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ABSTRACT 

Alternating copolymerization of CO2 with epoxides to provide polycarbonates is a 

promising reaction for the industrial production of biodegradable thermoplastics, which 

have been widely used in electronics, optical media, the automotive industry, the medical 

and healthcare industry, and many consumer goods. Homogeneous catalysts containing 

transition metals including Co, Cr and Zn have been active for this reaction. Previous 

work in the group involved using amine-bis(phenolates) with different metals to generate 

catalysts and reactive species for use in several reactions. It was found that Cr complexes 

of tetradentate amine-bis(phenolate) ligands were promising catalysts for the 

copolymerization of CO2 with cyclohexene oxide (CHO) and propylene oxide (PO). This 

thesis seeks to further that research by investigating different amine-bis(phenolates) to 

study their structure-polymerization activity relationship. 

The ligands used in this thesis were tridentate or tetradentate amine-bis(phenolates) 

where the substituents on the phenolate groups and pendant arm were varied. Three 

ligands used were 2-tetrahydrofurfuryl-N,N-bis(2-methylene-4,6-tert-butylphenol), 

H2[L1], benzylamino-N,N-bis(2-methylene-4,6-di-tert-butylphenol), H2[L2], and 

benzylamino-N,N-bis(2-methylene-4,6-di-tert-amylphenol), H2[L3]. The synthesis and 

characterization of related lithium complexes 1, 2 and 3 and also chromiumIII complexes 

4, 5 and 6 were performed. Three chromium complexes were isolated and characterized 

by UV-Vis spectroscopy, mass spectrometry, elemental analysis and, for complex 5, 

single-crystal X-ray diffraction. 
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The copolymerization of cyclohexene oxide with CO2 to yield polycarbonates was 

investigated with these chromiumIII amine-bis(phenolate) complexes. The resulting 

polymers were analyzed by 1H and 13C NMR spectroscopy, MALDI-TOF mass 

spectrometry and gel permeation chromatography. 
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Chapter 1  

Introduction 

 

1.1 Chromium Complexes 

1.1.1 Introduction to the Element Chromium 

 

Chromium was first isolated from the rare mineral crocoite (PbCrO4) by the French 

chemist Louis N. Vauquelin of France in 1797, and named for its various colors (chroma). 

It ranks 21st in elemental abundance at an average concentration of 100 ppm in the 

earth’s crust. Chromium has the atomic number 24 and a relative atomic mass of 51.9961 

(12C = 12.0000). Only four (mass numbers 50, 52, 52 and 54) of the 13 known isotopes of 

Cr are stable.[1] 

Chromium compounds exist in a wide range of oxidation states, from –IV to +VI. 

The most common oxidation states are +II, +III and +VI for inorganic chromium 

compounds. For chromium, the +II oxidation state can be strongly reducing and the 

highest oxidation state +VI is found to be a very strong oxidant. However, the most stable 

oxidation state of chromium is +III. The transition metal chromium has played a 

remarkable role in the development of inorganic chemistry.[1] ChromiumVI compounds 

have been regarded as skin irritants. In contrast, chromiumIII occurs in trace amounts in 

foods and water and shows no known toxic effects so far. The estimated average daily 

intake of chromium should be 25-35 μg, as it aids in the metabolism of glucose.[1] 

Moreover, due to its high corrosion resistance and hardness, chromium has been 

http://en.wikipedia.org/wiki/Corrosion
http://en.wikipedia.org/wiki/Hardness
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commercially used to electroplate surfaces to protect them from corrosion. In addition, Cr 

is often used for decorative purposes and Cr salts are used in the dyeing of leathers.[1] 

 

1.1.2 Overview of Chromium Coordination Chemistry 

 

Alfred Werner, the father of modern coordination chemistry, proposed the octahedral 

configuration of transition metal complexes.[2] His contribution developed the basis for 

modern coordination chemistry, leading to the discoveries of thousands of coordination 

complexes.[3] ChromiumIII coordination complexes became one of the most influential 

areas in the development of coordination chemistry for their prominent chemical and 

configurational stability.[4] 

CrII and CrIII complexes were the focus of the early studies of Cr coordination 

chemistry and are dominated by octahedral complexes. As mentioned, CrII complexes are 

usually strongly reducing and easily affected by air oxidation. CrIII comprises the majority 

of coordination compounds of chromium reported so far, for the reason that they are 

generally substitutionally inert and easily synthesized. The +IV and +V oxidation states 

are still considered unusual in chromium chemistry, whereas CrVI is a common oxidation 

state of chromium, usually as CrO4
2- or other oxide-containing ions.[1, 4] 

The area of monometallic coordination compounds and the chemistry of metal-metal 

bonded species are two subdivisions of the coordination chemistry of CrII. The first class 

is usually derived from blue [Cr(H2O)6]2+ ions and the second is derived from analogs of 

Cr2(OAc)4. Due to the Jahn-Teller effect, most CrII compounds are distorted, octahedral, 

high-spin d4 complexes. However, low-spin, octahedral complexes are formed with 

http://en.wikipedia.org/wiki/Octahedral_molecular_geometry
http://en.wikipedia.org/wiki/Transition_metal
http://en.wikipedia.org/wiki/Coordination_chemistry


 

3 
 

strong-field ligands such as CN- and CO and some four-coordinate complexes with 

different coordination geometries exist such as tetrahedral and square planar.[4] 

Since Werner's pioneering work in coordination chemistry, thousands of CrIII 

coordination compounds have been published in the literature. A variety of ligands can be 

used in the synthesis of these CrIII complexes and these ligands are usually inert allowing 

a great number of isolable complexes to be simply generated. A central feature of the 

reactivity of CrIII complexes is very slow ligand substitution reactions, generating this 

unusual configurational stability. In organochromium chemistry, the most active area of 

research is the chromium–carbon σ-bond owing to its important application in catalytic 

processes (especially ethylene polymerization and oligomerization).[5] Six-coordinate 

chromium complexes with octahedral arrangement of ligands are the key features of 

chromiumIII coordination chemistry. In this geometry, the large ligand field stabilization 

energy of the d3 configuration results in their chemical and structural stability.[4] 

ChromiumIII compounds with oxygen and sulfur ligands are well known, where the 

number of oxygen-donor ligand examples far exceeds the sulfur-containing ligands. The 

violet [Cr(H2O)6]Cl3, an important reagent for the production of commercially available 

CrCl-salts, is often used as a starting material in the synthesis process. In addition, CrCl3 

is probably the most important chromium halide, among which CrCl3
.6H2O is the most 

common form. Moreover, CrCl3(THF)3 can be easily synthesized by treating CrCl3
.6H2O 

with trimethylsilylchloride in THF.[6] Related to the research presented in this thesis, 

CrCl3(THF)3 is the precursor used for the preparation of CrIII compounds.  

 

 

http://onlinelibrary.wiley.com.qe2a-proxy.mun.ca/doi/10.1002/0470862106.id483/full
http://en.wikipedia.org/wiki/Trimethylsilylchloride
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1.2 [Cr(salen)] complexes 

 

Currently, considerable effort is being invested in developing new chelating ligands 

that can be utilized in homogeneous catalyst synthesis.[7, 8] Particularly, the chelating 

salen (N,N'-bis(salicylidene)ethylenediamine) ligand, a [ONNO]-type Schiff base 

compound, can be coordinated to a variety of metal ions. The resulting complexes show 

great catalytic ability for a variety of reactions.[9, 10] "Salen" is a contraction of 

salicylaldehyde and ethylenediamine, referring to the deprotonated dianionic species. 

Salen ligands, which possess an ethylene bridge between the nitrogen donors and two 

phenolate fragments that are often deprotonated giving dianionic tetradentate bonding 

modes, tend to wrap around transition metals forming complexes.[11] All the structurally 

related chiral and achiral Schiff bases of this class of compounds are commonly referred 

to as “salen”, often regardless of the nature of the fragment bridging the N-donors. 

SalenH2 is commercially available. The ligand can also be easily prepared by the 

condensation of ethylenediamine, or other diamines, and salicylaldehyde, which may or 

may not possess substituents on the arene ring.[12] (Scheme 1.1)  

 

OH

O
NH2H2N+

-2H2O
2

N N

HOOH

N N

-OO-

-2H+

 

 

Scheme 1.1. Preparation of SalenH2 and salen. 

http://en.wikipedia.org/wiki/Salicylaldehyde
http://en.wikipedia.org/wiki/Ethylenediamine
http://en.wikipedia.org/wiki/Condensation_reaction
http://en.wikipedia.org/wiki/Ethylenediamine
http://en.wikipedia.org/wiki/Salicylaldehyde
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In addition to the salen-ligand, two related structural analogs exist, called salan and 

salalen. Salan[11] ligands are saturated at the nitrogen; these compounds contain secondary 

or tertiary amines rather than imines. Salalens are a combination of salan and salen 

ligands: one side of the compound bears an imine, while the other side bears an amine.[13] 

(Figure 1.1) These salen-related ligands can be easily synthesized and the desired steric 

and electronic properties of these ligands may be obtained through modifications of the 

substituents on the phenolate groups, which help tune the structure of electronic features 

of the metal complexes.  

 

N N

HOOH

N N

HOOH

N N

HOOH

RRR

 

 

Figure 1.1. SalenH2, salanH2 and salalenH2 ligands (from left to right). 

 

The synthesis of metallo-salen complexes is normally conducted by mixing the 

ligand with the desired metal salt. However, several other synthetic methods that yield 

[Cr(salen)] complexes have been reported.[11] The pioneering study was reported by 

Coggon et al. in 1970 on the synthesis of CrIII-Schiff base complexes. The procedure 

involved using Cr(OTf)2 and the oxidation of the intermediate [CrII(salen)] complex by 

air.[14] (Scheme 1.2) 
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N N

HOOH

N N

OO
Cr

OH2

OH2

OTf-

+

1) Cr(OTf)2

2) air

 

 

Scheme 1.2. Synthesis of CrIII-salen base complex. 

 

Bandini and coworkers have reported an alternative approach to the preparation of 

chromium-Schiff base species in 2001. The protocol involved using Mn as a reducing 

agent to produce CrCl2 in situ. Reaction with chiral salen ligands in CH3CN in the 

presence of 2 equiv. of Et3N resulted in the [CrCl(salen)] complex (Scheme 1.3).[15]  

N N

OO
Cr

Cl

H H

CrCl3 + Mn
CH3CN

CrCl2
Salen/Et3N (2 eq.)

CH3CN, 1 h

 

Scheme 1.3. Synthesis of [CrCl(salen)] complex by in-situ CrCl2 formation. 

 

A more controlled synthetic approach starting from CrCl3(THF)3 has also been 

developed. A five-coordinate chromium complex bearing two salicylaldiminato ligands 

was prepared in high yield by treatment of CrCl3(THF)3 with 2 equiv. of the lithiated 

ligand precursor (Scheme 1.4).[16] It is based on this salt-metathesis route that the 

synthesis of the CrIII compounds in this thesis were prepared. 
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CrN O
N tBu

tBu

Ar

Cl

O

tBu tBu

tBu

tBu

OH

N
Ar

i) nBuLi, -78°C, THF

iI) CrCl3(THF)3, -78°C, THF

Ar

 

 

Scheme 1.4. Synthesis of [Cr(Schiff base)] complex via salt metathesis.[16] 

 

A variety of important Cr(salen) derivatives has been developed since the salen-

ligand was firstly introduced. Salen CrIII complexes have a wide range of applications, 

such as enantioselective Diels-Alder reactions;[17-19] ring opening reactions of epoxides;[20, 

21] the coupling of CO2 and epoxides;[22, 23] copolymerizations of epoxides and CO2
[24-26] 

and asymmetric epoxidations.[27]  

The first application of chromium-salen complexes as homogeneous catalysts was 

reported by Kochi and coworkers in 1983. Various [Cr(oxo)salen] complexes were used 

for catalysis of the epoxidation of olefins with iodosylbenzene.[28] Subsequently, Gilheny 

and coworkers discovered chiral [Cr(salen)] complexes were effective in enantioselective 

epoxidation reactions. High efficiency of epoxidation of trans-olefins was obtained in the 

presence of oxo[Cr(salen)] complex and iodosylbenzene as the oxygen source (yield up to 

77%) (Scheme 1.5).[29, 30]  

https://scifinder-cas-org.qe2a-proxy.mun.ca/scifinder/references/answers/1AED6871X86F350B0X3B30350A1EE9DCCEEF:1B0B395BX86F350B0X18AB734A3DDB44105D/5.html?nav=eNpVkLEvQ0Ecx3990ogwFIOIEINBSO61aUuFhL6UtvHyKoqIRU57aR_vvXvurtUuwoDBYlAWQwcbO_EnSIzCIhE7q8TkXkvETZf8Pve57-97_Q5-AT4sYCikBbXwRFRbjY3NhaNBLbgaisW18XAkHk4ktEgkFIwmJLrBGXRu4jJGFnYKKO0IUiCs661--bl_FFPAlwZ_GVslUmEQ-OOMkr1B2OF1rb_99PVYAai4ANAthUUBffHlpVRmcT1trMwaS_JiZNaTi5nlhbSRFNBm2i5lQhr4NuxCi3wHAhRG_yfRKLUIdh4G2d7jxdeHTLL2m8T1eM4lP0pZAeUwR5TnMEOcsDJhKE9tbDooR22bOigrP8u6JDd1clXvP3-9V0DRocOuZljedLA1T6oChnUpUqVIbYjUpkhtitSmSJXkpA6tdtUzcgG9updWLQnTUnXT2SL5FObFLBGTFdeV4Xoay3hj9G_8bD2t1V5GBrzWflduUD_zu8RB7ez2JtLitbrTIesJTM9A41S-ASH4nec&key=caplus_2011:1510679&title=TWljZWxsYXItZHJpdmVuIHN1YnN0cmF0ZSBzZWxlY3Rpdml0eSBpbiBDcihzYWxlbilDbCBjYXRhbHl0aWMgRGllbHMtQWxkZXIgcmVhY3Rpb24gaW4gd2F0ZXI&launchSrc=reflist&p=1
https://scifinder-cas-org.qe2a-proxy.mun.ca/scifinder/references/answers/1AED6871X86F350B0X3B30350A1EE9DCCEEF:1B0B395BX86F350B0X18AB734A3DDB44105D/28.html?nav=eNpVkLEvQ0Ecx3990ogwFIOIEINBSO61aUuFhL6UtvHyKoqIRU57aR_vvXvurtUuwoDBYlAWQwcbO_EnSIzCIhE7q8TkXkvETZf8Pve57-97_Q5-AT4sYCikBbXwRFRbjY3NhaNBLbgaisW18XAkHk4ktEgkFIwmJLrBGXRu4jJGFnYKKO0IUiCs661--bl_FFPAlwZ_GVslUmEQ-OOMkr1B2OF1rb_99PVYAai4ANAthUUBffHlpVRmcT1trMwaS_JiZNaTi5nlhbSRFNBm2i5lQhr4NuxCi3wHAhRG_yfRKLUIdh4G2d7jxdeHTLL2m8T1eM4lP0pZAeUwR5TnMEOcsDJhKE9tbDooR22bOigrP8u6JDd1clXvP3-9V0DRocOuZljedLA1T6oChnUpUqVIbYjUpkhtitSmSJXkpA6tdtUzcgG9updWLQnTUnXT2SL5FObFLBGTFdeV4Xoay3hj9G_8bD2t1V5GBrzWflduUD_zu8RB7ez2JtLitbrTIesJTM9A41S-ASH4nec&key=caplus_2000:603569&title=QXNzZXNzbWVudCBvZiB0aGUgbmVnYXRpdmUgZmFjdG9ycyByZXNwb25zaWJsZSBmb3IgdGhlIGRlY3JlYXNlIGluIHRoZSBlbmFudGlvc2VsZWN0aXZpdHkgZm9yIHRoZSByaW5nIG9wZW5pbmcgb2YgZXBveGlkZXMgY2F0YWx5emVkIGJ5IGNoaXJhbCBzdXBwb3J0ZWQgQ3IoSUlJKS1zYWxlbiBjb21wbGV4ZXM&launchSrc=reflist&p=2
https://scifinder-cas-org.qe2a-proxy.mun.ca/scifinder/references/answers/1AED6871X86F350B0X3B30350A1EE9DCCEEF:1B0B395BX86F350B0X18AB734A3DDB44105D/42.html?nav=eNpVkLEvQ0Ecx3990ogwFIOIEINBSO61aUuFhL6UtvHyKoqIRU57aR_vvXvurtUuwoDBYlAWQwcbO_EnSIzCIhE7q8TkXkvETZf8Pve57-97_Q5-AT4sYCikBbXwRFRbjY3NhaNBLbgaisW18XAkHk4ktEgkFIwmJLrBGXRu4jJGFnYKKO0IUiCs661--bl_FFPAlwZ_GVslUmEQ-OOMkr1B2OF1rb_99PVYAai4ANAthUUBffHlpVRmcT1trMwaS_JiZNaTi5nlhbSRFNBm2i5lQhr4NuxCi3wHAhRG_yfRKLUIdh4G2d7jxdeHTLL2m8T1eM4lP0pZAeUwR5TnMEOcsDJhKE9tbDooR22bOigrP8u6JDd1clXvP3-9V0DRocOuZljedLA1T6oChnUpUqVIbYjUpkhtitSmSJXkpA6tdtUzcgG9updWLQnTUnXT2SL5FObFLBGTFdeV4Xoay3hj9G_8bD2t1V5GBrzWflduUD_zu8RB7ez2JtLitbrTIesJTM9A41S-ASH4nec&key=medline_2001654698&title=Q2hlbWljYWwgQ08oMikgZml4YXRpb246IENyKElJSSkgc2FsZW4gY29tcGxleGVzIGFzIGhpZ2hseSBlZmZpY2llbnQgY2F0YWx5c3RzIGZvciB0aGUgY291cGxpbmcgb2YgQ08oMikgYW5kIGVwb3hpZGVz&launchSrc=reflist&p=3
https://scifinder-cas-org.qe2a-proxy.mun.ca/scifinder/references/answers/1AED6871X86F350B0X3B30350A1EE9DCCEEF:1B0B395BX86F350B0X18AB734A3DDB44105D/21.html?nav=eNpVkLEvQ0Ecx3990ogwFIOIEINBSO61aUuFhL6UtvHyKoqIRU57aR_vvXvurtUuwoDBYlAWQwcbO_EnSIzCIhE7q8TkXkvETZf8Pve57-97_Q5-AT4sYCikBbXwRFRbjY3NhaNBLbgaisW18XAkHk4ktEgkFIwmJLrBGXRu4jJGFnYKKO0IUiCs661--bl_FFPAlwZ_GVslUmEQ-OOMkr1B2OF1rb_99PVYAai4ANAthUUBffHlpVRmcT1trMwaS_JiZNaTi5nlhbSRFNBm2i5lQhr4NuxCi3wHAhRG_yfRKLUIdh4G2d7jxdeHTLL2m8T1eM4lP0pZAeUwR5TnMEOcsDJhKE9tbDooR22bOigrP8u6JDd1clXvP3-9V0DRocOuZljedLA1T6oChnUpUqVIbYjUpkhtitSmSJXkpA6tdtUzcgG9updWLQnTUnXT2SL5FObFLBGTFdeV4Xoay3hj9G_8bD2t1V5GBrzWflduUD_zu8RB7ez2JtLitbrTIesJTM9A41S-ASH4nec&key=caplus_2004:661216&title=SW52ZXN0aWdhdGlvbiBpbnRvIHRoZSBtZWNoYW5pc20gb2YgdGhlIGNvcG9seW1lcml6YXRpb24gb2YgcHJvcHlsZW5lIG94aWRlIGFuZCBDTzIgdXNpbmcgKHNhbGVuKUNyTjMgY2F0YWx5c3Rz&launchSrc=reflist&p=2
https://scifinder-cas-org.qe2a-proxy.mun.ca/scifinder/references/answers/1AED6871X86F350B0X3B30350A1EE9DCCEEF:1B284CACX86F350B0X14C77CF24094717545/38.html?nav=eNpb85aBtYSBMbGEQcXQycjCxNnROcLCzM3Y1MDJIMLQxNnc3NnNyMTA0sTc0NzUxBSoNKm4iEEwK7EsUS8nMS9dzzOvJDU9tUjo0YIl3xvbLZgYGD0ZWMsSc0pTK4oYBBDq_Epzk1KL2tZMleWe8qCbiYGhooCBgUEDaGBGCYO0Y2iIh39QvKdfmKtfCJDh5x_vHuQfGuDp517CwJmZW5BfVAI0obiQoY6BGaiPoYSBqSgf1SVO-fk5qYl5ZxWKGq7O-fUO6JIomEsKQOqLi4HqtfOL0vWSE4v18ouTE4v0ilOLylKL9FLycxMz8_SS83Nz8_P0goGWBRekJttMWL1AdvqDU0wMTD4MPLmV_kUpmXmJOd6plSUMGj5Ag_SBBumDDdKHGKQPMUgfYpA-UKW1DwN7biXIxOISBkkfkGv1S0syc_R9MvOyU1M8EoszglNLrCsKCoCOEwd7BiSthyJ9I-d61NS7WnKgUIN5GawKKr_LpXXqtB3bTZhBoVrOAwweAXsHBjCoAAASAJ3h&key=medline_2003501218&title=Q3IoSUlJKShzYWxlbilDbCBjYXRhbHl6ZWQgYXN5bW1ldHJpYyBlcG94aWRhdGlvbnM6IGluc2lnaHQgaW50byB0aGUgY2F0YWx5dGljIGN5Y2xl&launchSrc=reflist&p=2
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Scheme 1.5. Epoxidation of trans-olefins by using oxo[Cr(salen)] complex.[31]  

 

A broad range of substituted 1-aminobutadienes has been used in enantioselective 

Diels−Alder reactions with methacrolein in the presence of 5 mol % of CrIII-salen 

complex. The reactions were carried out at room temperature and afforded the 

cycloadducts in high yields (Scheme 1.6).[19]  
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Scheme 1.6. Enantioselective Diels-Alder reaction using CrIII-salen complex as 

catalyst.[19] 
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1.3 Copolymerization of CO2/epoxide 

1.3.1 Background  

 

Fossil fuel resources remain the most important chemical feedstock of the day, 

which are widely used in industry. However, at current rates of consumption, worldwide 

fossil fuel reserves could be completely depleted by the year 2050, thus alternative, 

renewable carbon-based sources of raw materials are needed.[32-35] Carbon dioxide is one 

possible source, which is released in many combustion processes and considered as one 

of the major green house gases.  

According to current policies and regulations calling for limiting fossil fuel use, 

worldwide energy-related carbon dioxide emissions will increase from about 31 billion 

metric tons in 2010 to 36 billion metric tons in 2020.[36] Carbon capture and storage (CCS) 

is one strategy assumed to considerably diminish the atmospheric CO2 concentration via 

storage in the long term.[37-39] A significant amount of research activities in this area 

indicates promising results in the near future. Since global climate change is the result of 

excessive combustion of fossil fuels, more emphasis should be placed on the restriction of 

CO2 emissions by alternative methods. The utilization of CO2 as a C1-feedstock for 

chemical reactions is one solution of great significance.[40, 41]  

Currently, a promising reaction of utilizing CO2 is the alternating copolymerization 

of CO2 with epoxides to give polycarbonates.[42, 43] Large-scale industrial application of 

CO2 potentially lies in the production of biodegradable thermoplastics, such as 

poly(propylene carbonate) (PPC) and poly(cyclohexene carbonate) (PCHC). Although 

using CO2 as a chemical feedstock will not significantly diminish global CO2 levels, this 
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strategy potentially provides access to desirable products from a non-toxic, renewable and 

low-cost resource.   

 

1.3.2 Polycarbonate  

 

Traditional oil-based plastics have been widely used in a variety of packaging 

materials. However, the production of plastic uses fossil fuels which are finite, non-

renewable resources, and lead to waste problems after use due to their poor 

biodegradability.[44] Polycarbonates are polymers containing carbonate groups (–O–

(C=O)–O–) in their backbone. 

The conventional commercial synthesis of polycarbonate has used bisphenol A 

(BPA) as the monomer for many years (Scheme 1.7). BPA based polymer may display 

hydrolysis of the carbonate resulting in leaching of BPA. This potentially leads to wide-

spread human exposure to this alleged endocrine disruptor.[45] Besides, it is widely 

accepted that phosgene, which is needed in the polymerization reaction is one of the most 

acutely toxic substances in commercial use. Thus, it will be extremely beneficial with 

respect to risk reduction to eliminate the need for phosgene.[46] New processes do not use 

COCl2 but dimethyl carbonate or diethyl carbonate instead.[47] 

 

 

http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Carbonate_ester
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Scheme 1.7. Traditional synthetic route to BPA-based polycarbonate.  

 

With current concerns about resource utilization and disposal in the plastics industry, 

polycarbonates produced from the copolymerization of carbon dioxide and epoxides are 

promising alternatives to petrochemical derived from polycarbonates.[48] CO2 represents 

an attractive co-monomer in the manufacture of polymers, not least because, as a gas, it 

would be compatible with many current polymerization processes. As the most highly 

oxidized state of carbon, CO2 is the lowest energy state of all carbon-containing binary 

neutral species. Besides, CO2 and water are the end-products of most energy releasing 

processes, including combustion and metabolic pathways.[43, 49]  

Polycarbonates possess outstanding properties. These include strength, lightness, 

durability, high transparency, heat resistance, and good electrical insulation.[50] Hence, 

these materials have been widely used in electronics, optical media, the automotive 

industry, the medical and healthcare industry, and many other consumer goods. The 

thermo-mechanical properties of polymers, including glass transition temperature, 

crystalline melting temperature, tensile, compressive, and flexural strengths, fatigue and 

impact resistance, are highly dependent on molecular weight.[43] On the other hand, cyclic 

carbonates have a wide range of applications, most importantly as high boiling and high 

flash point solvents with low toxicity in degreasing, paint stripping, and cleaning 
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processes. These monomeric compounds are also extensively employed as reactive 

intermediates.[51] 

 

1.3.3 Catalyst Systems used in Copolymerization of CO2/epoxides 

 

The copolymerization of CO2 and epoxides is a promising route to prepare new 

sustainable copolymers and materials. The success and viability of the copolymerization 

is critically dependent on the catalyst. The catalysts for the copolymerization are essential 

to control both the efficiency and the physical/chemical properties of polycarbonates.[43, 49] 

The key evaluation criteria for catalyst activity include the productivity (defined as turn-

over-number, TON), activity (turn-over-frequency, TOF) and the quality of the 

copolymer produced (% selectivity, the number average molecular weight (Mn)). In 

addition, another important aspect is the conditions under which the catalyst will operate, 

including the pressure of CO2, temperature and any additives (co-catalysts).[43] Since the 

development of high-activity catalysts will offer tremendous potential for the production 

of copolymers from CO2, significant efforts have been devoted by a number of academic 

groups to the preparation and study of various homogeneous and heterogeneous catalyst 

systems for the reaction.  

The discovery of metal-catalyzed copolymerization of carbon dioxide and epoxides 

by Inoue et al. dates back to the late 1960s, when the first successful polymerization of 

racemic propylene oxide and CO2 was accomplished by a mixture of diethylzinc and 

water as the catalyst system.[52] This was the first example of the use of carbon dioxide as 
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a monomer in the polymerization reaction with epoxides (see Scheme 1.8). 

 

H2C CHMe
O

COCHMe+
Et2Zn-H2O

n

CH2CO2

O
On n

 

 

Scheme 1.8. Co-polymerization of racemic propylene oxide and CO2 by a mixture of 

diethylzinc and water as the catalyst. 

 

Since this discovery, copolymerization of carbon dioxide has been examined with 

many other monomers such as oxetane, thiirane, and aziridine. However, to date only 

CO2/epoxide copolymers are considered sufficiently qualified for practical production 

and applications.[53] The most commonly used epoxides are cyclohexene oxide (CHO), 

propylene oxide (PO), ethylene oxide (EO) and styrene oxide (SO). Regarding 

CO2/epoxide copolymerization, a great deal of work has been carried out, mainly to 

develop highly active catalyst systems.[26, 54-56] The activities and developments of 

different metal-centered catalysts will be discussed in the following part. 

Coates and co-workers made a breakthrough by developing a series of zinc β-

diiminate (BDI) complexes (Figure 1.2), which showed high activity in the CO2/epoxides 

copolymerization reaction.[54, 57, 58] A variety of substituents and initiating groups were 

investigated, and their influence was correlated with activity (Figure 1.2). For example, 

using [(BDI)ZnOAc] as the catalyst, the alternating copolymerization of CO2/CHO 

proceeded rapidly under very mild conditions (20 °C, 6.9 bar) and gave the alternating 

copolymer (TOF = 135) in 2 h.[54] 
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Figure 1.2. β-diiminate zinc complexes used for the copolymerization of CO2/CHO.[58] 

 

In addition to zinc catalysts, aluminum catalysts also showed good activity towards 

copolymerization of CO2/epoxides.[59] A typical example is an aluminum Schiff base 

complex with tetraethylammonium acetate (Et4NOAc) system (Figure 1.3).[55] When the 

(Salen)AlMe–Et4NOAc catalyst was mixed with CHO and CO2 (80 °C, 51 bar) in CH2Cl2, 

the copolymerization of CO2 and CHO gave a high polymer yield (96%) of 

polycyclohexene carbonate (PCHC) containing 94% carbonate linkages with Mn and 

Mw/Mn of 10,500 g/mol and 1.54, respectively in 24 h. 

 R1 R2 R3 R4 

a iPr iPr H Me 

b iPr Et CN Me 

c iPr Et H CF3 

d Et iPr H CF3 
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Figure 1.3. Aluminum Schiff base complex used for the copolymerization of CO2 and 

CHO.[55] 

 

Transition-metal (especially Co and Cr) complexes are a very promising class of 

catalysts and have been intensively studied in recent years.[43, 60] In the early study of 

cobalt catalysts, Coates and co-workers reported a cobalt salen complex (Figure 1.4) that 

provided over 99% selectivity for polypropylene carbonate (PPC) from CO2 and 

propylene oxide (PO) with 99% carbonate linkages and TOF around 70 h-1 at catalyst 

loadings of 0.2 to 0.5%.[56] 

O

N

O

N

Bu tBu

tBu Bu

Co

OAct

t  

 

Figure 1.4. [Co(salcy)OAc] complex used for the copolymerization of CO2 and 

propylene oxide.[56] 
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The Williams research group reported three extremely active cobalt catalysts for the 

copolymerization of CO2/CHO at just 1 bar pressure of carbon dioxide, with very high 

selectivity (≥98%) for copolymerization and carbonate formation.[61]  

A series of highly active cobalt complexes possessing ligands tethering 4 quaternary 

ammonium salts was reported by Lee and co-workers.[26, 62, 63] For instance, the salen-

cobaltIII catalyst shown in Figure 1.5, not only showed high activity for CO2/propylene 

oxide (PO) copolymerization (TOF = 22,000 h−1),[63] but also showed high activity (TOF 

= 25,900 h−1) and high selectivity (>98%) for CO2/ethylene oxide (EO) copolymerization, 

resulting in polymers of high molecular weight  (Mn = 200,000–300,000) with strictly 

alternating repeating units.[26]  

O

N

O

N

Me Me

NBu3 Bu3N

NBu3 Bu3N

Me Me

Co

4 NO3
-

CH3CO2
-

 

 

Figure 1.5. Highly active cobaltIII catalyst for CO2/PO and CO2/EO copolymerization.[57] 

 

The first example of using a chromium complex as a catalyst for CO2/epoxide 

copolymerization came from the Holmes research group.[64] A fluorinated chromium 
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porphyrin complex, tetra(pentafluorophenyl)porphyrin chromiumIII chloride (CrTFPPCl),  

combined with (4-dimethylamino)pyridine (DMAP) co-catalyst was used to catalyze the 

copolymerization of 1,2-cyclohexene oxide (CHO) with carbon dioxide, showing a TOF 

exceeding 150 h-1 for CHO (110 °C, 225 bar in supercritical CO2, (scCO2)). 

After the introduction of Cr-porphyrin catalysts for the copolymerization of 

CO2/epoxides, the Darensbourg research group investigated a wide variety of salan/salen-

chromium catalyst with different ligand substitutions, initiating groups and co-catalysts 

over the past decade.[60, 65, 66] Various (salen)CrX catalysts (Figure 1.6) with PCy3 or 

PPN+ azide and chloride salts as co-catalysts, were found to be most effective at 

selectively producing poly(propylene carbonate) (PPC).[67] When the chromium complex 

having R3 = H and R4 = tBu was used in the copolymerization of CO2/CHO, TOFs in the 

presence of 1 equiv. of co-catalyst were achieved in the range of 109-169 h-1 at 60 °C, 

with selectivity for copolymer formation of 87-96%.[67] 

O

N

O

N

R3 R3

R4 R4

Cr

X

R1 R2

 

Figure 1.6. General structure of chromiumIII salen catalyst used in the copolymerization 

of CO2/epoxides. 
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A diamine-bis(phenolate) chromiumIII catalyst, {CrCl[O2NN’]BuBu}2, for 

copolymerization of CO2 and epoxides was recently reported by the Kozak group.[68, 69] In 

the presence of three co-catalysts (PPNCl, PPNN3 or DMAP), the chromium catalyst 

shown in Figure 1.7 showed good activity towards the copolymerization of CO2 and 

CHO/PO, producing polycarbonates with low dispersities. In the copolymerization of  

cyclohexene oxide and CO2, a turnover frequency of 219 h-1 was achieved by using this 

Cr catalyst and 1 equiv of DMAP as the co-catalyst at 80 °C and 24 bar CO2.[68]  
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Figure 1.7. Diamine-bis(phenolate) chromiumIII catalyst used in the copolymerization of 

CO2/epoxides. 

 

The present study was undertaken to explore the potential of CrIII amine-

bis(phenolate) complexes for copolymerization of cyclohexene oxide and carbon dioxide. 

In Chapter 2, the synthesis and characterization of related CrIII amine-bis(phenolate) 

complexes will be discussed. In Chapter 3, the use of these chromium complexes for the 
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copolymerization of cyclohexene oxide and carbon dioxide will be described. Also, 

Chapter 3 briefly summarizes the work described in this thesis and proposes new 

directions of investigation. 

 

1.3.4 Mechanism of Polymerization 

 

The general mechanism proposed for the formation of polycarbonates in CO2/ 

epoxide copolymerization was presented in Scheme 1.9. This coordination-insertion 

mechanism involves the insertion of CO2 into a metal alkoxide bond, and then followed 

by the insertion of the epoxide into the resulting metal carbonate bond. Propagation 

continues with sequential additions of CO2 and epoxides.  
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Scheme 1.9. Proposed mechanism of polycarbonates formation in the 

copolymerization of CO2/epoxides. 
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Proposed mechanisms for CO2/epoxide copolymerization by using chromium 

catalyst and different co-catalysts have been introduced detailedly in the literature.[65, 69] 

 

1.3.5 Polymer Characterization  

 

GPC (Gel permeation chromatography) is the technique often used for polymer 

analysis. Most polymers are polydisperse which mean they contain more than one chain 

length. The average distribution of chain masses can be described in the weight average 

molecular weight (Mw), the number average molecular weight (Mn), the size average 

molecular weight (Mz), or the viscosity molecular weight (Mv).[70] The dispersity of 

polymers, which is also known as PDI (polydispersity indices), can be calculated as the 

Mw divided by Mn. The Mn is the statistical average molecular weight of all the polymer 

chains in the sample, which is defined by “Mn = (ΣNiMi) / (ΣNi)” (where Mi is the 

molecular weight of a chain and Ni is the number of chains of that molecular weight.). 

Compared to Mn, Mw is defined  by “Mn = (ΣNiMi
2) / (ΣNiMi)”. PDI (polydispersity index) 

values indicate the breadth of the molecular weight distribution. Polymers that are 

monodisperse would have a PDI of 1.0. The PDI values approaching 1.0 for polymers 

should have very narrow molecular weight distributions, while the PDI values above 2.0 

for polymers are usually considered having broad molecular weight distributions.[70]  

1H NMR (nuclear magnetic resonance) is a useful method to determinate different 

characteristic peaks of polymers and also polymer conversion calculations from 

integration of the spectra.  
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MALDI-TOF MS (matrix assisted laser desorption/ionization time-of-flight mass 

spectroscopy) is an effective method to gain insight into experimental values of the 

number average molecular weights (Mn) of the copolymers and analysis of possible end-

groups providing mechanistic details for the catalytic system. 

The detailed characterization results of polymers will be described in Chapter 3, 

Section 3.3. 
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Chapter 2 

Synthesis and Structure of ChromiumIII Amine-bis(phenolate) 

Complexes 

 

2.1 Introduction 

 

As introduced in Chapter 1, metal salen complexes, especially Cr, Co, and Zn 

compounds have shown significant catalytic ability for a copolymerization of 

CO2/epoxide in the literature. For chromium inorganic compounds, the most common 

oxidation states are +II, +III and +VI. The +II oxidation state can be strongly reducing, 

while the highest oxidation state of CrVI is found to be a very strong oxidant.[1] For their 

prominent chemical and configurational stability, CrIII coordination complexes became 

one of the most influential areas in the development of coordination chemistry.[4] The 

electron configuration of mononuclear d3 octahedral CrIII complexes arises from the large 

ligand field stabilization energy. CrIII compounds are generally substitutionally inert and 

often the most stable oxidation state, making them easier to synthesize.[1] 

In the field of coordination chemistry, ligand design is crucial to control the 

reactivity of metal complexes. The amine-bis(phenolate) complexes offer new avenues 

for development of highly active catalysts.[71] The modification of the central donor to a 

sp3-hybridized N atom results in non-planar geometries, and thus increases the flexibility 

of the ligand framework compared with salen ligands. Desired steric and electronic 

properties of these ligands may be obtained through modifications of the substituents on 
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the phenolate groups or pendant arms. This differs from salen and salan-based catalyst 

systems where only the phenolate groups are easily modified. Commonly, these amine-

bis(phenolate) ligands can be easily synthesized in a one-pot Mannich condensation 

reaction.[72] 

The first tetradentate tripodal amine bis(phenolate) ligand was introduced by 

Hinshaw in 1989.[73] Amine-bis(phenolate) complexes are widely used as catalysts in 

reactions such as olefin polymerization and oxidation, where the metal centre acts as a 

Lewis acid. These complexes are also acted as bioinorganic model compounds. The group 

4 amine-bis(phenolate) complexes used as olefin polymerization catalysts evolved from 

the need for alternatives to the well-studied and thoroughly patented group 4 metallocene 

catalysts.[74, 75] In group 5, oxovanadium compounds are well-known precursors for 

catalyzed oxidations of organic substrates with peroxides.[76] Another example was 

presented recently by Kozak and co-workers, in which ironIII amine-bis(phenolate) 

complexes were used to catalyze C–C cross-coupling of Grignard reagents with primary 

and secondary alkyl halides.[77, 78] The copolymerization of epoxides and CO2 is also an 

important reaction studied over the past years. In Chapter 3, reactions of cyclohexene 

oxide with CO2 catalyzed by amine-bis(phenolate) CrIII complexes will be described and 

discussed. 

 

2.2 Synthesis of ChromiumIII Amine-bis(phenolate) Complexes 

 

The ligands 2-tetrahydrofurfuryl-N,N-bis(2-methylene-4,6-tert-butylphenol), 

H2[O2NO]BuBu H2[L1], benzylamino-N,N-bis(2-methylene-4,6-di-tert-butylphenol), 
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H2[ONO]BuBuBn H2[L2], and benzylamino-N,N-bis(2-methylene-4,6-di-tert-amylphenol), 

H2[ONO]tAmtAmBn H2[L3] were prepared according to previously reported procedures.[31, 

72, 79] The synthesis of the corresponding Li complexes involved stirring a mixture of 

H2[L1], H2[L2] or H2[L3] and n-butyllithium under nitrogen for 2 h, giving 

{Li2[O2NO]BuBu}2 (1) , {Li2[ONO]BuBuBn}2 (2), {Li2[ONO]tAmtAmBn}2 (3) as beige powders 

as previously described (Scheme 2.1).[80]  

Complex 4, CrCl[O2NO]BuBu, was synthesized via a previously reported method 

where it was characterized by MALDI-TOF, UV-Vis and X-ray crystallography.[81] 

Complex 5 (CrCl[ONO]BuBuBn) and 6 (CrCl[ONO]tAmtAmBn) are novel and were 

synthesized via similar methods (Scheme 2.1). The synthesis involved stirring a cooled 

mixture of H2[L2] or H2[L3] and n-butyllithium in THF under nitrogen for 2 h followed 

by transferring the resulting solution into a cooled suspension of CrCl3(THF)3 in THF and 

then stirring for 18 h at room temperature. In the presence of ligands H2[L2] and H2[L3], 

green powders were obtained, giving 5 and 6. Purification of crude 5 and 6 by 

recrystallization from toluene produced green, crystalline material that was characterized 

by mass spectrometry, UV-visible spectroscopy and elemental analysis. Complex 5 was 

also characterized by single crystal X-ray diffraction. 
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Scheme 2.1. Synthetic routes to CrIII complexes. 

 

2.3 Characterization of ChromiumIII Amine-bis(phenolate) Complexes  

2.3.1 MALDI-TOF MS  

 

Using NMR to characterize CrIII complexes is relatively difficult due to their 

paramagnetic properties. MALDI-TOF MS, on the other hand, is a simple and fast 

method that can be used to characterize coordination complexes regardless of whether 

they are paramagnetic or diamagnetic.  

The phenolate groups of amine-bis(phenolate) ligands may absorb the laser energy, 

and this leads to ionization of samples.[82] For the Cr complexes described here, a simple 

aromatic matrix such as anthracene was required to get spectra with good signal-to-noise 

ratios. The mass spectra of the CrIII complexes could be interpreted through the m/z ratio 

and isotope patterns of the peaks. The mass spectra obtained from the prepared sample 

mixtures show series of peaks consistent with the expected products.  
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The spectrum of complex 5 shows peaks at m/z 628.28 corresponding to the 

[CrCl[ONO]BuBuBn]+· ion, as shown in Figure 2.1. Ligand fragment ion peaks are shown at 

m/z 538.15 and the fragment ion corresponding to the loss of the chloride, 

[Cr[ONO]BuBuBn]+ occurred at m/z 593.33 (Figure 2.1). As shown in Figure 2.2, the 

isotopic distribution pattern of the experimental [CrCl[ONO]BuBuBn]+· is in agreement with 

the theory for 5, providing strong evidence for the observed molecular structure. In 

addition to peaks corresponding to monomeric complexes peaks at higher masses were 

observed at m/z 1221.6 suggesting the presence of bimetallic fragments corresponding to 

[{[Cr[ONO]BuBuBn]}2Cl]+ (Figure 2.3). Crystallographic evidence supporting the existence 

of bimetallic species will be discussed in Section 2.3.3.  

 
Figure 2.1. MALDI-TOF mass spectrum (lower mass region) of CrCl[ONO]BuBuBn (5). 
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Figure 2.2. Experimental (top blue) and theoretical (bottom, green) MALDI-TOF 

isotopic distribution pattern for the [M]+· peak of 5. 
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Figure 2.3. MALDI-TOF mass spectrum of (5) showing the higher mass region. 

 

Similarly, compound 6 shows the loss of the chloride ion from the parent ion at m/z 

649.31 in the mass spectrum (Figure 2.4). The intense peak for 6 at m/z of 684.27 

corresponds to [CrCl[ONO]tAmtAmBn]+·. Good matches of the theoretical and experimental 

isotope patterns of 6 are shown in Figure 2.5. In addition to these peaks, evidence of 

bimetallic fragments in 6 also exists, e.g. [{[Cr[ONO]tAmtAmBn]}2Cl]+ at m/z 1333.50 

(Figure 2.6).  
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Figure 2.4. MALDI-TOF mass spectrum (lower mass region) of CrCl[ONO]tAmtAmBenzyl 

(6). 
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Figure 2.5. Experimental (top, blue) and theoretical (bottom, green) MALDI-TOF 

isotopic distribution pattern for the molecular ion of the [M]+· peak of 6. 

 

Figure 2.6. MALDI-TOF mass spectrum of (6) showing the higher mass region.  
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2.3.2 UV-Visible Spectroscopy 

 

Electronic absorption spectra of complexes 5 and 6 show multiple bands in the UV 

and visible regions. In this study, dichloromethane solutions at concentrations of 1×10-4 

mol L-1 were employed and the spectra are shown in Figures 2.7 and 2.8. The absorption 

maxima observed in the UV region (below 300 nm) are caused by π→π* transitions 

involving the phenolate units. High energy bands are also observed in the region between 

300 and 400 nm, which were assigned to charge transfer transitions from the pπ orbital 

(HOMO) of the phenolate oxygen to the empty dx2-y2/dz2 and the half-filled dπ, orbitals of 

CrIII. Weaker bands arising from d-d transitions were observed at 560 and 720 nm. 
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Figure 2.7. UV-Vis absorption spectrum of 5 in CH2Cl2. Inset: Expansion of visible 

region showing peak wavelength and molar extinction coefficients, and wavelength of 

two maximum absorptions in region 500-800 nm are assigned. 

 

(555, 1070) 

 
(718, 620) 
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Figure 2.8. UV-Vis absorption spectrum of 6 in CH2Cl2. Inset: Expansion of visible 

region showing peak wavelength and molar extinction coefficients, and wavelength of 

two maximum absorptions in region 500-800 nm are assigned. 

 

2.3.3 Single Crystal X-ray Diffraction 

 

Single crystals of an adduct of 5 suitable for X-ray diffraction analysis were isolated 

by slow evaporation of a toluene solution of 5 under a N2 atmosphere in a glove box. The 

resulting structure is shown in Figure 2.9 and selected bond distances and angles are 

listed in Table 2.1. Crystallographic and structure refinement data are given in the 

(565, 410) 

 
                        (720, 140) 
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Appendix. It is immediately obvious that an adduct has formed possessing the formula 

(5)2·LiCl·THF. 

 

 

Figure 2.9. Molecular structure (ORTEP) and partially labelled numbering scheme of 

(5)2·LiCl·THF. Ellipsoids are shown at 50% probability. Hydrogen atoms and methyl 

groups on phenolate t-butyl groups are omitted for clarity. Symmetry operations used to 

generate equivalent atoms (*): –x+2, –x+y+1, –z+1/3. 
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The complex was obtained as a dark green crystalline solid. The structure was 

elucidated by X-ray diffraction, showing the dinuclear complex containing two trivalent 

chromium atoms with face sharing octahedral geometries. The bridging interaction 

between the two metal centers is composed of three chlorine atoms. One partially 

solvated lithium cation forms part of the trimetallic cluster structure and is bridged to the 

two transition metals by one oxygen and two chlorine atoms. 

Many related Cl-bridged Cr complexes have been reported in the literature.[68, 69, 83-87] 

One closely related example is shown in Figure 2.10.[84] This complex possesses N-donor 

ligands having a narrow bite angle and an anionic charge, formulated as [(t-

Bu)NP(Ph)2N(t-Bu)]-. This bimetallic complex contains face-sharing octahedra, similar to 

what is observed in (5)2·LiCl·THF having three bridging Cl- ions. The bond distances of 

Cr-Clbridge (2.425(3) Å and 2.386(2) Å) in (5)2LiClTHF are slightly shorter than those in 

the previously reported complex, {[(t-Bu)NP(Ph)2N(t-Bu)]Cr}2(μ2-Cl)3(μ3-

Cl)2{Li(THF)2}, where distances of 2.435(3) Å and 2.439(3) Å were reported. The bond 

angles of Cr-Cl-Cr (81.08(8)° and 82.98(10)° in (5)2·LiCl·THF are slightly smaller than 

those of the previously reported complex shown in Figure 2.10 (83.73(10)° and 

83.00(9)°). Clearly, the presence of different ancillary ligands (tridentate amine-

bis(phenolate) ligand compared to bidentate diamido phosphonium ligands) and their 

different bite angles will affect the metric parameters of the remaining Cr-to-ligand bonds. 
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Figure 2.10. Structure of {[(t-Bu)NP(Ph)2N(t-Bu)]Cr}2(μ2-Cl)3(μ3-Cl)2{Li(THF)2} 

containing bridging Cl ions and face-sharing octahedra.[84] 

 

A related complex possessing a tetradentate amine-bis(phenolate) ligand was 

reported by the Kozak group.[68] The complex, abbreviated {CrCl[O2NN']BuBu}2, contains 

two bridging Cl- ions resulting in a pair of edge sharing octahedral and showed metric 

parameters similar to those found in (5)2LiClTHF. Due to the similar backbones of these 

two complexes, some of bond angles and lengths are compared. Bond lengths for the Cr-

Cl bridge of 2.4050(8) Å and 2.4431(8) Å in {CrCl[O2NN']BuBu}2 are on average longer 

than those in (5)2LiClTHF (2.425(3) and 2.386(2) Å), and Cr-Cl-Cr bond angles of 

84.34(3)° and 95.66(3)° observed in {CrCl[O2NN']BuBu}2 are larger than those in 

(5)2·LiCl·THF (81.08(8)° and 82.98(10)°). The Cr-O bond distances (1.870(5) Å and 
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1.921(6) Å) in (5)2LiClTHF are much more asymmetric than those in 

{CrCl[O2NN']BuBu}2 (1.9050(18) Å and 1.9110(18) Å); whereas the Cr-N bond distance 

(2.108(7) Å) in (5)2LiClTHF is slightly longer than the corresponding Cr-N distance in 

{CrCl[O2NN']BuBu}2 (2.080(2) Å). One of the O(2)-Cr(1)-N(1) bond angle in 

(5)2LiClTHF (91.3(3)°) is experimentally identical to the angle (91.15(8)°) in the 

{CrCl[O2NN']BuBu}2, but the other O(1)-Cr(1)-N(1) bond angle is slightly larger than that 

of {CrCl[O2NN']BuBu}2. The O-Cr-O bond angle (95.7(3)°) is slightly larger than that of 

the {CrCl[O2NN']BuBu}2 (93.33(8)°). From the comparison between the crystal structures 

of (5)2LiClTHF and {CrCl[O2NN']BuBu}2, the benzyl and pyridyl groups of these two 

complexes only moderately influence the bond lengths and angles around the chromium 

atoms. 
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Table 2.1. Selected bond lengths (Å) and angles (°) for (5)2·LiCl·THF. 

Bond Length (Å) 

Cr(1)-O(2) 1.870(5) Cr(1)-Cl(1) 2.425(3) 

Cr(1)-O(1) 1.921(6) Cr(1)-Cl(2) 2.386(2) 

Cr(1)-N(1) 2.108(7) 
  

Bond Angles (°) 

O(2)-Cr(1)-N(1) 91.3(3) Cl(2)-Cr(1)-Cl(1) 82.25(7) 

O(1)-Cr(1)-N(1) 92.6(3) O(2)-Cr(1)-Cl(1) 174.19(19) 

O(1)-Cr(1)-Cl(2) 164.4(2) O(1)-Cr(1)-Cl(1) 89.5(2) 

N(1)-Cr(1)-Cl(2) 100.5(2) N(1)-Cr(1)-Cl(1) 91.2(2) 

O(2)-Cr(1)-Cl(1) 96.59(19) Cl(2)-Cr(1)-Cl(1) 81.98(7) 

O(2)-Cr(1)-O(1) 95.7(3) Cl(1)-Cr(1)-Cl(1) 81.26(11) 

O(1)-Cr(1)-Cl(1) 83.6(2) Cr(1)-Cl(1)-Cr(1) 81.08(8) 

N(1)-Cr(1)-Cl(1) 171.5(2) Cr(1)-Cl(2)-Cr(1*) 82.98(10) 

  
O(1)-Cr(1)-Cl(1) 89.5(2) 

 

2.4 Experimental 

2.4.1 General Experimental Conditions 

 

All manipulations were performed under an atmosphere of dry oxygen-free nitrogen 

by using standard Schlenk techniques or an MBraun Labmaster glove box, unless 

otherwise stated. Reagents were purchased either from Aldrich or Alfa Aesar and used 
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without further purification. CrCl3(THF)3 was prepared by the standard method.[6] 

Anhydrous THF was distilled from sodium benzophenone ketyl and stored under nitrogen. 

Toluene was purified by an MBraun Manual Solvent Purification System and stored 

under nitrogen. n-Butyllithium was purchased as a 1.6 M solution in hexanes and stored 

under nitrogen. Anthracene was recrystallized, dried under vacuum 18 h and stored in the 

glove box. 

MALDI-TOF Mass Spectrometry was performed by using an Applied Biosystems 

4800 MALDI TOF/TOF Analyzer equipped with a reflectron, delayed ion extraction and 

high performance nitrogen laser.  Anthracene was used as the matrix. The matrix and 

chromium complex were dissolved in toluene at a concentration of 20 mg/mL separately. 

The matrix and chromium complex solutions were mixed together in a ratio of 1:1, and 

the mixture was spotted on the MALDI plate and left to dry. Samples were prepared in 

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

UV-Vis spectra were obtained on an Ocean Optics USB4000+ fiber optic 

spectrophotometer. Elemental analyses were performed at Guelph Chemical Laboratories, 

Guelph, ON, Canada. 

 

2.4.2 Synthesis of CrIII Complexes 

 

CrCl[ONO]BuBuBn, 5  

H2[ONO]BuBuBn (4.89 g, 9.00 mmol) was dissolved in THF (50 mL) and cooled to     

-78 °C. n-Butyllithium (12.37 mL, 19.79 mmol) was slowly added to give a clear red 

solution, which was warmed to room temperature and further stirred for 2 h. This solution 
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was transferred via cannula to a suspension of CrCl3(THF)3 (3.37 g, 9.00 mmol) in THF 

(50 mL) cooled to -78 °C to give a dark green mixture. Upon warming to room 

temperature and stirring for 18 h the solids dissolved giving a dark green solution. The 

solvent was removed in vacuo and the solid residue was extracted into toluene. The 

mixture was filtered through Celite and the solvent was removed under vacuum. The 

product was washed with pentane and dried to yield 6.01 g of dark green powder. 

Elemental analysis is unable to unequivocally differentiate between the THF-free or the 

solvent-containing complex. 

Yield = 95.4% {CrCl[ONO]BuBuBn·(THF)} 

Anal. Calcd for C37H51ClCrNO2: C, 70.62; H, 8.17; N, 2.23. Anal. Cald for 

C37H51ClCrNO2·(C4H8O): C, 70.21; H, 8.48; N, 2.00. Found: C, 70.57; H, 8.33; N, 1.96. 

MS (MALDI-TOF) m/z (%, ion): 628.4 (100, [CrCl[L]+]), 593.4 (95, [Cr[L]+]). UV-Vis 

(CH2Cl2) λmax, nm (ε): 251 (13160). 

 

CrCl[ONO]tAmtAmBn , 6 

H2[ONO] tAmtAmBn (4.06 g, 6.77 mmol) was dissolved in THF (50 mL) and the 

solution was cooled to -78 °C. n-Butyllithium (9.31 mL, 14.90 mmol) was slowly added 

to give a bright red solution of Li2[ONO] tAmtAmBn, which was warmed to room 

temperature and further stirred for 2 h. This mixture was transferred via cannula to a 

suspension of CrCl3(THF)3 (2.54 g, 6.77 mmol) in THF (50 mL) cooled to -78 °C to give 

a dark green mixture. Upon warming to room temperature and stirring for 18 h the solids 

dissolved giving a dark green solution. The solvent was removed in vacuo and the residue 

was extracted into toluene. The mixture was filtered through Celite and the solvent was 
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removed under vacuum. The product was washed with pentane and dried to yield 4.57 g 

of dark green powder. Elemental analysis is unable to unequivocally differentiate between 

the THF-free or the solvent-containing complex. 

Yield = 98.6%  {CrCl[ONO] tAmtAmBn·(THF)} 

Anal. Calcd for C41H59ClCrNO2: C, 71.85; H, 8.68; N, 2.04. Anal. Cald for 

C41H59ClCrNO2·(C4H8O): C, 71.35; H, 8.92; N, 1.85. Found: C, 71.61; H, 8.45; N, 1.90. 

MS (MALDI-TOF) m/z (%, ion): 628.4 (83, [CrCl[L]+]), 593.4 (100, [Cr[L]+]). UV-Vis 

(CH2Cl2) λmax, nm (ε): 250 (13060).  

 

2.5 Conclusions 

 

Three amine-bis(phenolate) chromium complexes were synthesized and 

characterized. All of these three complexes were made via salt metathesis. Since complex 

4 has already been reported in the literature, no other characterization is reported here. 

The other two complexes were fully characterized by several methods, including solid 

state single crystal X-ray diffraction for complex 5. The magnetic behaviour of CrIII 

compounds previous reported by Kozak’s group shows them to be spin-isolated d3 centres 

as expected, hence not particularly interesting for further magnetic study.[68, 81] 

Interestingly, 5 was obtained in the solid state as a dichromium lithium chloride adduct 

complex. Attempts were made to obtain crystals of the product of mixing our chromium 

compounds with co-catalysts, but none were obtained. The following chapter will 

describe the utilization of these three Cr complexes synthesized for the copolymerization 

of cyclohexene oxide with carbon dioxide. 
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Chapter 3 

Chromium Amine-bis(phenolate) Complexes for the Copolymerization 

of Cyclohexene oxide and Carbon Dioxide 

 

3.1 Introduction 

 

The copolymerization of epoxides and carbon dioxide to yield polycarbonates has 

gained great interest as a process for generating potentially valuable materials from 

renewable starting materials as described in Chapter 1. Carbon dioxide is appealing as a 

C1 feedstock,[49] due to its widespread availability, low cost, and nontoxicity. Also many 

homogeneous catalysts have been examined for use in the copolymerization of CO2 and 

epoxides.[43, 53, 54, 88-94] However, the high thermodynamic stability of CO2 requires highly 

active catalyst and judicious ligand design. Clues for suitable ligands capable of forming 

active catalysts for CO2/epoxide copolymerization may be obtained from complexes used 

for polymerization reactions. 

Notably, remarkable achievements in cyclic ester ring-opening polymerization 

catalysis have been made with metal complexes of various tetradentate ligands, such as 

[ONOX] (X = OR, NR2)[95] and [ONNO].[96, 97] The [ONNO] ligands may be branched at 

the central nitrogen (giving a tripodal diamine bis(phenolate) ligand) or linear as in the 

salen, salan or salalen ligands (see Figure 1.1). However, the tridentate variations, 

particularly ONO lacking an extra N-tethered donor, are not well explored.[96, 98-100]  
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Tetradentate ligand-containing catalyst 4 (see scheme 2.1) was first synthesized and 

characterized by Rebecca Dean in the Kozak group, but its catalytic activity was not 

explored.[81] The activity of catalyst 4 in the copolymerization of CHO and CO2 will be 

described in this chapter.  

It was deemed worthwhile to extend this study to tridentate amine bis(phenolate) 

ligands as well, since the studies of these related complexes are still limited. To better 

understand the effect of these tridentate amine bis(phenolate) ligands on the structure and 

reactivity of the derived metal complexes, we became interested in employing tridentate 

CrIII complexes 5 and 6 in the copolymerization of CHO and CO2. For example, does the 

presence of the pendent donor stabilize the catalyst or will a more active catalyst be 

obtained in a more coordinatively unsaturated compound? Will steric effects due to the 

phenolate group substituents influence activity? Is the nature of the pendant donor 

(whether O- or N-containing groups are used) significant for activity? 

Since chromiumIII catalysts have shown excellent activity for CO2/epoxide 

copolymerization,[66, 68, 69, 101-103] a study was undertaken to explore the potential of the 

CrIII amine-bis(phenolate) complexes described in Chapter 2 for this reaction. This 

chapter will focus on the activity of CrCl[O2NO]BuBu (4), CrCl[ONO]BuBuBn (5) and 

CrCl[ONO]tAmtAmBn (6)  for copolymerization of cyclohexene oxide (CHO) with CO2. 

 

3.2 Copolymerization of Cyclohexene Oxide and CO2   

 

The copolymerization of cyclohexene oxide (CHO) and CO2 was investigated using 

catalysts 4, 5 and 6 (Scheme 3.1). In this chapter, common previously reported co-
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catalysts that were effective with Co and Cr-containing complexes for copolymerization, 

including those previously studied by our group were used.[43, 65, 68, 69] Specifically, the co-

catalysts used were (4-dimethylamino)pyridine (DMAP), 

bis(triphenylphosphoranylidene)iminium chloride and azide (PPNCl and PPNN3) (Figure 

3.1). When CHO, CO2, chromium catalysts and co-catalysts were combined, 

poly(cyclohexene carbonate) (PCHC) was obtained. It has also been previously shown by 

our group and others that the in the absence of catalyst but co-catalyst alone does not give 

polycarbonate.[65, 68] 

 

O
C

O

O
n

catalyst

co-catalyst

O

+ n CO2n

 

 

Scheme 3.1. Copolymerization of CHO and CO2. 

 

N

N

N PP

X = Cl or N3

DMAP                                            PPN+X-  

           

Figure 3.1. Common co-catalysts used in CO2/epoxide copolymerization reactions.
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Table 3.1. Results of the Copolymerization of CHO and CO2 by Catalyst 5 and 6 with DMAP or PPNX salts.a 

Entry Catalyst Co-
Catalyst 

Time 
(h) 

Temp 
(°C) 

Pressure 
(bar) 

% 
Conversion b %Yield c TON d TOF e (/h) Mn

f 
(kg/mol) 

PDIf 
(Mw/Mn) 

1 5 DMAP 24 60 45 33.8 12.7 169 7.1 2.3 1.58 

2g 5 PPNCl 24 60 45 51.5 44.3 258 11 2.8 1.56 

3 g, h 5 PPNCl 24 60 43 38.1 32.5 191 8.0 ND ND 

4 g 5 PPNN3 24 60 42 44.8 27.0 224 9.3 3.8 1.48 

5 6 DMAP 24 60 40 18.7 6.63 93.5 3.9 1.1 2.10 

6h 6 DMAP 24 60 42 13.7 5.41 68.5 2.9 ND ND 
a Copolymerization reactions were carried out in neat CHO (5 mL), using catalyst and co-catalyst of loading of 0.2 mol%. b Calculated by 1H NMR. 

c Isolated yield. d Calculated by conversion. e Turnover frequency is moles of PCHC produced per mol of Cr per hour. f Determined by gel 

permeation chromatography in CHCl3, calibrated with polystyrene standards. g Dissolved in 4 mL dichloromethane prior to adding CHO.  

h Duplicate run of previous entry. I ND = not determined. 
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Table 3.2. Results of the Copolymerization of CHO and CO2 by Catalyst 4 and DMAP or PPNX salts.a 

Entry Co-Catalyst Time 
(h) 

Temp 
(°C) 

Pressure 
(bar) 

% 
Conversion b %Yield c TON d TOFe 

(/h) 
Mn

f 
(kg/mol) 

PDIf 
(Mw/Mn) 

1 DMAP 24 60 40 68.0 58.9 340 14 5.7 1.48 

2g DMAP 24 60 43 59.9 60.8 300 12 ND ND 

3h DMAP 24 60 43 28.6 16.4 286 12 2.8 1.67 

4i PPNCl 24 60 42 76.3 73.7 382 16 5.7 1.46 

5i PPNN3 24 60 41 76.3 64.1 382 16 6.4 1.42 

6i PPNCl 6 60 41 49.5 37.3 248 41 4.5 1.39 

7i PPNCl 3 60 43 33.0 22.8 165 55 3.0 1.63 

8h None 6 60 42 0 0 0 0 NAj NAj 
a Copolymerization reactions were carried out in neat CHO (5 mL), using catalyst and co-catalyst of loading of 0.2 mol%. b Calculated by 1H NMR.  

c Isolated yield. d Calculated from % conversion. e Turnover frequency is moles of PCHC produced per mol of Cr per hour.  f Determined by gel 

permeation chromatography in CHCl3, calibrated with polystyrene standards. g Duplicate run of previous entry. h Catalyst and co-catalyst of loading of 

0.1%. i Dissolved in 4 mL dichloromethane prior to adding CHO. j NA = not applicable (no polymer obtained). ND = not determined.
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In the copolymerization study, reactions performed at 60 °C and 40 bar for 24 h  

using catalyst 4 (possessing a tetradentate ligand) and with PPNCl or PPNN3 as co-

catalyst gave the best results (76.3% conversion of PCHC, entries 4 and 5, Table 3.2). 

However, the poor solubility of these co-catalysts in CHO required dissolving the catalyst 

and co-catalyst in dichloromethane, whereupon removal of solvent gives a material now 

soluble in CHO. This procedure has also been used when these ionic co-catalysts are used 

with salen- or salan-based CrIII catalysts.[104] Similar results from recent copolymerization 

studies by our group were also obtained when an analogue of 4 was employed with 

PPNCl, and the highest conversion obtained was 72% (at 60 °C, 40 bar and 24 h).[68] A 

highly active Cr(salen) catalyst reported by Darensbourg and co-workers exhibited a TOF 

of 1057 h−1 (at 80 °C, 34.5 bar) for this reaction by using catalyst and co-catalyst of 

loading of 0.043%.[105]  

On the other hand, the co-catalyst DMAP with catalyst 4 (Entries 1 and 2, Table 3.2) 

gave lower conversions and yields of polycarbonate compared to using PPNCl and 

PPNN3 under the same conditions (Entries 4 and 5, Table 3.2). Similarly, DMAP (Entry 1, 

Table 3.1) was found to be inferior to PPNCl or PPNN3 (Entries 2 and 4, Table 3.1) under 

the same conditions when catalyst 5 was investigated in the copolymerization.  

Generally, compared with tetradentate catalyst 4, tridentate catalysts 5 and 6 showed 

lower activity for the copolymerization of CO2/CHO (Table 3.1 and Table 3.2). 

Tridentate catalyst 6, which was applied only once for the copolymerization of CO2 and 

CHO (Entries 5 and 6, Table 3.1), was found to be much less active than catalyst 5 (Entry 

1, Table 3.2) under the same conditions. The fact that isolated yields were lower than the 

conversions calculated by NMR can be attributed to the loss of products in the isolation 
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process. This suggests low molecular weight polymers were obtained that were not 

isolated by precipitation. The crude material was first dissolved in dichloromethane, and 

then the solution was transferred into an empty round bottom flask.  Cold methanol was 

added to the dichloromethane solution to precipitate solid polymer and the mixture was 

then refrigerated at 5 °C . After the mixture settled for one to three days, the clear 

supernatant solution was removed using a pipette and the precipitate was dried under 

vacuum overnight. Three runs were performed in duplicate (Table 3.1, entries 2 and 3, 

entries 5 and 6 and Table 3.2, entries 1 and 2) with good reproducibility. 

Furthermore, using PPNCl as the co-catalyst gave good conversion (76.3%) for 

polycarbonate, but required long reaction times (24 h). Shortening the reaction time to 6 h 

or 3 h, caused the conversions of CHO to decrease to 49.5% and 33.0% respectively 

(Entries 6 and 7, Table 3.2). This suggests a relatively slow reaction rate under these 

conditions. 

The catalyst loading of Cr and DMAP vs CHO was halved in entry 3, Table 3.2, 

resulting in a significant decrease in conversion of CHO. A similar trend was previously 

reported for an analogue of 4.[68] Co-catalysts played a crucial role in copolymerization of 

CO2/CHO, supported by the fact that no polymer was obtained when no co-catalyst was 

used. (Entry 8, Table 3.2).  

 It is worth noting that solid polycarbonates produced with catalyst 4 were almost 

colorless, while solid polycarbonates were light-green in color when catalyst 5 and 6 were 

applied. 
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3.3 Characterization of poly(cyclohexene) carbonate  

3.3.1 NMR of polymer 

 

The 1H NMR spectrum of PCHC obtained according to Table 3.1, entry 1 is 

shown in Figure 3.2. The methine protons of the non-terminal cyclohexane rings appear 

as the broad peak at 4.60 ppm.[93] The presence of ether linkages was typically either not 

found or was less than 1%, and also no evidence of cyclic carbonate was observed. In 

Figure 3.2, the appearance of methine protons of the terminal cyclohexane ring, Hb + Hc, 

can help to estimate molecular weight of the polymer (n ≈ (Ha’ + Ha )/ (Hb + Hc)). Also the 

presence of unreacted CHO, observed at 3.10 ppm, allows conversion calculations 

(conversion = H a/a’ / (H a/a’ +HCHO) × 100%). 
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Figure 3.2. Typical 1H NMR spectrum of PCHC in CDCl3 (Table 3.1 Entry 1), EG = end 

group (see section 3.3.2). 

 

The isolated poly(cyclohexene carbonate) stereochemistry was analyzed by 13C 

NMR spectroscopy, as shown in Figure 3.3. Through quantitative 13C NMR spectroscopy 

of the carbonyl region, approximately equal amounts of isotactic and syndiotactic units 

were detected in the polymer spectra when employing chromium catalysts and co-
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catalysts, providing evidence that the dominant configuration of the polymer is atactic 

(Figure 3.4).[68, 93]  

 

 

Figure 3.3. Carbonyl region of the 13C NMR spectrum (75.5 MHz, CDCl3) of CHO/CO2 

copolymer prepared as described in Table 3.1, entry 1. 
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Figure 3.4. Stereochemistry of PCHC. 

 

3.3.2 Mass Spectrometry 

 

MALDI-TOF MS studies were performed in order to gain insight into experimental 

values of the number average molecular weights of the copolymers and analysis of 

possible end-groups providing mechanistic details for this system. In the MALDI-TOF 

mass spectra of these copolymers, multi-modal molecular weight distributions were 

observed showing multiple end group series, all separated with a repeating unit of 142 

g/mol. The different end groups can be attributed to the mechanism, in particular the 

initiation step involved in the copolymerization process, and the catalyst systems used.  
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For catalyst 5, using PPNCl or PPNN3 as co-catalyst gives approximately 50%  

conversion of CHO to polymer (Table 3.1, entries 2 and 4). Three polymer chains 

possessing different end groups were observed when PPNN3 was used as co-catalyst with 

catalyst 5 (Figure 3.5). The lower molecular weight series, (a), consists of an ether 

linkage [35 (Cl) + 142n (repeating unit) + 180 (C12H20O) + 35 (Cl)], which may be a 

result of the double epoxide insertion or chain transfer; (b), consists of both chain ends 

being chlorides [35 (Cl) + 142n (repeating unit) + 82 (C6H10) + 35 (Cl)], and suggests that 

the chlorides from complex 5 are involved in initiation of the production of PCHC and 

also the termination process. Series (b) could result from chain transfer between two 

growing polymer chains resulting in a single polymer containing two initiation sites as 

end groups. The higher molecular weight series (c) is the expected series if 

copolymerization is initiated by ring-opening of an epoxide monomer by a Cl- and 

terminated by either hydrolysis[55, 101] or protonation when adding methanol in the 

polymer purification process, [17 (OH) + 142n (repeating unit) + 82 (C6H10) + 35 (Cl)]. 

Isotopic masses modeled for all three polymer chains are found to agree with assigned 

peaks in the experimental spectra. 
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Figure 3.5. (A) MALDI-TOF MS of PCHC produced by 5 (Table 3.1, entry 4). (B) 

Magnified region of the spectrum (n = 24-27). (C) Magnified region of the spectrum (n = 

45-48). Modeled isotopic masses and images for the polymer chains with end groups (a, b 

and c). 

 

Furthermore, different end groups of four polymer chains were observed in entry 

2, Table 3.1 by using catalyst 5 and PPNCl co-catalyst (Figure 3.6). In the 2000 m/z to 

4000 m/z region of MALDI-TOF MS spectrum, four series of polymer chains are detected. 

Series (a) consists of an ether linkage [35 (Cl) + 142n (repeating unit) + 180 (C12H20O) + 

35 (Cl)], which may be a result of double epoxide insertion or chain transfer[106]; series (b) 

(c) 

(C) 
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consists of two hydroxyl-end groups [17 (OH) + 142n (repeating unit) + 82 (C6H10) + 17 

(OH)] suggesting evidence of chain-transfer as a result of hydrolysis;[55, 101] series (d), 

contains Cl groups at both termini of the polymer [35 (Cl) + 142n (repeating unit) + 82 

(C6H10) + 35 (Cl)], which indicates that the chlorides from complex 5 (or co-catalyst 

PPNCl) are involved in initiation of the production of PCHC and also termination process 

likely via chain transfer. However, series (c), consists of one chloride and hydroxyl-end 

group the same as series (c) analyzed in entry 4, Table 3.1 (Figure 3.5 (C)), [17 (OH) + 

142n (repeating unit) + 82 (C6H10) + 35 (Cl)], which ranges from 2000 m/z to 7000 m/z in 

the spectrum (Figure 3.6 (B) and (C)). 
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Figure 3.6. (A) MALDI-TOF MS of PCHC produced by 5 (Table 3.1, entry 2). (B) 

Magnified region of the spectrum (n = 18-21). (C) Magnified region of the spectrum (n = 

34-37) and modeled isotopic masses and images for the polymer chains with end groups 

(a-d). 

 

DMAP is the only co-catalyst applied with catalyst 6 in copolymerization of CHO 

and CO2. Three different end groups resulting from three polymer chains of various 

molecular weights were found in the mass spectrum of the resulting polymer (Figure 3.7). 

The lowest molecular weight series, (a), is modeled as [35 (Cl) + 142n (repeating unit) + 

82 (C6H10) + 17 (OH)]. For series (a) the chlorides from complex 6 are involved in 

(C)         

(c) 
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initiation of the production of PCHC and the termination process due to protonolysis.[55, 

101] Series (b), consists of a DMAP initiated polymer, [122 (C7H10N2) + 142n (repeating 

unit) + 180 (C12H20O) + 17 (OH)]; series (c), is modeled to have DMAP-containing end 

groups as observed in the other examples,[107, 108] [122 (C7H10N2) + 142n (repeating unit) 

+ 82 (C6H10) + 17 (OH)]. Specifically, DMAP was found in both series (b) and (c) 

indicating that the co-catalyst could be acting as the initiator of the copolymerization 

(Figure 3.7), like other examples where DMAP-containing end groups have been 

observed.[107, 108] 
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Figure 3.7. (A) MALDI-TOF MS of PCHC produced by 6 (Table 3.1, entry 5). (B) 

Magnified region of the spectrum (n = 22-25) and modeled isotopic masses and images 

for the polymer chains with end groups (a-c). 
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MALDI-TOF MS of polymers formed by 4 are more complicated than those 

obtained using catalyst 5 or 6. Some peaks in the spectra are still unidentified after end 

group analysis. 

For catalyst 4, DMAP used as co-catalyst gives 68% conversion to polymer 

(Table 3.2, entry 1). The differing end groups result from six polymer chains attributed to 

various molecular weights (Figure 3.8). The lower molecular weight series, (a), contains 

an ether linkage, [17 (OH) + 142n (repeating unit) + 180 (C12H20O) + 17 (OH)], and 

either water contamination[55, 101] or protonation in the polymer purification process could 

be involved in the initiation and termination process of the reaction. Series (b) also 

contains one DMAP which could be the result of DMAP initiation, [122 (C7H10N2) + 

142n (repeating unit) + 180 (C12H20O) + 17 (OH)]. The copolymerization could be 

initiated by ring-opening of an epoxide monomer by a Cl- and terminated by hydrolysis or 

protonation[55, 101]  in series (c), [17 (OH) + 142n (repeating unit) + 82 (C6H10) + 35 (Cl)]. 

Series (d) contains Cl groups at both termini of the polymer and suggests that the 

chlorides from complex 4 are involved in the initiation and termination process of the 

copolymerization, [35 (Cl) + 142n (repeating unit) + 82 (C6H10) + 35 (Cl)]. The higher 

molecular weight series, (e), consists of an ether linkage, [35 (Cl) + 142n (repeating unit) 

+ 180 (C12H20O) + 17 (OH)]. Series (f) ends with two hydroxyl groups, [17 (OH) + 142n 

(repeating unit) + 82 (C6H10) + 17 (OH)], suggesting evidence of chain-transfer as a result 

of protonolysis. Series (d) is the same as the series (d) in the lower molecular region. 

Series (c) in the region over 8000 m/z is the same as the series (c) in the lower molecular 

region. The presence of Li+ arises from the n-butyllithium added in the synthesis of the 

chromium complexes and the binding of LiCl adducts is possible, as shown by the 
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structure of (5)2LiClTHF. Figure 3.9 and Figure 3.10 also show polymer fragments 

cationized by Li+ ions. Isotopic masses modeled for all six polymer chains are found to 

agree with the experimental spectra. However, the series in the lower molecular weight 

region and the series in the higher molecular weight region remained unknown after end 

group analysis.  
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Figure 3.8. (A) MALDI-TOF MS of PCHC produced by 4 (Table 3.2, entry 1). (B) 

Magnified low molecular weight region of the spectrum (n = 18-20). (C) Magnified high 

molecular weight region of the spectrum (n = 44-47). Modeled isotopic masses and 

images for the polymer chains with end groups (a-f). 

 

Furthermore, PPNCl used as co-catalyst gives 76% conversion to polymer. (Table 

3.2, entry 4) The differing end groups result from six polymer chains attributed to various 
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molecular weights (Figure 3.9). In the lower molecular weight region, series (a) is 

modeled to have an ether linkage, which may be caused by double epoxide insertion, [17 

(OH) + 142n (repeating unit) + 180 (C12H20O) + 17 (OH)], and two hydroxyl end groups 

could be the result of protonolysis.[55, 101] Series (b) contains an ether linkage, suggesting 

the double epoxide insertion, [35 (Cl) + 142n (repeating unit) + 180 (C12H20O) + 17 

(OH)]. In the higher molecular weight region, series (c), consists of two hydroxyl end- 

groups [17 (OH) + 142n (repeating unit) + 82 (C6H10) + 17 (OH)], suggesting evidence of 

chain-transfer as a result of protonolysis; series (d), contains chloride groups at both 

termini of the polymer, [35 (Cl) + 142n (repeating unit) + 82 (C6H10) + 35 (Cl)]. Isotopic 

masses modeled for all four polymer chains are found to agree with the experimental 

spectra. However, two series in the lower molecular weight region remained unknown 

after end group analysis. 
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Figure 3.9. (A) MALDI-TOF MS of PCHC produced by 4 (Table 3.2, entry 4). (B) 

Magnified low molecular weight region of the spectrum (n = 24-26). (C) Magnified high 

molecular weight region of the spectrum (n = 47-50). Modeled isotopic masses and 

images for the polymer chains with end groups (a-d). 

 

Moreover, PPNN3 used as co-catalyst also gives 76% conversion to polymer (Table 

3.2, entry 5). The differing end groups result from seven polymer chains attributed to 

various molecular weights (Figure 3.10). In the lower molecular weight region, series (a) 

is modeled to have an ether linkage, [17 (OH) + 142n (repeating unit) + 180 (C12H20O) + 

(C)                        (c)         

(d) 
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17 (OH)]. Series (b) [42 (N3) + 142n (repeating unit) + 180 (C12H20O) + 17 (OH)] was 

initiated by an azide anion and then chain transfers which terminated by protonolysis. 

Series (c) contains two hydroxyl groups, [17 (OH) + 142n (repeating unit) + 82 (C6H10) + 

17 (OH)], suggesting evidence of chain-transfer. Series (d), [42 (N3) + 142n (repeating 

unit) + 82 (C6H10) + 17 (OH)] could also be initiated by an azide anion and terminated by 

the expected hydroxyl group. In the higher molecular weight region, series (a) and (d) are 

the same as series of (a) and (d) in the lower molecular weight region. The rest series in 

the high molecular weight region, series (e), could be initiated by a chloride and 

terminated by a hydroxyl group, which also suggesting the double epoxide insertion, [35 

(Cl) + 142n (repeating unit) + 180 (C12H20O) + 17 (OH)]; series (f) could be the result of 

the double epoxide insertion with an ether linkage, [42 (N3) + 142n (repeating unit) + 180 

(C12H20O) + 35 (Cl)]. Series (g) [42 (N3) + 142n (repeating unit) + 82 (C6H10) + 35 (Cl)] 

as one might be expected when an azide anion initiated the copolymerization which was 

terminated by a chloride from catalyst 4. The series in the region of MALDI-TOF MS 

spectra over 6500 m/z is the same as the series (e) in the higher molecular region. Isotopic 

masses modeled for all seven polymer chains are found to agree with the experimental 

spectra. However, two series in the lower molecular weight region remained unknown 

after end group analysis. 
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Figure 3.10. (A) MALDI-TOF MS of PCHC produced by 4 (Table 3.2, entry 5). (B) 

Magnified low molecular weight region of the spectrum (n = 9-11). (C) Magnified high 

molecular weight region of the spectrum (n = 32-35). Modeled isotopic masses and 

images for the polymer chains with end groups (a-g). 
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3.3.3 Gel Permeation Chromatography 

 

Gel permeation chromatography (GPC) was used to analyze polymer samples in the 

determination of polymer molecular weights and polydispersity indices (PDIs). From the 

results of Table 3.1 and 3.2, PDIs were generally observed to be narrow, with most 

ranging between 1.4 and 1.7. Lower polydispersity (Mw/Mn) values were obtained when 

PPNCl and PPNN3 co-catalysts were applied, compared to when DMAP was used. The 

lowest PDI was obtained by using catalyst 4 and PPNCl (entry 6, Table 3.2), and a 

reaction time of 6 h. In entries 4, 6 and 7, Table 3.2, molecular weights were found to be 

dependent on time. As expected, higher molecular weights were obtained with longer 

reaction time. 

In 24-hour reactions, molecular weights between 2.3 and 3.8 kg/mol and 

polydispersities between 1.48 and 1.58 were found by employing catalyst 5 (possessing a 

tridentate ligand) with catalyst and co-catalyst loading of 0.2%. Higher molecular weights 

between 5.7 and 6.4 kg/mol and narrower polydispersities between 1.42 and 1.48 were 

found, when catalyst 4 (possessing a tetradentate ligand) was used under the same 

conditions. However, for catalyst 6 bearing a tridentate ligand, molecular weights 

observed were the lowest and broadest polydispersity (2.10) was obtained in this study. 

This suggests that the bulky t-amyl groups have a deleterious effect on copolymerization 

activity and possibly lead to increased chain transfer. Some polymer was not 

characterized by GPC because the yield was very low or the run was a duplicate. 
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3.4 Experimental  

3.4.1 General Experimental Conditions 

 

All manipulations were performed under an atmosphere of dry oxygen-free nitrogen 

by means of standard Schlenk techniques or using an MBraun Labmaster glove box. CHO 

was purchased from Aldrich and freshly distilled from CaH2 and vacuum transferred into 

a sealed ampule prior to use. All solvents were purified by an MBraun Manual Solvent 

Purification System, except anhydrous THF, which was distilled from sodium 

benzophenone ketyl and stored in ampules under nitrogen. PPNN3 and PPNCl were 

prepared according to the literature procedure.[109] 4.8 (99.998%) Supercritical Fluid 

Chromatography Grade CO2 was obtained from Praxair in a high-pressure cylinder 

equipped with a liquid dip tube. All 1H and 13C NMR were performed in CDCl3 

purchased from Cambridge Isotope Laboratories. All 1H NMR spectra were recorded on a 

Bruker AVANCE III 300 MHz spectrometer and all 13C NMR spectra were recorded on 

the same spectrometer at 75 MHz. Chemical shifts are given in ppm relative to TMS. All 

copolymerization reactions were carried out in either a 100 mL or 300 mL stainless steel 

Parr®5500 autoclave reactor with a Parr® 4836 controller.  

 

3.4.2 Copolymerization Procedure 

 

For all reactions carried out in neat cyclohexene oxide (CHO), the appropriate 

amount of CHO was added to the catalyst and co-catalyst in a glove box. The reactant 

solution was added via a long-needled syringe to a Parr® autoclave, which was pre-dried 
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under vacuum overnight at 80 °C. The autoclave was then charged with the appropriate 

pressure of CO2 and left to stir at the desired temperature and time period. After the 

desired time the autoclave was cooled in an ice bath until the temperature reached 0 to 

4 °C and then vented in the fume hood. An aliquot for NMR was taken immediately after 

opening the reactor for the determination of conversion. The copolymer was extracted 

with CH2Cl2 and re-precipitated in cold acidic methanol. For reactions done in the 

presence of PPNCl or PPNN3, catalyst and the co-catalyst were first combined in 4 mL of 

CH2Cl2 in the glove box and allowed to stir for 30 minutes and then dried in vacuo. This 

generated a material that was soluble in cyclohexene oxide. The remaining procedure was 

the same as the neat reactions. 

 

3.4.3 Mass Spectrometry 

 

An Applied Biosystems 4800 MALDI TOF/TOF Analyzer equipped with a reflectron, 

delayed ion extraction and high performance nitrogen laser (200 Hz operating at 355 nm) 

was used for polymer analysis. Either 2,5-dihydroxybenzoic acid (DHBA) or 1,8,9-

trihydroxyanthrancene[110] with sodium trifluoroacetate was used as the matrix. The 

matrix was dissolved in THF at a concentration of 2 mg/mL. The polymer was dissolved 

at approximately 2 mg/mL. The matrix and polymer solutions were mixed together in a 

ratio of 1:1. One μL of this mixture was spotted on the MALDI plate and left to dry. 
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3.4.4 Gel Permeation Chromatography 

 

Gel permeation chromatography (GPC) analysis was performed on a Viscotek VE 

2001 GPCMax at 35 °C equipped with a Viscotek VE 3580 Refractive Index Detector. 

Phenogel narrow-bore 5 μm 100 Å, 5 μm Linear(2) columns (300 x 4.60 mm) and a 5 μm 

guard column were used. The calibration curve was calculated using eight polystyrene 

standards with molar masses between 1000 and 400,000 daltons. Samples were prepared 

at a concentration of 2 mg/mL in HPLC grade chloroform and filtered through syringe 

filters before analysis. The GPC columns were eluted with chloroform (HPLC grade) at a 

flow rate of 0.35 mL/min with a 200 μL injection volume. No further corrections were 

performed on the molecular weights obtained.  

 

3.5 Conclusions 

 

In conclusion, the chromium amine-bis(phenolate) complexes, CrCl[O2NO]BuBu (4), 

CrCl[ONO]BuBuBn (5), CrCl[ONO]tAmtAmBn (6) were used for copolymerization of 

CHO/CO2. Good activities were observed for the formation of PCHC when complex 4 

was applied with PPNCl and PPNN3 co-catalysts. Under the same condition, the anionic 

co-catalyst system PPNN3 or PPNCl was discovered more effective than Lewis Base co-

catalyst DMAP by giving polycarbonates with higher yields. These catalytic results agree 

with the previous reported ones.[65] The addition of the anionic co-catalyst to the metal 

center, the chromium nucleophile bond is weakened with the amount of electron density 



 

75 
 

around the metal center. This destabilization allows for the epoxide to interact or be 

activated by the metal center, resulting in a rapid epoxide ring opening.[65]  

The steric effect of substituents on the phenolate fragments of the amine-

bis(phenolate) ligand appeared to influence the catalyst activity. Catalyst 6, containing    

t-amyl substituents on the phenolate, shows lower catalyst activity than 5, which 

possesses t-butyl groups. In this study, catalyst 5 gave approximately 50% conversion of 

CHO to polymer. It would be worthwhile to change the t-amyl or t-butyl substituents on 

the phenolate fragments to substituents with less steric hindrance, such as methyl groups.  

Compared to tetradentate chromiumIII complexes, the tridentate ligands are more 

coordinatively unsaturated, which was expected to foster co-catalyst or epoxide binding 

to achieve higher activities in copolymerization. However, from the investigation into the 

influence of the pendant donor of the amine-bis(phenolate) ligand, tridentate complexes 5 

showed inferior activities to tetradentate complex 4 in copolymerization of CHO and CO2. 

To explain this, we believe that polymer chain growth is better controlled by occupying 

two vacant sites in CrIII metal center in tetradentate chromium complex 4 instead of three 

vacant sites in complex 5. Also, the PDI values of polycarbonates produced by using 

tridentate complexes 5 have slightly broader molecular weight distributions than using 

tetradentate complexes 4.  

 Also, H2[L1] was easier to obtain in high yield after recrystallization than 

tridentate ligands H2[L2] and H2[L3]. Therefore, more attempts can be focused on catalyst 

4. Conditions to examine include varying experimental pressure. Ideally, pressures of 1 

bar would be desirable, but this may require the reaction temperature to be increased to 

80 °C. Furthermore, the co-catalyst can be changed to N-MeIm[43, 111], and monomers 

app:ds:temperature
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other than CHO can be applied with catalyst 4. The polydispersities observed were 

generally narrow, when 0.2% loading of catalyst 4 or 5 with co-catalysts was used.  

Compared to catalyst 5 and 6, copolymerization reactions were better controlled by using 

catalyst 4, which produced polymers with higher molecular weights and narrower 

polydispersities. 
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Appendices 

 

Table A1.1. Crystallographic and Structure Refinement Data for (5)2LiClTHF. 

Chemical formula C78H110Cl3Cr2LiN2O5·2(C7H8) 

Colour Green 

Habit Prism 

Formula mass 1557.24 

Crystal system Trigonal 

a [Å] 18.945(9) 

b [Å] 18.945(9) 

c [Å] 25.390(13) 

α [°] 90.00 

β [°] 90.00 

γ [°] 120.00 

Unit cell V [Å3] 7892(7) 

Temperature [K] 123(2) 

Space group P31 2 1 (#152) 

Z 3 

Dc/g cm-3 0.983 

Radiation type MoK 

Absorption, μ [cm-1] 3.24 

F(000) 2502 

Reflections measured 73179 

Independant refl’s 7780 

Rint 0.1281 

R1,[a] wR(F2)[b] (all) 0.1351, 0.3327 

R1,[a] wR(F2)[b] (I > 2σ(I)) 0.1211, 0.3154 

Goodness of fit on F2 1.187 

CCDC Ref no. 974612 

[a] R1 = Σ(|Fo| − |Fc|)/ Σ|Fo|). [b] wR2 = [Σ(w(Fo
2 − Fc

2)2)/ Σw(Fo
2)2]1/2. 



checkCIF/PLATON report 

You have not supplied any structure factors. As a result the full set of tests cannot be run.

No syntax errors found.        CIF dictionary        Interpreting this report

Datablock: HC013 

Bond precision: C-C = 0.0178 A Wavelength=0.71075

Cell: a=18.945(9) b=18.945(9) c=25.390(13)
alpha=90 beta=90 gamma=120

Temperature: 123 K

Calculated Reported
Volume 7892(10) 7892(7)
Space group P 31 2 1 P 31 2 1 
Hall group P 31 2" P 31 2" 

Moiety formula
C76 H104 Cl3 Cr2 Li N2 O4,
C2 H4 O

C78 H110 Cl3 Cr2 Li N2 O5,
2(C7 H8)

Sum formula C78 H108 Cl3 Cr2 Li N2 O5 C92 H126 Cl3 Cr2 Li N2 O5
Mr 1370.95 1557.24
Dx,g cm-3 0.865 0.983
Z 3 3
Mu (mm-1) 0.318 0.324
F000 2196.0 2502.0
F000’ 2199.96
h,k,lmax 21,21,28 21,21,28
Nref 4295[ 7787] 7780 
Tmin,Tmax 0.878,0.902 0.888,0.963
Tmin’ 0.878

Correction method= NUMERICAL

Data completeness= 1.81/1.00 Theta(max)= 23.490

R(reflections)= 0.1211( 6060) wR2(reflections)= 0.3327( 7780)

S = 1.187 Npar= 561

The following ALERTS were generated. Each ALERT has the format
       test-name_ALERT_alert-type_alert-level.
Click on the hyperlinks for more details of the test.

 Alert level A
CHEMW03_ALERT_2_A ALERT: The ratio of given/expected molecular weight as
            calculated from the _atom_site* data lies outside
            the range 0.90 <> 1.10
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           From the CIF: _cell_formula_units_Z                    3
           From the CIF: _chemical_formula_weight          1557.24
           TEST: Calculate formula weight from _atom_site_*
           atom     mass    num     sum
           C        12.01   78.00  936.86
           H         1.01  108.00  108.86
           Cl       35.45    3.00  106.36
           Cr       52.00    2.00  103.99
           N        14.01    2.00   28.01
           O        16.00    5.00   79.99
           Li        6.94    1.00    6.94
           Calculated formula weight             1371.02

Author Response: This structure was treated via Platon’s Squeeze procedure.
Please see platon_squeeze_details for full details. 2 tolunene molecules that were
omitted from the model were included in the formula for calculation of the
intensive properties.

 Alert level B
THETM01_ALERT_3_B  The value of sine(theta_max)/wavelength is less than 0.575
            Calculated sin(theta_max)/wavelength =    0.5608

Author Response: 2theta was cut-off at 47 degrees. These crystals
diffracted very weakly and no significant diffraction was observed above
this level.

PLAT220_ALERT_2_B Large Non-Solvent    C     Ueq(max)/Ueq(min) ...        4.4 Ratio
PLAT234_ALERT_4_B Large Hirshfeld Difference C2     --  C3      ..       0.28 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT341_ALERT_3_B Low Bond Precision on  C-C Bonds ...............     0.0178 Ang

Author Response: The large associated su’s on the C-C bonds, and many
of the light atom angles, is the expected result of the weakly diffracting 
data-set.

PLAT413_ALERT_2_B Short Inter XH3 .. XHn     H24C   ..  H24C    ..       1.97 Ang.

Author Response: H-atoms were introduced in calculated positions and
refined on a riding model. H-atoms on disordered methyl groups were
refined using HFIX 33 instead of HFIX137 due to the weak quality of the
collected data.
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 Alert level C
RFACG01_ALERT_3_C  The value of the R factor is > 0.10
            R factor given   0.121

Author Response: The crystal under consideration diffracted weakly and
therefore the high weighted R factor does not indicate an incorrect model.

RFACR01_ALERT_3_C  The value of the weighted R factor is > 0.25
            Weighted R factor given   0.333

Author Response: The crystal under consideration diffracted weakly and
therefore the high weighted R factor does not indicate an incorrect model.

RINTA01_ALERT_3_C  The value of Rint is greater than 0.12
            Rint given   0.128

Author Response: The crystal under consideration diffracted weakly.

PLAT020_ALERT_3_C The value of Rint is greater than 0.12 .........      0.128

Author Response: The crystal under consideration diffracted weakly.

PLAT041_ALERT_1_C Calc. and Reported SumFormula    Strings  Differ          ?

Author Response: This structure was treated via Platon’s Squeeze procedure.
Please see platon_squeeze_details for full details. 2 tolunene molecules that were
omitted from the model were included in the formula for calculation of the
intensive properties.

PLAT068_ALERT_1_C Reported F000 Differs from Calcd (or Missing)...          ?

Author Response: This structure was treated via Platon’s Squeeze procedure.
Please see platon_squeeze_details for full details. 2 tolunene molecules that were
omitted from the model were included in the formula for calculation of the
intensive properties.

PLAT082_ALERT_2_C High R1 Value ..................................       0.12

Author Response: The crystal under consideration diffracted weakly and
therefore the high weighted R factor does not indicate an incorrect model.

PLAT084_ALERT_2_C High wR2 Value .................................       0.33

Author Response: The crystal under consideration diffracted weakly and
therefore the high weighted R factor does not indicate an incorrect model.
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PLAT094_ALERT_2_C Ratio of Maximum / Minimum Residual Density ....       3.21

Author Response: From shelxl.lst Electron density synthesis with
coefficients Fo-Fc Highest peak 1.09 at 0.9092 0.5223 0.1449 [ 0.05 A from
CR1 ] Deepest hole -0.34 at 0.1118 0.7292 0.1358 [ 1.26 A from LI1 ]

PLAT222_ALERT_3_C Large Non-Solvent    H    Uiso(max)/Uiso(min) ..        5.5 Ratio

Author Response: H-atoms were introduced in calculated positions and refined on
a riding model. Large H-atoms are associated with disordered groups. Attempts
to model the disorder are described in _refine_special_details.

PLAT230_ALERT_2_C Hirshfeld Test Diff for    C1     --  C6      ..        5.3 su

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT230_ALERT_2_C Hirshfeld Test Diff for    C2     --  C22     ..        6.5 su

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT230_ALERT_2_C Hirshfeld Test Diff for    C13    --  C14     ..        6.1 su

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference O1     --  C1      ..       0.16 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.
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PLAT234_ALERT_4_C Large Hirshfeld Difference O1     --  Li1     ..       0.19 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C1     --  C2      ..       0.20 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C3     --  C4      ..       0.19 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C4     --  C5      ..       0.17 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C8     --  C9      ..       0.17 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C10    --  C11     ..       0.19 Ang.
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Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C11    --  C12     ..       0.21 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C12    --  C13     ..       0.17 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C18A   --  C19A    ..       0.18 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C19A   --  C20A    ..       0.16 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C20A   --  C21     ..       0.17 Ang.
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Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C22    --  C25     ..       0.25 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C30    --  C32     ..       0.25 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C30    --  C33A    ..       0.23 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C34    --  C35     ..       0.18 Ang.

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT234_ALERT_4_C Large Hirshfeld Difference C34    --  C37     ..       0.17 Ang.
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Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT241_ALERT_2_C Check High      Ueq as Compared to Neighbors for        Cl1

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT241_ALERT_2_C Check High      Ueq as Compared to Neighbors for         O1

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT241_ALERT_2_C Check High      Ueq as Compared to Neighbors for        C12

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT242_ALERT_2_C Check Low       Ueq as Compared to Neighbors for        C11

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT242_ALERT_2_C Check Low       Ueq as Compared to Neighbors for        C22
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Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT242_ALERT_2_C Check Low       Ueq as Compared to Neighbors for        C26

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT242_ALERT_2_C Check Low       Ueq as Compared to Neighbors for        C30

Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT309_ALERT_2_C Single Bonded Oxygen (C-O .GT. 1.3 Ang) ........         O3

Author Response: The atoms in question is part of a disordered THF
group. The disorder crosses a symmetry element (a two-fold screw axis)
and therefore this group was treated with a PART -1 instruction. The
O-atom is in fact bonded within THF, and coordinated to a Li atom.

PLAT334_ALERT_2_C Small Average Benzene  C-C Dist. C1     -C6            1.37 Ang.

Author Response: Many of the light atoms were involved in various disorders. DFIX
restraints were applied to these groups (please see iucr_refine_instructions_details
for a full list of the applied restraints.)

PLAT366_ALERT_2_C Short? C(sp?)-C(sp?) Bond  C16    -   C21    ...       1.37 Ang.

Author Response: Many of the light atoms were involved in various disorders. DFIX
restraints were applied to these groups (please see iucr_refine_instructions_details
for a full list of the applied restraints.)

PLAT410_ALERT_2_C Short Intra H...H Contact  H15A   ..  H17     ..       1.98 Ang.
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Author Response: H-atoms were introduced in calculated positions and
refined on a riding model. H-atoms on disordered methyl groups were
refined using HFIX 33 instead of HFIX137 due to the weak quality of the
collected data.

PLAT722_ALERT_1_C Angle   Calc      116.00, Rep      117.30 Dev...       1.30 Deg. 
              C17  -C18  -H18     1.555   1.555   1.555      #        116

Author Response: Deviations here may be due to applied restraints and that the
calculated values by checkCIF are done without access to the
variance/covariance matrix.

PLAT722_ALERT_1_C Angle   Calc      129.00, Rep      127.80 Dev...       1.20 Deg. 
              C18  -C19  -H19     1.555   1.555   1.555      #        118

Author Response: Deviations here may be due to applied restraints and that the
calculated values by checkCIF are done without access to the
variance/covariance matrix.

PLAT722_ALERT_1_C Angle   Calc      126.00, Rep      127.80 Dev...       1.80 Deg. 
              C20  -C19  -H19     1.555   1.555   1.555      #        119

Author Response: Deviations here may be due to applied restraints and that the
calculated values by checkCIF are done without access to the
variance/covariance matrix.

PLAT722_ALERT_1_C Angle   Calc      111.00, Rep      109.50 Dev...       1.50 Deg. 
              H32D -C32A -H32E    1.555   1.555   1.555      #        265

Author Response: Deviations here may be due to applied restraints and that the
calculated values by checkCIF are done without access to the
variance/covariance matrix.

 Alert level G
FORMU01_ALERT_2_G  There is a discrepancy between the atom counts in the
            _chemical_formula_sum and the formula from the _atom_site* data.
            Atom count from _chemical_formula_sum:C92 H126 Cl3 Cr2 Li1 N2 O5
            Atom count from the _atom_site data:  C78 H108 Cl3 Cr2 Li1 N2 O5

Author Response: This structure was treated via Platon’s Squeeze procedure.
Please see platon_squeeze_details for full details. 2 tolunene molecules that were
omitted from the model were included in the formula for calculation of the
intensive properties.

CELLZ01_ALERT_1_G Difference between formula and atom_site contents detected.
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Author Response: This structure was treated via Platon’s Squeeze procedure.
Please see platon_squeeze_details for full details. 2 tolunene molecules that were
omitted from the model were included in the formula for calculation of the
intensive properties.

CELLZ01_ALERT_1_G ALERT: Large difference may be due to a
            symmetry error - see SYMMG tests
           From the CIF: _cell_formula_units_Z    3
           From the CIF: _chemical_formula_sum  C92 H126 Cl3 Cr2 Li N2 O5
           TEST: Compare cell contents of formula and atom_site data

           atom    Z*formula  cif sites diff
           C        276.00    234.00   42.00
           H        378.00    324.00   54.00
           Cl         9.00      9.00    0.00
           Cr         6.00      6.00    0.00
           Li         3.00      3.00    0.00
           N          6.00      6.00    0.00
           O         15.00     15.00    0.00

Author Response: This structure was treated via Platon’s Squeeze procedure.
Please see platon_squeeze_details for full details. 2 tolunene molecules that were
omitted from the model were included in the formula for calculation of the
intensive properties.

PLAT002_ALERT_2_G Number of Distance or Angle Restraints on AtSite         43

Author Response: Due to weak diffraction and large structure size some of the
light atoms exhibitied non-ideal behaviour. Attempts to model the largest
differences using DFIX, SIMU and ISOR were made (please see
iucr_refine_instructions_ details for a full list of the applied restraints.)

PLAT003_ALERT_2_G Number of Uiso or Uij Restrained Atom Sites ....         33

Author Response: Due to weak diffraction and large structure size some of the
light atoms exhibitied non-ideal behaviour. Attempts to model the largest
differences using DFIX, SIMU and ISOR were made (please see
iucr_refine_instructions_ details for a full list of the applied restraints.)

PLAT033_ALERT_4_G Flack x Value Deviates .gt. 2*sigma from Zero ..      0.120      
PLAT042_ALERT_1_G Calc. and Reported MoietyFormula Strings  Differ          ?

Author Response: This structure was treated via Platon’s Squeeze procedure.
Please see platon_squeeze_details for full details. 2 tolunene molecules that were
omitted from the model were included in the formula for calculation of the
intensive properties.

PLAT072_ALERT_2_G SHELXL First  Parameter in WGHT Unusually Large.       0.20      
PLAT152_ALERT_1_G The Supplied and Calc. Volume s.1. Differ by ...          3 Units
PLAT242_ALERT_2_G Check Low       Ueq as Compared to Neighbors for       Li1A
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Author Response: Due to weak diffraction and large structure size some of the light
atoms show some discontinuities in anisotropic displacement. Attempts to model the
largest differences using SIMU were made (please see
iucr_refine_instructions_details for a full list of the applied restraints.) The atoms
identified by the Hirshfeld Rigid Bond Test were carefully examined to ensure that
they are not the result of an incorrect atom-type assignment.

PLAT301_ALERT_3_G Note: Main Residue  Disorder ...................         26 Perc.
PLAT302_ALERT_4_G Note: Anion/Solvent Disorder ...................        100 Perc.
PLAT606_ALERT_4_G VERY LARGE Solvent Accessible VOID(S) in Structure        !
PLAT764_ALERT_4_G Overcomplete CIF Bond List Detected (Rep/Expd) .       1.11 Ratio
PLAT791_ALERT_4_G Note: The Model has Chirality at N1     (Verify)          R      
PLAT811_ALERT_5_G No ADDSYM Analysis: Too Many Excluded Atoms ....          !
PLAT860_ALERT_3_G Note: Number of Least-Squares Restraints .......        280      
PLAT869_ALERT_4_G ALERTS Related to the use of SQUEEZE Suppressed           !

   1 ALERT level A = Most likely a serious problem - resolve or explain
   5 ALERT level B = A potentially serious problem, consider carefully
  45 ALERT level C = Check. Ensure it is not caused by an omission or oversight
  18 ALERT level G = General information/check it is not something unexpected

  10 ALERT type 1 CIF construction/syntax error, inconsistent or missing data
  25 ALERT type 2 Indicator that the structure model may be wrong or deficient
   9 ALERT type 3 Indicator that the structure quality may be low
  24 ALERT type 4 Improvement, methodology, query or suggestion
   1 ALERT type 5 Informative message, check

It is advisable to attempt to resolve as many as possible of the alerts in all categories. Often the
minor alerts point to easily fixed oversights, errors and omissions in your CIF or refinement
strategy, so attention to these fine details can be worthwhile. In order to resolve some of the more
serious problems it may be necessary to carry out additional measurements or structure
refinements. However, the purpose of your study may justify the reported deviations and the more
serious of these should normally be commented upon in the discussion or experimental section of a
paper or in the "special_details" fields of the CIF. checkCIF was carefully designed to identify
outliers and unusual parameters, but every test has its limitations and alerts that are not important
in a particular case may appear. Conversely, the absence of alerts does not guarantee there are no
aspects of the results needing attention. It is up to the individual to critically assess their own
results and, if necessary, seek expert advice.

Publication of your CIF in IUCr journals 

A basic structural check has been run on your CIF. These basic checks will be run on all CIFs
submitted for publication in IUCr journals (Acta Crystallographica, Journal of Applied 
Crystallography, Journal of Synchrotron Radiation); however, if you intend to submit to Acta
Crystallographica Section C or E, you should make sure that full publication checks are run on the
final version of your CIF prior to submission.

Publication of your CIF in other journals 

Please refer to the Notes for Authors of the relevant journal for any special instructions relating to
CIF submission.
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PLATON version of 05/11/2012; check.def file version of 05/11/2012 

Datablock HC013 - ellipsoid plot
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