene attat¥. This occurs despite the steric hindrance at the
more substituted carbon atom, whereas methinekatta a higher barrier for propylene
oxide. The large difference in methine/vinylic \eethylene attack suggest that [Cr]
may catalyze analogous reaction with cyclohexadeeaée in a regioselective head-talil
manner. The calculated results predict that tise @& copolymerization is in the order:
1,3-CHDO > 1,4-CHDO > CHO for both [Cr] and [Co]talyzed reactions. These

results are in general agreement with experimertiaervations. To be specific, such
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experiments indicate that 1,3-cyclohexadiene oxsdexpected to react more readily

than cyclohexene oxide.

Table 17 Overall energy barriers (kcal/mol) for various eji@s to copolymerize with
CO..

[Cr]-bound [Co]-bound
Epoxide AH* AG* AH* AG*
CHO 16.8 29.1 16.7 29.1
1,3-CHDO-T 13.1 24.2 12.2 24.1
1,3-CHDO-2 16.8 30.0 14.5 26.6
1,4-CHDG 15.1 27.5 13.8 26.4

CHDO = cyclohexadiene oxide€’Cyclohexyl carbonate nucleophile.

How well these epoxide ligands bind to the Lewisl aatalysts were calculated
(Table 18). As was observed previously, R-epoxkied more weakly to the Lewis acid
catalyst than S-epoxides, due to conformationasaest’’ The corresponding Lewis
basicities toward [Cr] and [Co] are determined hterebe in the order: CHO > 1,3-
CHDO = 1,4-CHDO. These results substantiate commentsqu&aly made about the
Bronsted basicity rankings of these epoxides, detexdvia infrared spectroscopyife
suprg as follows: CHO > 1,3-CHDO > 1,4-CHDO. These issindicate that 1,3- and
1,4-CHDO are less able to displace the growing mpely chain than CHO prior to
epoxide ring-opening. The assumption made is thatdlectronics of the respective

polymeric carbonates are similar.
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Table 18 Enthalpies and free energies (kcal/mol) for epokignds to bind to the
(salen)Cr(IINCI and (salen)Co(lII)CI fragments.

[Cr]-bound [Co]-bound
L Enthalpy Free energy Enthalpy Free energy
CHO -19.5 -8.8 -18.8 -4.1
R-1,3-CHDO -13.7 -1.9 -11.7 3.3
S-1,3-CHDO -16.0 -5.5 -15.5 -1.4
1,4-CHDO -15.3 -4.5 -13.0 2.0

The energy barriers for the elementary epoxide -opgning reaction are
presented in Table 19. The structures of the {[/df»ade + polymeric carbonate} van
der Waals complexes have been assumed to be tleefsathe metal-catalyzed epoxide
ring-opening reactions at the vinylic ("-1" and mgdéene ("-2") positions. The relative
differences between these two epoxide ring-openindes can thus be fairly compared.
We should exercise caution when comparing the gneggriers between different
epoxides or between different metal-catalyzed systebecause the {[M]-epoxide +
polymeric carbonate} van der Waals complexes acglpalefined.

Even so, we find that attack at the vinylic car®”) is consistently more
favorable than at the methylene carbon in genénaé might imagine that the vinylig p
system will stabilize the pentacoordinate transitistate for the reaction. Such
interactions have been seen in the reaction whasgspyrene carbonate) undergoes the
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metal-free carbonate backbiting reaction, but aefcérreview of the calculated

molecular orbitals did not reveal such a simplensrgor the metal-catalyzed systéfn.

Table 19 Energy barriers (kcal/mol) for the elementary egexing-opening reaction,
catalyzed by (salen)Cr(lII)CIl and (salen)Co(lIl)CI.

[Cr]-bound [Co]-bound
Epoxide AH? AG* AH? AG*
CHO? 9.5 11.4 9.4 10.5
1,3-CHDO-T 3.6 4.3 5.4 6.1
1,3-CHDO-Z 7.5 10.2 7.9 9.7
1,4-CHDC 8.8 9.9 9.1 11.0

®Cyclohexyl carbonate nucleophile.

Even though 1,3-cyclohexadiene oxide has a lowee fenergy barrier for
epoxide ring-opening than cyclohexene oxide, tipexale is less able to displace the
polymeric carbonate from the metal center. The athge that 1,3-cyclohexadiene oxide
has is thus muted. The importance of considerirglittand exchange and the epoxide

ring-opening steps are emphasized as a result.

Experimental Section
General information

All manipulations involving air- and/or water-setnge compounds were carried
out in a glove box under an argon atmosphere. 4o2ye3-cyclohexene (Sigma-Aldrich)
was stirred over CaHdistilled, and stored in an argon-filled gloveb&esearch grade
99.999% carbon dioxide supplied in a high-pressyl@der and equipped with a liquid

dip tube was purchased from Airgas. The,@@s further purified by passing through
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two steel columns packed with 4 A molecular sietveg had been dried under vacuum
at > 200 °C. The 15 mL high pressure stainless steel reactmsd in the
copolymerization and cycloaddition reactions wenrevipus dried at 178C for 6 h prior

to their use.

Measurements

Molecular weight determinations ¢vand M,) were carried out with a Malvern
Modular GPC apparatus equipped with ViscoGEL lesgolumns (H+L) and Model
270 dual detector comprised of Rl and light scattedetectors. Samples (~10 mg) were
weighed into a 2 mL volumetric cylinder, dissolvedTHF and filtered with 0.2um
syringe filter before injection. Glass transiti@mperatures ) were measured using a
Mettler Toledo polymer DSC. Samples§ mg) were weighed into 40L aluminum
pans and subjected to two heating cycles. The dyske covered the range from 25 to
150 °C at 10 °C/min heating rate and was cooledndtmnO °C at —10 °C/min cooling
rate. The second cycle ranged fronfi®to 150°C at 5°C/min heating rate and was

where T was measured.

Representative coupling reaction of 1,2-epoxy-3etyexene and CO
(S,9-(salen)CoDNP (4.5 mg, 5inol, 1 eq.), PPNDNP (4.1 mg, 5uol, 1 eq.)

and 1,2-epoxy-3-cyclohexene (0.5 mL, 5.7 mmol, 1660 were charged in a 15 mL

stainless steel autoclave reactor. The reactor prassurized to slightly less than 2.0

MPa and heated to 4C€ in an oil bath with magnetic stirring. After 5the reactor was
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cooled to 0°C, depressurized, and’el NMR spectrum of the crude reaction mixture
was taken immediately. The crude reaction mixtuas @issolved in C¥Cl, and added
to about 1M HCIl/methanol solution to quench thectiea and precipitate any
copolymer formed. The supernatant HCl/methanol tsmluwas removed and the
polymer precipitate was re-dissolved in £LH and reprecipitated from methanol. The
resulting copolymer was obtained by removing thgesnatant and subsequently drying
in vacuoat 40°C for further analysis by GPC and DSE. NMR (300 MHz, CDCJ): &
5.95 (br, 1H), 5.68 (br, 1H), 5.19 (d, J=18 Hz, 1#P1 (br, 1H), 2.20 (s, 2H), 2.08 (s,
1H) and 1.87 (s, 1H) ppni°C NMR (125 MHz, CDGJ): & 153.6, 132.4, 122.8, 72.8-

75.06, 24.4 and 22.6 ppm. Infrared (&Hp): 1749.4 crit.

Synthesis of cis-1,3-cyclohexadiene carbonate

ZnCl, (5.7 mg, 0.042 mmol, 1 eq.), PPNI (107.5 mg, 0.46%80l, 4 eq.) and 1,2-
epoxy-3-cyclohexene (0.35 mL, 4.0 mmol, 100 eq.)eneharged in a 15 mL stainless
steel autoclave reactor. The reactor was pressutzelightly less than 3.0 MPa and
heated to 76C in an oil bath with magnetic stirring. After 43the reactor was cooled
to 0°C, depressurized, and'ld NMR spectrum of the crude reaction mixture wasta
immediately, which showed 100 % conversionciscyclic carbonate product. Ether
was added to reaction mixture in order to isol&te product. The ether solution was
filtered through a celite pad to remove insolubleCE and PPNI and the filtrate was
dried in vacuo to provide 0.463 g (3.30 mmol, 8&6solated yield) of a yellow oil as

desired product. Elemental analysis calculatedCitsOs (found): C, 60.00 (60.20); H,
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5.75 (5.68)*H NMR (300 MHz, CDCJ)): 6 6.22 (m, 1H), 5.78 (d, J=4.5 Hz, 1H), 5.01
(m, 1H), 4.90 (m, 1H) and 1.85-2.38 (m, 4H) ppr& NMR (75 MHz, CDCJ): § 154.9,

135.2, 121.3, 74.8, 72.1, 24.1 and 19.5 ppm. latdEHCl,): 1799.5 crit.

Synthesis of trans-1,3-cyclohexadiene carbonate

Poly(1,3-cyclohexadiene carbonate) (0.2033 g, %ol repeating unit, 1 eq.),
NaOH (0.1168 g, 2.92 mmol, 2 eq.) and 10 mL methasoe added to a 50 mL round
bottom flask, and heated to 8Z for 3h. The reaction mixture was neutralized bgliag
0.6 mL 6M HCI and then dried with MgQQOAfter removing MgSQ by filtration, the
solvent was evaporated under reduced pressuradiaip0.162 g (1.42 mmol, 97.8 %
yield) of a brown powder as the desirgdnsdiol product. Subsequentlyrans-diol
(0.162 g, 1.42 mmol, 1 eq.) was convertedtrEns-cyclic carbonate based on the
literature proceduf® using ethylchloroformate (0.3 mL, 3.15 mmol, 2.6.)eand
triethylamine (0.4 mL, 2.87 mmol, 2 eq.) in THF. €llerude reaction mixture was
filtered and the solvent was removed under redusesksure, followed by being
redissolved in hexane/ethyl acetate (3/1) solvent filtered through a silica pad to
purify. The eluent was concentrated and dried fardfa yellow powder (84.5 mg, 0.603
mmol, 42.5% vyield). Elemental analysis calculated C;HgO; (found): C, 60.00
(60.83); H, 5.75 (6.08fH NMR (300 MHz, CDC}): § 6.07 (dd, J=3, 9 Hz, 1H), 5.69 (m,
1H), 4.75 (d, J=9 Hz, 1H), 4.31 (dd, J= 3, 9, 12 HH), 2.30-2.51 (m, 3H) and 2.10-
1.90 (m, 1H) ppm**C NMR (75 MHz, CDCJ): §155.4, 129.6, 122.6, 81.3, 80.5, 25.2

and 23.8 ppm. Infrared (GBI,): 1809.2, 1834.3 and 1867.0 ¢m
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Ring-opening polymerization of trans-1,3-cyclohe&ad carbonate
Trans1,3-cyclohexadiene carbonate (51.8 mg, 0.37 mbtbleq.) was added to
a round bottom flask which was charged with 0.10 ofla stock solution of 73 mM
TBD (7.3umol, 1 eq.) and 77 mM benzyl alcohol (vhol, 1 eq.) in toluene. Toluene
(0.1 mL) was subsequently added to the above solutesulting in atrans1,3-
cyclohexadiene carbonate solution with a conceantradf 1.85 M. After stirring the
solution at 60°C for 64 h, an NMR spectrum of the crude reactioxtume was taken to
determine the monomer conversion (87.4%). The gopet was isolated from
methylene chloride upon addition of methanol. Thelaoular weight (M) of the

copolymer was determined to be 2100 Da with a ROL1R2.

Thiol-ene click reaction of poly(1,3-cyclohexadieagbonate) and thioglycolic acid

This was done in a similar manner as was previousported in literature.
Poly(1,3-cyclohexadiene carbonate),M0.0 kDa, 0.254 g, 1.81 mmol of C=C groups,
1 eq.) and thioglycolic acid (5.2 mL, 71.4 mmol, d§.) were added to 10 mL THF
solution of AIBN (0.098 g, 0.589 mmol, 0.33 eq.)arb0 mL Schlenk flask under argon
atmosphere. The reaction mixture was stirred forn24t 70°C and subsequently
concentrated under reduced pressure. The crudeigiradhs redissolved in THF and
precipitated from diethyl ether three times in orttepurify the material. After the first
thiol-ene coupling'H NMR spectrum of product showed non-reacted oledim the
secondary thiol-ene coupling was conducted. After gecond time thiol-ene coupling,

no olefin was observed B¥f NMR spectrum indicating 100 % conversion of aietd
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thioether. 0.182 g (0.783 mmol repeating unit, £8.8solated yield) white product was
obtained with M 15.7 kDa and a glvalue of 89°C. The functionalized polymer
dissolves in polar solvents like methanol, DMSOgtane and THF, but not in

acetonitrile, ethyl acetate, dichloromethane, dorciorm.

X-ray crystal structure analyses

Single crystals oftrans-1,3-CHDC were obtained by slow evaporation of a
diethyl ether solution at -18C. A Leica MZ7.5 stereomicroscope was used to ifient
suitable crystals of the same habit. Each crysts woated in paratone, affixed to a
Nylon loop and placed under streaming nitrogen K)5h a SMART Apex CCD
diffractometer (See details in .cif files). The sparoup was determined on the basis of
systematic absences and intensity statistics. Trhetgre was solved by direct methods
and refined by full-matrix least squares dnAnisotropic displacement parameters were
determined for all non-hydrogen atoms. Hydrogenmatowvere placed at idealized
positions and refined with fixed isotropic displaent parameters. The following is a
list of programs used: data collection and celineshent, APEX#*? data reductions,
SAINTPLUS Version 6.63% absorption correction, SADAB%® structural solutions,
SHELXS-97%% structural refinement, SHELXL-9%? graphics and publication

materials, Mercury version 3%
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Computational methods

All calculations were performed using the Gaus§iarsuite**2All local minima
and saddle points were confirmed by their calcdlatérational frequencies (zero and
one imaginary frequencies respectively). The saddlats found were confirmed to be
the correct ones by visualizing the imaginary ilorzal modes with AGU{** and
Avogadro*'®

Consistent with previous work**’***gas phase enthalpies of polymerization
were obtained by the CBS-4M composite method (1-tme2-mer)’**8In the same
way, changes in energy for the exchange and epoxidg-opening reactions
(representing the slow step in the enchainmentticmgcwere calculated using the
M06™° and MO6L functional$?® in conjunction with the BS2 and BS2+ basis $&ts.
These basis sets comprise the Stuttgart/Dresdenctie# core potential and basis sets
(SDD)'* for the cobalt and chromium atoms, and the alited® 6-31G(d’,p’) of
Petersson and coworkers were used for remaininsdté*?® Basis set BS2+ was
similar to BS2, except that diffuse functions wadsled (i.e. 6-31+G(d’,p’) instead of 6-
31G(d’,p’)). Free energies of carbonate and alkexioack-biting reactions were
calculated using the CBS-QB3 and CBS-QB3(+¥*'?*® composite methods
respectively.

Except for determining enthalpies of polymerizatiand cyclic carbonate
formation, solvation was applied. Tetrahydrofurasmswhe prototypical solvent, and the

Integral Equation Formalism Polarization Continuhtadel (IEFPCM) calculation with
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radii and non-electrostatic terms for Truhlar aoavarkers’ SMD solvation model was
used:*
Conclusion

The copolymerization reaction of 1,3-cyclohexadien@le and carbon dioxide
differ strikingly from the corresponding processasolving its symmetrical or saturated
analogs, 1,4-cyclohexadiene oxide and cyclohexem#eprespectively. Notably, it is
the most reactive of the three epoxides, in geneeailg slightly more reactive than
cyclohexene oxide, with the 1,4-isomer being bytfe least reactive. Computational
studies support these experimental observatiansthe free energy barriers for epoxide
ring-opening increase in the order: 1,3-CHDO < CHQ,4-CHDO. This reactivity
order is especially evident in terpolymerizatiomatons of 1,3-cyclohexadiene oxide
with propylene oxide and GOwhere the reactivity ratios were determined tade=
0.553 and 5 ¢po = 0.846 at ambient temperature from a Fineman-Roatysis. For
reaction processes catalyzed by (salen)CrX in tesgmce of onium salts, unlike the
other epoxides, the 1,3-cycloheadiene oxide ang@a@duceno transcyclic carbonate.
This is ascribed, based on computational studieghttrans1,3-cyclohexadiene
carbonate being thermodynamically less stable itsapolymeric form. This is further
demonstrated when the isolated, pure copolymedepsotonated by a strong base, no
depolymerization takes place with formation todns-1,3-cyclohexadiene carbonate.
That is, contrary to the other two closely relat@dlycarbonates, poly(1,3-
cyclohexadiene carbonate) does not degrade tacayatbonate in the presence of base.
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Currently, we are exploring the ring-opening polyingtion of trans
cyclohexadiene carbonate to afford the corresp@ndiopolymer, for preliminary
observations suggest the copolymer produced this route has a different
microstructure from that obtained by the copolymetion reaction of the epoxide and

CO..
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CHAPTER VII
SEQUESTERING C®QFOR SHORT-TERM STORAGE IN MOFS: COPOLYMER

SYNTHESIS WITH OXIRANES*

Introduction

One of the major challenges of the next few decadésbe redesigning our
present chemical industry to accommodate the wréaspbuse of renewable resources.
A viable contribution to this matter will be to ogrt some of the carbon dioxide
emissions into important chemicals and materialsdad by the chemical industry.
Indeed, carbon capture and utilization used inwaetjon with carbon storage can not
only provide an alternative and renewable feedstockhe chemical industry, but can
generate revenue to offset the cost of carbon oajpid storage.

Much current research is being directed worldwmeards the development of
processes which use carbon dioxide as a feedstwgréducing useful chemicalg?’
One of the processes which has proven to be viablang been commercialized, is the
production of polymers derived from G@nd propylene oxid®¥.Indeed, presently there
are several oxiranes which undergo copolymerizatisth CO, to afford completely
alternating copolymers (eq. 25)In addition, this coupling reaction can as wellrhade

selective for producing cyclic carbonates from tyeloaddition of CQ and oxiranes

*Reproduced in part with permission from: “Sequaste CO, for Short-Term Storage
in MOFs: Copolymer Synthesis with Oxiranes.” Datengg, D. J.; Chung, W.-C.;
Wang, K.; Zhou, H.-CACS Catal.2014, 4, 1511.Copyright 2015. American Chemical
Society.
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(eq. 26)°" Although for both of these processes there arerabeatalytic systems which
operate at one atmosphere of g#essure, in general thegecesses are enhanced in

rate in the presence of higher pressures of €O

O (eq. 25)
o) + CO, catalyst %O \)\O )g\
\ n
0]
)]\ (eq. 26)
O catalyst o Yo

Hence, for processes utilizing @@om stationary point sources at or below
atmospheric pressure, such as coal-based powerragjage plants or natural gas
production facilities, it would be necessary tetfimechanically compress the carbon
dioxide in order to enhance the rates of these & meactions. Since much progress
has been made in the synthesis of metal-organmefnsoork materials (MOFs) for the
selective adsorption of GQan alternative approach would be to first secuasie CQ
employing a solid porous adsorbent material or gahwganic framework materiaf’
This captured C@could subsequently be released at higher presduves such origins
using heat generated elsewhere in the plant or fsotar heat sourceS.

Herein, we describe the use of a commercially abél metal-organic
framework (MOF) material, [Gybtck(H.O);] (btc = benzene-1,3,5-tricarboxylate)
otherwise referred to as HKUST-1, for the shomteapture and storage of g¢@nd its

utilization in the copolymerization with propylenaxide to afford poly(propylene
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carbonate}*® The aim of this study is to examine whether,@0llected continuously
over a MOF material at atmospheric pressure unel@béc conditions can be effectively
copolymerized with epoxides to provide polycarbesaComparative studies employing
CO, from compression storage under anaerobic condit@me also reported. These
findings are ultimately necessary as baseline stuiiir comparable reactions carried out

using CQ from point source of emissidn.

Result and Discussion

The MOF material chosen for these studies is timencercially available, highly
porous [Cy(btc)(H20)s] (btc = benzene-1,3,5-tricarboxylate) referredag HKUST-
1139131 The material used herein was synthesized followingslightly modified
procedure to that reported by Rowsell and YadhiThe adsorption properties we

determined for this metal organic framework arevgh Figure 42 and Table 20.
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Figure 42 Adsorption properties of our sample of HKL-1 determined as a function
temperature and pressure.

Table 20 Quantities of C(; adsorbed on our sample of HKUST-1 ahaspheric
pressure.

273K 293K 393K
cm3 CQ (STP) / g MOF 182 118 14
mole CQ / g MOF 0.008109 0.005292 0.000639
Total g CQ adsorbed (8 g MOI 2.85 1.86 0.22

The reaction initially examined was the copolymatian of propylene oxide ar
carbon dioxide (eq. 35 a process we-studied and known to selectively affc
completely alternating copolymers of narrow polpeisity. Two types of experimer
were performed. The first was designed to testréipeoducibility of the process. Tt
was done byarrying out a series of reactions where the MO$sgkwas refilled witl

CO, before each run, and the copolymerization processrepeated in a similar mann
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The MOF captured COwas thermally released into a reaction vessel vhantained

propylene oxide in the presence of a binary catalystem, (salen)CoDNP/PPNDNP,
where DNP = deprotonated 2,4-dinitrophenol. ThHeestatic of the process is depicted
in Figure 43 and Figure 44. Pretreatment of the M@dterial was accomplished by
drying under vacuum at 13tC. Subsequently, no care was taken to exclude raoist

during refilling cycles of the MOF vessel with €O

(@) (b)

Figure 43 (a) 10 mL stainless steel vessel filled with 6.dfgHKUST-1 and 1.2 g of
CO.. (b) 10 mL stainless steel reactor containingml0(14.3 mmol) of propylene oxide
and 5.6 mg (7.1imoles) of catalyst with 1 equivalent of PPNDNP.

Figure 44 indicates the pressure swings in the Me&dsel during each refilling
cycle, where after maximum GQ@ptake, excess pressure is released leading sehees
being at atmospheric pressure at ambient temperatunote of importance, the process

described in Figure 44 could as well be achievedgoabing CQ at atmospheric

pressure. The employment of higher pressure @Qfdake with subsequent release to
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atmospheric pressure is utilized as a matter ofveorence for saving tinr The graph
in Figure 45represents the tir-dependent C®pressure increases upon heating

MOF vesseh at 120°C, i.e., prior to injecting C, into the reactob.
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Figure 44 lllustration of CC, adsorption process at ambient temperature by Hk-1,
where vessel a was pressurized at 9 and 7 baa¢h rmaximum Cr, uptake
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Figure 45 CO, released by MOF in vessel a upon heating at°C.
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The copolymerization results obtained tenreaction cycles of propylene/(;
employing the same MOF sample are illustrateFigure 46and listed irTable 21. All
reactions were carried out under the same conditaenindicated iFigure43, and the
conversions to copolymer are ba on spectroscopic'ti NMR) yields Since these
processes are carried out in the absence of addeehg the copolymerization reactio
were terminated < 60% conversion. Otherwise, thetiren mixture becomes too visco
The CQ pressure in the reacti vesselb upon opening vesseal at 120 °C was
consistently around 11.Dar. As indicated in Figure 47 and Tald2 in the CQ
pressure range between — 15 bar, the ratef the copolymerization reaction

independent of the pressure of ».
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Figure 46 Conversion of propylene oxide/(; to copolymer for reactions carried out
5 hours at ambient temperatt

146



Table 21 Copolymerization Reactions of Propylene OxidefCO

Run Conv (%) TOF (h) M, (kDa) PDI
1 53.0 212.0 8.87 1.06
2 55.0 220.1 8.90 1.05
3 56.1 224.5 9.14 1.05
4 48.6 194.2 7.93 1.05
5 45.6 182.3 7.01 1.06
6 40.4 161.6 7.40 1.05
7 44.8 179.2 6.76 1.06
8 50.7 202.9 8.60 1.06
9 53.9 215.6 9.81 1.07
10 50.5 202.1 8.65 1.06
112 47.3 189.0 9.79 1.12
12 57.1 228.2 12.73 1.06
13 54.0 215.9 13.04 1.08
14 50.6 202.3 12.72 1.08

*MOF was exposed in 1 atm G@r 18 h instead of pressurizing to 9 bar in,CO
adsorption proces$.Reactions carried out with G@btained directly from high
pressure tank.
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Figure 47 Copolymerization runs as a function of , pressure. Reacticconditions as
in Figure 46.

Table 22 Copolymerization data as a function of , pressure.

CO,
Entry pressure  Conv (%) TOF (/) My (kDa) PDI
(bar)
1 14.5 45.5 182.0 8.62 1.06
2 11.1 45.8 183.2 9.32 1.06
3 8.8 46.4 185.7 8.44 1.05
4 7.2 32.4 129.5 5.96 1.07
5 5.2 35.5 142.1 6.58 1.06
6 4.0 26.5 106.0 4.99 1.06

Despite some random variations in the quantityopfotymer produced, the MC
material held up well to continued filling uni aerobic conditions and therma
releasing of C@ The average propylene oxide/, conversion to poly(propyler
carbonate) over the ten runs was 49.9%. This whsstightly lower than that observe
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for three identical processeTable 21, entries 113) carried out under anaerol
conditions with CQtaken directly from a pressurized cylinder of 53.9%urthermore
the polymeric material afforded from the two diffat pathways possessed similis,
molecular veights, and polydispersities (sFigure 48. The slight increase in molecul
weights of the copolymers produced using, directly from the CQ@cylinder are likely
due to an increased trace of water in the MCptured CQ reactions. This is seen
the bimodal molecular weight distributions in th€Gtraces irFigure49 for the two

different processes.
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Figure 48 Molecular weight results frorten consecutive runs and the three runs wit

HKUST-1 (Table 21entries 1-13). The s of entries 4 and 12 were 3<°C and 38.6
°C, respectively.
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Figure 49 GPC traces for polym from Table 2lentry 1 (a) and entry 11 (

The second set of experiments performed involvedide of a MOF filled vess
which was loaded with C, at 0°C as described previously (Figu4d). This vessel
then served as a gas storage unit for carryingaoseries of propylene oxide/(,
copolymerization reactions. These data are reptedein Table 22 where over th
series ofcopolymerization reactions, the pressure decre&®sed 14.5 bar to 4.0 b
with a concomitant decrease in reactivity occurtwetpw a C(, pressure of about 9 ba
Over the course of the six polymerization cycle¥/o/of the C(, adsorbed on the MO
was converted to poly(propylene carbonate). Also appiafrom the data in Table
there is a linear relationship betweel, and % conversion (Figure b0 This, couplec
with the narrow molecular weight distributicclearly illustrates these processes tc

well-controlled.

150



Ul
o
|

ave. of entries 1-3~

193]
|

w w b b
v O
L

% Conversion
(o]
1

N
193]
|

]
o

4 6
M, (kDa)

Figure 50 Linear relationship between,and % conversion for the copolymerizatior
przopylene oxide and COData are found in Table 2%conversion = 5.03 , + 2.01.
R°=0.996.

A much less reactiveepoxide, cis-2-butylene oxide, was examined for
copolymerization characteristics employing » from the two source€Employing the
bifunctional Cr catalyst 15) at 70 °C, cis-2-butylene oxide and C, produced
copolymers with a selectivity of 79% when using gsrgized C(, directly or CG
released following storage over HKU-1. Poly(butylene carbonate) with a narrow F

was isolated in both instances with 4 of 65.3°C.

=N_ _N=
Cr.
t SN t
Bu O O Bu
N3
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Experiental Section
General information

All manipulations involving air- and/or water-setinge compounds were carried
out in a glove box under an argon atmosphere. b;#nzene-tricarboxylate (btc) and
copper (ll) nitrate hemipentahydrate were purchdsed VWR International, LLC, and
used as received. Propylene oxide (Alfa Aesar) @s@-butylene oxide (Alfa Aesar)
were stirred over CaHl distilled, and stored in an argon-filled glovebprior to use.
Research Grade 99.999% carbon dioxide supplied imgh-pressure cylinder and
equipped with a liquid dip tube was purchased frAimgas. The CQ was further
purified by passing through two steel columns pdcokéth 4 A molecular sieves that
had been dried under vacuunm»a200°C. Powder X-ray diffraction (PXRD) was carried
out with a BRUKER D8-Focus Bragg—Brentano X-ray pewdiffractometer equipped
with a Cu sealed tubé& € 1.541 78) at 40 kV and 40 mA. Gas adsorptionsueaments
were conducted using a Micrometritics ASAP 2420teaysat various temperatures.

High pressure stainless steel reactors were dtig@d®C for 6 h before use.

Synthesis
HKUST-1. We modified the approach reported by Roswell anaghi>>

Cu(NOs)22.5H,0 (600 mg), BTC (300 mg) in 15 mL of solvent (DMieionized HO:

EtOH=1:1:1) were ultrasonically dissolved in a Fyxeal, followed by the addition of
0.7 ml of nitric acid. The mixture was heated at °€ in an oven overnight. After
cooling down to room temperature, cubic dark blyestals were harvested by filtration.
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The product was soaked in anhydrous methanol addodomethane for three days
respectively, during which the solvent was decarded replenished several times.
Finally, the solvent was removed under vacuum at°Tsfor 12 h.

Salen cobalt catalysfThis complex was synthesized following the litarat

proceduré? (S,9-N,N'-bis(3,5-di-tert-butylsalicylidine)-1,2-cyclohexadiaminocobalt
(1) (0.500 g, 0.828 mmol, 1 eq) and 2,4-dinitropbk(0.152 g, 0.828 mmol, 1 eq) were
dissolved in dichloromethane. After bubbling oxyglem one day, the solvent was
reducedin vacuo followed by recrystallization with hexane. The ukisg solid was
driedin vacuoovernight. The yield was 0.596 g (0.757 mmol) d49%. MS for M-(2,4-

dinitrophenoxide): m/z = 603.3338.

Procedure

Representative HKUST-1 G@dsorbing proces# 14 mL high pressure reactor

was filled with HKUST-1 (6.1 g) to the top, and wpeessurized to 9 bar. After 7
minutes, the pressure decreased to lower than 2rohihe reactor was pressurized again
to 7 bar. After 9 minutes the pressure decreasathamnd it was released until being
stabilized at 1.4 bar.

Copolymerization of propylene oxide and £ftom HKUST-1. The HKUST-1

(with CO,) reactor was heated to 12@ for 30 minutes. And it was subsequently
connected to the 14 mL reaction reactor which anathsalen cobalt catalyst (5.6 mg,
7.1 umol, 1 eq), PPNDNP cocatalyst (5.2 mg, 7.1l1ineq) and propylene oxide (1.00

mL, 14.3 mmol, 2000 eq). The connector was oper2fbseconds to let GQransfer

153



from HKUST-1 to reaction, and the remaining d@the HKUST-1 vessel was released
to the atmosphere. After being stirred at ambientpgerature for 5 h, the copolymer
reactor was put in an ice bath for ten minutes @ehed to air, and the NMR spectrum
of the crude mixture was taken. The crude reachotiure was dissolved in CI, and

added to about 1 M HCl/methanol solution to quetieh reaction and precipitate the
copolymer. The supernatant HCl/methanol solutiors weamoved and the polymer
precipitate was re-dissolved in dichloromethane mmtecipitated from methanol. The
resulting copolymer was obtained by removing thgesnatant and subsequently dried

vacuo at 40 °C for further analysis by GPC and DSC. The whole, @@sorbing-

releasing and copolymerization process was repdatetimes to test the sustainability

of HKUST-1 of undergoing C&adsorbing-desorbing cycles.

e Ph NO
Co ® 2
o/ | \o Ph/\pﬁN:P\/Ph
DNP Ph—; Ph
Ph
NO,
PPNDNP

Salen cobalt catalyst

Copolymerization of propylene oxide and £@ithout HKUST. The whole

process of copolymerization of propylene oxide a@@, was repeated except
pressurizing an empty high pressure reactor witlhti () ST-1 to 24 bar thirty minutes
before transferring.

Copolymerization otis-2-butylene oxide and GArom HKUST-1.The CQ

adsorbing process and copolymerization of propytediée and CQwere repeated
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except using a bifunctional salen chromium catay€ mg, 5.7 pumol, 1 eq) awts-2-
butylene oxide (0.50 mL, 5.7 mmol, 1000 eq).

Copolymerization of propylene oxide and £®Without refilling HKUST-1 with

CO,. The same process as mentioned before was reseatities, except only carrying

out CQ adsorbing process once at the beginning.

Conclusion

In conclusion, a process for the synthesis of plyonates from the metal-
catalyzed copolymerization of propylene oxide ar@, @as been reported, where the
CO, utilized was collected over the MOF material, HKIJE, under aerobic conditions
and thermally released at the optimal pressureffaient synthesis. These studies have
focused on theractical, incorporating our fundamental understanding of,/€Qbxide
coupling reactions, in an effort to begin the ldagn challenge of utilizing the abundant
and renewable C{Osource for the production of chemicals and fuklshould be noted
that there are reports where active (salen)coliglparphyrin)cobalt catalysts are parts
of the coordinated conjugated microporous polymerneetal organic framework
structures which have been employed as catalyst€@/epoxide coupling to produce
cyclic carbonate$®**** However, synthesizing the alternative copolymeodprts

utilizing these catalysts is not possible.
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CHAPTER VI

CONCLUSION

Metal complex catalyzed copolymerization of epogidad CQ presents a route
for the production of polycarbonates using a rerfd&aesource. This process was
shown to be promising for a variety of epoxides Hnt be able to provide a wide range
of polycarbonates. Electronics, sterics and strectd epoxide play important roles in
CO./epoxide copolymerization. Postpolymerization fumealization provides a way to
attach functional groups to polycarbonates withotérfering with the copolymerization
process. With that, a hydrophilic polycarbonate t@nmade for applications in the

biomedical field.

In the copolymerization, coordination of epoxide ttee metal center which
activates the epoxide is a crucial step. Epoxiderdinating ability was measured by
infrared spectroscopy, based on the O-D vibratiandbshifts of CHOD in epoxides
versus that observed in benzene. The relationgtipaen the O-D vibration band shifts
and the pK of bases was determined by a calibration curve facseries of amines. This
relationship was then utilized to calculate epogig,s. The relative epoxide basicity

was observed to be affected by the electronicketubstituent groups.

In the terpolymerization of propylene oxide andraiye oxide with CQ each
epoxide’s reactivity ratio, the ratio of self- aombss-propagation rate, was measured by
Fineman-Ross analysis. Reactivity ratio of propglexide was found to be larger than

one, whereas that of styrene oxide be smaller tram indicating propylene oxide is
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more reactive than styrene oxide. This is due ¢gbdri coordinating ability of propylene
oxide with a electron-donating methyl group on #poxide carbon. However, when
epoxide coordination factor was taken out from tigdyg ratios based on their relative

basicities, we found that styrene oxide ring-oprsger than propylene oxide.

On the other hand, steric effects of epoxides ds® amportant in the
copolymerization. In order to study the steric efffé investigated copolymerization of
CO, with a series of butene oxides with methyl substit groups at different positions.
Among cis- andtrans-2-butene oxide, isobutene oxide and 2-methylbuteade, only
cis-2-butene oxide provided polycarbonate. Coupliractien of CQ with eithertrans
2-butene oxide or isobutene oxide at higher tentpezaesulted in corresponding cyclic
carbonates. The tri-substituted 2-methyl-2-butexidendid not react with Cfat tested
temperature. The glass transition temperatugg ¢T polymer heavily depends on the
monomer structure. They Of poly(2-butene carbonate) derived from copolysgion
of CO, andcis-2-butene oxide was measured to be 68 °C, whi@0iSC higher than

poly(propylene carbonate) and 60 °C higher tharsdmer poly(1-butene carbonate).

Besides, monomer structure also affects the copalation process. For
example, cyclohexene oxide easily copolymerize® W0, by conventional cobalt or
chromium salen catalysts with onium salt cocatalyBut cyclopentene oxide does not.
Cyclopentene oxide is of interest due to the reayity of the corresponding
polycarbonate to cyclopentene oxide. Bifunctionales metal complexes bearing
tethered cocatalyst, which have been reported tee Hagh activity and polymer

selectivity over cyclic product, were shown to lmed catalysts for cyclopentene oxide.
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Derived from a renewable resource 1,4-cyclohexadieh4-cyclohexadiene
oxide was studied for postpolymerization functioretion from the double bond.
Copolymerization of 1,4-cyclohexadiene oxide and,@@s much slower than saturated
cyclohexene oxide. However, 1,3-cyclohexadiene exidhving the double bond next to
epoxide carbon, showed similar reactivity as cyel@ne oxide. The jTof poly(1,3-
cyclohexadiene carbonate) is 26 lower than its 1,4-isomer due to the break of
monomer symmetry. Furthermore, poly(1,4-cyclohesadi carbonate) degrades to
cyclic carbonate in the presence of a base at teigiperature, but the 1,3-isomer does
not because of the high free energy of the cormdipg cyclic carbonate.
Postpolymerizatoin modification of generally hydnopic polycarbonates can make
them more hydrophilic thus provides them wider aapion in biomedical field. An
acetic acid group was built onto the poly(cycloltigae carbonate) via thiol-ene click

reaction. Further deprotonation turned the polymater-soluble.

Lastly, a method to use MOF as £€dorage for copolymerization was developed.
By heating the C@filled MOF, CQ, was released and thus optimum pressure was
created for its copolymerization with propylene dxi The CQ uptake-release-
copolymerization cycle was repeated ten times. pgiupylene oxide conversions and
polymer molecular weights from these ten cycles ewér the same range and
comparable to direct CQutilization without MOF. These studies showed plossibility
of practically converting the abundant and renewaB3 from point source to the

production of useful chemicals.
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Overall, this dissertation displayed the copolymation of CQ with various
epoxides to make polycarbonates with different rttedr and chemical properties.
Reactivity, polymer selectivity, glass transitioamperature and degradability of a
polycarbonate are substantially affected by theuneabf the epoxide reagent. The
feasibility of conversion of the “wasteful” GQo useful material was demonstrated.
Using the epoxides derived from the renewable negoand application of MOF in GO
capture from its source will be the future focusthlg topic in response to the energy

reduction issue for this process.
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APPENDIX

Crystallographic Data for trans-1,3-CHDC

Table Al Crystal data and structure refinement for 13CHDC.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

VA

Density (calculated)
Absorption coefficient
F(000)

orthop212121
C7 H8 O3
140.13
150(2) K
0.71073 A
Orthorhombic
P2(1)2(1)2(1)
a=6.871(5) A
b =9.094(7) A
c =10.694(8) A
668.3(9) &
4
1.393 Mgfn
0.110 mmh
296
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Table Al Continued

Crystal size 0.60 x 0.20 x 0.15 Mm

Theta range for data collection 2.94 t0 28.47°.

Index ranges -9<=h<=9, -12<=k<=12, -14<=|<=14
Reflections collected 8032

Independent reflections 1658 [R(int) = 0.0612]
Completeness to theta = 28.47° 98.3 %

Absorption correction None

Max. and min. transmission 0.9838 and 0.9372
Refinement method Full-matrix least-squares én F
Data / restraints / parameters 1658/0/91
Goodness-of-fit on & 1.017

Final R indices [I>2sigma(l)] R1 = 0.0406, wR2 9910

R indices (all data) R1 = 0.0485, wR2 = 0.0950
Absolute structure parameter -0.5(12)

Largest diff. peak and hole 0.144 and -0.1793.A

Table A2 Atomic coordinates (x #) and equivalent isotropic displacement
parameters (Ax 103) for 13CHDC. U(eq) is defined as one third o€ thace of the
orthogonalized i tensor.

X y z U(eq)
0])) 1317(2) 9405(1) 5951(1) 34(1)
0(2) 2885(2) 7477(2) 6817(1) 28(1)
o(1) 171(2) 7104(1) 5694(1) 28(1)
C(2) 159(3) 4311(2) 5769(2) 28(1)
C(3) 1308(3) 3192(2) 6073(2) 29(2)
C(4) 3094(3) 3291(2) 6902(2) 29(2)
C(6) 2749(2) 5905(2) 6546(2) 25(2)
C(7) 1450(3) 8108(2) 6139(2) 25(2)
C(1) 604(2) 5744(2) 6370(2) 24(1)
C(5) 3470(3) 4819(2) 7487(2) 31(2)
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Table A3 Bond lengths [A] and angles [°] for 13CHDC.

O(3)-C(7)
O(2)-C(7)
O(2)-C(6)
O(1)-C(7)
O(1)-C(1)
C(2)-C(3)
C(2)-C(1)
C(3)-C(4)
C(4)-C(5)
C(6)-C(1)
C(6)-C(5)

C(7)-0(2)-C(6)
C(7)-0(1)-C(1)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
0(2)-C(6)-C(1)
0(2)-C(6)-C(5)
C(1)-C(6)-C(5)
O(3)-C(7)-0(2)
O(3)-C(7)-0(1)
0(2)-C(7)-0(1)
O(1)-C(1)-C(2)
0O(1)-C(1)-C(6)
C(2)-C(1)-C(6)
C(6)-C(5)-C(4)

1.199(2)
1.352(2)
1.462(2)
1.354(2)
1.464(2)
1.328(2)
1.484(2)
1.517(3)
1.546(3)
1.493(3)
1.495(2)

105.21(12)
105.36(13)
116.36(16)
125.33(16)
115.16(14)
100.61(12)
119.46(14)
110.31(15)
124.23(16)
123.71(17)
112.05(14)
119.08(14)
100.36(13)
110.13(14)
105.43(14)
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Table A4 Anisotropic displacement parameters2¢&03) for 13CHDC. The
anisotropic displacement factor exponent takeddime: -2 2[hZ2a*2U1ll+ . +2hk
a* b* Ul2]

yll u22 u33 u23 ul3 ul2
0(3) 40(1) 19(1) 43(1) 2(1) 5(1) 1(2)
0(2) 29(1) 18(1) 36(1) -3(1) -4(1) -2(1)
0(1) 31(1) 18(1) 36(1) 4(1) -8(1) 1(2)
C(2) 31(1) 24(1) 30(1) -1(2) -5(2) -3(2)
C(3) 36(1) 18(1) 32(1) -3(1) -3(2) -2(1)
C@4) 30(1) 21(1) 36(1) 3(1) -2(1) 4(1)
C(6) 26(1) 17(1) 31(1) -2(1) -1(2) -1(2)
C(7) 27(1) 20(1) 28(1) -1(2) 5(1) 0(1)
C@) 26(1) 18(1) 28(1) 3(1) -3(2) 2(1)
C(5) 30(1) 27(1) 35(1) 1(2) -10(1) 2(1)

Table A5 Hydrogen coordinates ( x 4Pand isotropic displacement parameterdxA
103) for 13CHDC.

X y z U(eq)
H(2) -890 4201 5198 34
H(3) 985 2253 5744 34
H(4A) 4249 3010 6402 35
H(4B) 2961 2564 7585 35
H(6) 3408 5708 5730 29
H(1) -44 5779 7207 29
H(5A) 2754 4923 8286 37
H(5B) 4876 4964 7648 37
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Table A6 Torsion angles [°] for 13CHDC.

C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(7)-0(2)-C(6)-C(1)
C(7)-0(2)-C(6)-C(5)
C(6)-0(2)-C(7)-0(3)
C(6)-0(2)-C(7)-O(1)
C(1)-0(1)-C(7)-0(3)
C(1)-0(1)-C(7)-0(2)
C(7)-0(1)-C(1)-C(2)
C(7)-0(1)-C(1)-C(6)
C(3)-C(2)-C(1)-0(1)
C(3)-C(2)-C(1)-C(6)
0(2)-C(6)-C(1)-O(1)
C(5)-C(6)-C(1)-0(1)
0(2)-C(6)-C(1)-C(2)
C(5)-C(6)-C(1)-C(2)
0(2)-C(6)-C(5)-C(4)
C(1)-C(6)-C(5)-C(4)
C(3)-C(4)-C(5)-C(6)

-4.5(3)
4.2(3)
-33.15(16)

-153.91(16)
-166.56(16)

13.56(17)

-167.13(16)

12.75(17)

-152.73(15)

-32.60(16)
149.32(15)
34.3(2)
39.21(16)
166.29(12)
165.60(12)
-67.32(19)
179.75(14)
63.99(18)
-32.5(2)
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