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ABSTRACT

This current work primarily focuses on the fundamental study of zinc complexes of
amido-oxazolinate ligands that have shown a great deal of promise in their ability to
catalyze various polymerization reactions. A family of new Ci-symmetric, monoanionic,
amido-oxazolinate ligands containing oxazoline moiety has been synthesized in moderate
to high yields (typically 30-95%) via a Pd-catalyzed amination reaction of chiral
oxazolines with primary amines and amides. The obtained ligands were treated with
Zn[N(SiMes)2]2 to generate the corresponding Ci-symmetric, monometallic  zinc
complexes. Single-crystal X-ray crystallographic studies confirm that most of the
complexes are three-coordinate and mononuclear in nature. These complexes are viable
initiators for alternating copolymerization of carbon dioxide (COz) and cyclohexene oxide
(CHO), yielding moderate isotactic poly(cyclohexene carbonate) (PCHC) with good to
high carbonate linkage and moderate molecular weights and PDI values, depending on the
substituents. The asymmetric induction is generally low, with up to 71% SS unit in the
main chain of the produced PCHCs.

A family of new chiral C>-symmetric dinucleating amido-oxazolinate ligands that
are bridged by three different linkers  (m-phenylenediamine, 4-(4’-
aminobenzyl)benzenamine, and 1,8-diaminoanthracene) has been synthesized in excellent
yields (85-90%). Two-fold deprotonation of ligands with Zn[N(SiMe3):]2 in dry toluene

generated a series of homoleptic bimetallic zinc complexes while the reaction of ligands

XVii



with one equiv. of Zn[N(SiMes):]» leads to formation of bischelating zinc amido-
oxazolinate complexes in decent yield. All complexes were characterized by NMR
spectroscopy (‘H, *C, COSY, and HETCOR). Dinucleating zinc complexes were also
found to be efficient catalysts for asymmetric alternating copolymerization of CO> and
CHO, generated highly pure isotactic poly(cyclohexene carbonate), irrespective of
transformation of dinuclear complexes into mononuclear bis(amido-oxazolinate)
complexes. The cooperative mechanism between the metal centers was evident by the
enhanced catalytic activity of the dinucleating zinc complexes.

These results intrigued us to investigate the efficiency and stereo selectivity of our
catalytic systems for ROP of rac-lactides. We have also explored the efficiency of zinc
complexes of amido-oxazolinate ligands for the ring opening polymerization of rac-
lactides at mild reaction conditions. These catalysts deliver a viable synthetic route to
produce highly selective steroblock PLA (Pm = 0.90), an unprecedented selectivity in the
case of zinc based catalysts. The same series of zinc complexes have also shown excellent
activity for ring opening copolymerization of styrene oxide and cyclic anhydrides,
including succinic anhydride, maleic anhydride, and phthalic anhydride. These catalysts
exhibited unprecedented TOFs 8000 h!' for coupling of styrene oxide and maleic
anhydride. The ligand geometrical parameters strongly influence the stereochemistry of the
obtained poly(styrene oxide-co-anhydride)s.

In addition to this, hydrosilylation of a variety of unsaturated organic substrates,
including aldehydes, ketones, and imines are effectively reduced to alcohols and amines,
respectively, using a high-valent nitridoruthenium(VI) compound as a catalyst and

phenylsilane as a reductant. Mechanistic studies indicate that the catalysis proceeds via

XViii



silane activation rather than carbonyl activation, and the silane is likely activated via
multiple pathways, including a radical-based pathway. The mechanistic investigation was
carried out using a variety of spectroscopic and analytical techniques, including NMR
spectroscopy, FT-IR spectrophotometry, gas chromatography (GC/FID and GC/MS), and

high-resolution mass spectroscopy.

XiX



CHAPTER 1
GENERAL INTRODUCTION
1.1. Need of Sustainable Feedstocks

The domestic economies of the most nations still largely depend on their crude oil
resources. The utilization of these crude oil resources ranges from energy production to
synthesis of various polymeric materials/chemicals that are indispensable in variety of
applications, including structural and packing materials, appliance, electronics, biomedical
tools, and much more.!*** The rapid increase in global population has lead to a marked
increase in the consumption and production of petroleum originated products. Synthetic
plastics alone contribute for ~7-8% worldwide consumption of fossil fuel resources.
According a recent survey in 2010, a single person in the U.S in average consumed
approximately 140 kgs of plastics per year.> If the consumption of petroleum based
feedstock is continued at the current pace, they will be depleted within next few centuries.
In addition to the issues with synthesis of conventional polymers, disposal of synthetic
polymers is also a huge environmental challenge.” Thus, it emphasizes the development of
novel synthetic strategies for making biodegradable polymers using biorenewable
resources instead of using petroleum based feedstock. While developing novel processing
approaches, modifications of existing renewable polymers have been also attracting ever-
increasing attention over the past two decades.®®!° The target in this arena is the

development of well-designed strategies for the future generation of polymeric materials



that will involve in controlled polymerizations of new monomers, extracted from the
abundant carbon-based biorenewable resources. In an effort for the generation of widely-
acceptable biodegradable polymers using renewable resources, a wealth of research has
been focused on the synthesis and structural modifications of variety of polymers,
including poly(lactide), poly(carbonates), and polyesters.
1.2. Polycarbonates
Carbon dioxide (CO.) stands out as one of the most promising renewable resources

because it is abundant, inexpensive, non-toxic, and non-flammable.!!:1>132 Moreover, it has
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Figure 1. Potential applications of CO; as a chemical feedstock



been recently reported that the concentration of CO> in the atmosphere has increased to
~400 ppm and escalation of atmospheric COz levels are further continued in the future.!3®
The primary sources accounting for the hike of CO> concentration are burning of fossil
fuels, transportation, deforestation, and other human activities. Especially, the
concentration of COz in the atmosphere by human activities (5.5 Gt carbon per year) has
kept steadily increasing during the last two hundred years.!*!>1%17:18 Although the role of
industrially-utilized CO> in reducing CO: levels in the atmosphere is under debate, it
encourages the scientific community to utilize the CO> as an alternative feedstock to
petroleum based resources as it meets the requirements of sustainable feedstock in the
polymer industry. Moreover, the obtained CO> based polymers are generally
biodegradable.”

However, the high thermodynamic stability of CO» makes it an ideal medium for
various chemical processes.’**!*> To overcome this limitation, the coupling of CO with
highly reactive reagents has been well explored using variety of catalysts.?***?> Figure 1
illustrates the potential usage of CO2 as a chemical feedstock including large-scale
production of urea, salicyclic acid and several carbonate-based materials.?® In particular,
over the past 40 years, significant efforts have been directed toward the catalytic coupling
of heterocyclic compounds with carbon dioxide, especially the copolymerization of CO-
and epoxides (propylene oxide (PO), cyclohexene oxide (CHO), and styrene oxide), due to
a wide array of applications of the resulting polymeric materials.?’

1.2.1. Origin of Polycarbonates (PC)s to Green Polycarbonates
Since the discovery of poly(bisphenol-A carbonate) (BPA-PC), a polycarbonate of

bis(phenol-A), by D. W. Fox and H. Schnell independently, both aliphatic and aromatic



polycarbonates have been widely used in our daily life.?® Due to the outstanding thermal,
mechanical, optical, and electrical properties of polycarbonates, they have been used for
various applications, including structural parts, household appliance parts, components of
electrical/electronic devices, plasticizers, automotive applications, compact discs, impact
resistant materials, reusable bottles, food and drink containers, and many other products.?”*
2930 The vital mechanical and thermal properties of polycarbonates are strongly dependent
on their glass transition temperature (7,) and few secondary transitions such as - and vy -
transitions below their glass transition temperature. The high 7, and melting point (7)) of
BPA-PC imparted thermal properties while higher f—transition values provided improves
mechanical properties.®! Until today, BPA-PC based polymers are widely manufactured by

different companies with different trade names around the globe (Table 1).3?

Table 1. Major manufacturers of polycarbonate plastics and corresponding trade names

Company Trade Name
Sabic LEXAN®
Bayer MAKROLON®
Teijin Chemical Limited PANLITE®
IDEMITSU TARFLON®
Omay Polyopt®
Nalge Nunc International Nalgene®
Mobay Chemical Company MERLON®

Industrial production of BPA-PC was carried out in the following two major routes:
an interfacial reaction between monomer bisphenol-A and phosgene in the presence of
dichloromethane and aq. NaOH and a melt polymerization process of bisphenol-A and
diphenyl carbonate (Figure 2).*-* In both methods, the major concerns are usage of
phosgene gas and monomer bisphenol-A (BPA). Phosgene gas is well-known for its highly

toxic and corrosive nature. Even though diphenyl carbonate is an alternative to phosgene



gas, most often diphenyl carbonate is synthesized from phosgene gas and phenol.
Moreover, the high temperatures are required in order to remove phenol and the

degradation process of BPA-PC again generates the carcinogenic BPA.33-3¢

bisphenol A

poly(bisphenol-A carbonate)
(BPA-PC)

bisphenol A

Figure 2. Primary industrial synthetic routes for the generation of BPA-PC

More recently, the usage of BPA products has become progressively more
controversial due to its potential health hazards. A study by Centers for Disease Control
and Prevention (CDC) in USA showed that low levels of BPA were found in samples of
urine, human breast milk, and body fat of women. This study confirmed that the major
source of BPA contamination is diet, e.g. BPA from canned foods and also BPA is leaching
from polycarbonate beverage containers when they are subjected to heating.?”*® The
potential governmental regulations and health concerns of BPA would turn the attention of
polymer scientific community toward green polycarbonates.

A more significant strategy for the synthesis of green PCs is the copolymerization
of CO, with epoxides, most commonly used are CHO and PO, which is an alternative to
the route that involves in the usage of phosgene and BPA. The widespread availability of

naturally occurring epoxides and CO> will be another feature of this route; from this it



could be possible to generate a wide range of polycarbonates to address the current
demands in the polymer industry. Moreover, this route is environmentally benign and the
obtained polymers are biodegradable and biocompatible.>* Few co-polymers that are
derived from the copolymerization process are already commercialized, however, they are
limited. The classical BPA-PCs and green PCs are belonging to the same category of PCs,
however, they behave differently. The classical BPA-PC has a Ty of 150 °C whereas

poly(cyclohexene carbonate) (PCHC) has T, of 115 °C ( Figure 3).
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Figure 3. Comparison of glass transition temperatures (7/°C) of PCHC and BPA- PC*
The low T of PCHCs make them loss their stiffness at earlier temperature than
BPA-PC and also their use for high temperature applications are limited.***! The tensile
properties, which quantify how polymers behave under stress, such as the yield stress,
elongation at break, and stress at break of PCHC and BPA-PC are shown in Table 2. Yield
stress and stress at break values of PCHC are significantly lower than the corresponding

values of classical BPA-PC. It confirms the highly brittle nature of the PCHC compared



to the ductile BPA-PC. In contrast to this, the tensile modulus of PCHC is significantly
higher than that of BPA-PC (Table 2). It implies the high stiffness of the PCHC.** The
development of more economical synthetic methodologies and the synthesis of different
new polycarbonates with improved material properties would definitely enhance their
usage as bulk polymeric materials. As a result, an extensive amount of research has been

devoted towards developing new and highly active catalysts for the generation of green

polycarbonates.
Table 2. Comparison of thermal and mechanical properties of polycarbonates**?
T,/°C G yield o break (MPa)  strain at break  tensile modulus
(MPa) (%) (MPa)
BPA-PC 151 56-62 43-51 15-75 200-2800
PCHC 118 43-47 40-44 1.1-2.3 3500-3700
PPC 42 43 +2 (45) 7-30 600-1200 700-1400

PCHC: poly(cyclohexene carbonate), PPC: poly(propylene carbonate), BPA-PC:
poly(bisphenol-A carbonate)

1.3. Alternating Copolymerization of Epoxides and Carbon Dioxide
1.3.1. Initial Studies in Copolymerization of CO:z and Epoxides
In 1969, Inoue and coworkers first reported a heterogeneous zinc catalytic system,
a 1:1 mixture of ZnEt, and water, for the alternating copolymerization of CO2 and
propylene oxide (PO) to produce low molecular weight poly(propylene carbonate) (PPC)
with low turnover frequencies (TOF)s of 0.12 h™! in very low yields at 80 °C and 20-30
atm of CO; pressure.*’ Following this initial discovery, several heterogeneous zinc based
catalytic systems consisting of a combination of ZnEt; with dihydroxy alcohols

),% carboxylic acids (benzoic acid, phthalic acid, acetic acid, succinic acid ),*’

(resorcinol
and primary amines*®, were employed for the copolymerization of CO, and PO. Shortly
after these primary reports, Kuran and co-workers studied the effect of tri hydroxyl

alcohols, such as pyrogallol and 4-bromopyrogallol on copolymerization of CO; with CHO
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and PO. This catalytic system generated poly(propylene carbonate) (PPC) with TOFs up
to 0.3 h''. 47 In order to develop the highly efficient catalyst, Hattori and co-workers
synthesized a well-defined heterogeneous catalytic system using Zn(OH)> and glutaric acid
for copolymerization of CO> and PO. This combination produced PPC with TOFs of 1.1 h°
at 60 °C and 30 atm pressure of CO>* At this point of time, they believed that catalytic
activity of zinc glutarate might have originated from the unique morphology (including
crystallinity and crystal size) of the catalyst rather than its surface area. Later on another
efficient ZnO-based catalyst (half-ester/half-acid from maleic anhydride and
3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctanol and then reacting it with Zn0),>° was
reported for the copolymerization of CO2 and CHO. From these results, it was hypothesized
that two labile hydrogens that are available from either alcohol or acid in catalytic system
are very crucial so that the metal source (ZnEt> or Zn (OH)») and co-catalyst can form an
active species containing zinc-oxygen bonds. However, these first-generation catalysts
suffered from multiple active sites, solubility issues, low polymerization activites,
undesired side products, and products with broad polydispersities. Moreover, the real
active systems were not known as structures were poorly determined. To overcome these
limitations with heterogeneous systems, single-site homogenous catalysts have been
developed. It also gave an access to understanding the detailed mechanistic aspects of
copolymerization process of CO> and epoxide at molecular levels. The first homogeneous
well-defined, single-site catalyst for perfect alternating copolymerization of cyclohexene
oxide and CO> was developed by Inoue et al in 1986, comprising an aluminum porphyrin
((TPP)AIX, TPP = 5,10,15,20-tetraphenylporphinato) complex with a co-catalyst

quaternary ammonium or phosphonium salt, producing poly(cyclohexene carbonate) with



controlled molecular weights (3500-6000 g/mol) and narrow molecular weight distribution
(Figure 4, 1).>! However, this reaction is very slow; it took about 13 days to reach
completion of the reaction. This was the first achievement in living and alternating
copolymerization of CO> and epoxides. Darensbourg er al developed effective
homogenous catalysts, complexes of zinc phenoxides afforded from a reaction of
substituted phenols with a solution of Zn[N(SiMe3)2]2 in THF or diethyl ether, for both
copolymerization of cyclohexene oxide and CO2 and homopolymerization of cyclohexene
oxide in neat conditions, to afford high molecular weight poly(cyclohexene
carbonate)(PCHC) and poly(cyclohexene oxide) respectively (Figure 4).°> Complex 3,
(Ph2PhO)2Zn(Et20)s, generated a high molecular weight PCHC (Mn = 38000 g/mol, PDI
= 4.5) with 91 % carbonate linkages and TOF of 2.4 h'! under 55 atm of CO, pressure and
80 °C (Figure 4, 3). However, these catalytic systems exhibited poor control over molecular
weight of polymers. The high polydispersity indices (PDI) of the produced polymers are
probably due to aggregations of the active species. Following this, complex 4 obtained by
the addition of 2, 6-dihalophenols to Zn[N(SiMe3):]2, it is a binuclear four- coordinated

zinc phenoxides with coordinated THF and displays with moderate TOFs of 7.6 h™! (Figure

O R= Me (2), R = Ph (3)
4

Figure 4. Homogeneous single-site catalysts for copolymerization of epoxide/CO> (1:
porphyrin system, 2, 3, and 4: phenoxide systems)



4, 4). Mechanistic studies confirmed that small groups (eg. Me) on phenyl groups easily
facilitate the insertion of CO; into the Zn-OPh bond to yield methyl aryl carbonate
intermediate without need of any additional coordination sites. Contrary to this,
homopolymerization of epoxide required a binding site on the catalyst for the coordination
of epoxide.’?

Since this report, several examples of homogeneous catalysts have been reported
for coupling of epoxides and CO»; however, few metal-based catalysts were associated with
great success. It is therefore, in the next sections a few interesting developments, catalysts
centered with Cr, Co, and Zn metals, have been discussed.

1.3.2. Cobalt Catalysts for Epoxide—CQO:2 Copolymerization
In 1979, Ikeda and co-workers used Co(OAc) as a catalyst for copolymerization

of PO and CO, yielding PPC with extremely low TOFs.>® After this report, several cobalt

/

_N = =N_ _N=
/Coi
/]\ Bu off ¢! Bu
OAc X
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(salcy R)CoOAc X = 2, 4-dinitrophenoxy
(R = Br(5), H(6), Bu{(7)) 8 _N@/

Q(@

Figure 5. Cobalt salen complexes for epoxide and CO» copolymerization

\\\

complexes were explored. Recently, Coates and co-workers reported (salcy)CoOAc
complexes without the combination of any co-catalysts for copolymerization of PO and
CO» (Figure 5).°>* It was found that Co-salen based catalysts exhibited unprecedented
selectivities for the generation of PPC without the formation of cyclic by-product

propylene carbonate in measurable quantities. The resultant PPCs are highly alternated

10



with 95 % carbonate linkages at 25 °C and 55 atm of CO2. Moreover, molecular weight
distributions of the obtained polycarbonates are narrow and the polymerization process is
immortal. In this case, pressure of the CO; was very crucial; at lower pressures, the catalyst
was almost inactive. When enantiomerically pure (salcy-'Bu)CoOAc (Figure 5, 7) was
employed for the copolymerization of (S)-PO and COa, it yielded isotactic (S)-PPC with
highest reported selectivity of head-to-tail linkages (93%). The same complex gave a
moderate selectivity (k reat = 2.8) in the kinetic resolution of PO. Later on, Lu et al
developed a binary Co-salen complex, chiral [(salcy)Co(II)X, X = -CH3CO3, -CCI3CO», -
OPh(NO2)x = 12;3] in conjunction with a co-catalyst quaternary ammonium salt. This
complex was found to be an efficient catalyst for stereo and regio selective alternating
copolymerization of CO, with epoxides under extremely mild reaction conditions.>
Following this, Lu et al reported a Co(Ill)- salen complex where the salen ligand
containing one quaternary ammonium salt on the third-position of one of the aromatic rings
for alternating copolymerization of CHO and CO» to afford the corresponding highly
alternating PCHC (Figure 5, 8). Interestingly, this catalyst exhibited excellent activity and
selectivity for PPC formation even at 120 °C and under very low pressure of 0.1 MPa.>®
1.3.3. Chromium Catalysts for Epoxide—CO2 Copolymerization

The first chromium complex employed for a copolymerization reaction came from
the Holmes research group, who developed a fluorinated chromium porphyrin complex
(Figure 6, 9).>7 The catalyst with 4-dimethylaminopyridine (DMAP) as a co-catalyst
showed high TOFs up to 173 h! for alternating copolymerization of CO, with CHO under
harsh conditions (110 °C, supercritical (Sc) CO; at 222 atm). The fluorinated substituents

on the porphyrin moiety gave better solubility for catalyst in supercritical CO,.%” Later on,
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Darensbourg and Yarbrough reported a Cr-salen complex ((salcy-Bu)CrCl), which
exhibited moderate activity (TOF = 32.2 h'!) with the aid of a nucleophilic co-catalyst, N-
methylimidazole (N-Melm), for copolymerization of CHO and CO> without generating
cyclic by-product (Figure 6, 10). In the absence of co-catalyst, activity of the catalyst is
predominately reduced to TOF = 10.4 h'.5® The same catalyst was more selective toward
propylene carbonate (PC) formation instead of PPC when it was used for copolymerization
of PO and CHO at 80 °C. The activity of catalyst turned to PPC if the reaction temperature

is reduced to 40 °C.*°

‘ {go‘\“g}w{go.\g}

X =Cl (10) 12
F F X = Nj (11)

Figure 6. Chromium complexes for epoxide and CO; copolymerization
Subsequent studies on copolymerization of CO> with epoxides using (salcy-"Bu)CrCl
revealed that the formation of cyclic by-products such as CHC and PC required an energy
barrier higher than the corresponding PCHC and PPC did.%° Rieger et al studied
copolymerization of PO and CO: using a slightly modified Cr- salen complex, (salph-
'Bu)CrCl and DMAP as co-catalyst, affording PPC with TOFs = 226 h! at 75 °C and 13
atm CO; (Figure 6, 12).5'The ratio of catalyst/co-catalyst can dramatically influence the
formation of PPC and PC. For example, formation of PC is increased significantly if the

concentration of co-catalyst is increased. After these results, a variety of co-catalysts have
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been investigated with different combinations of ligand substitutions and initiating groups
(Figure 7).6%63:646566 Eor instance, complex 18b with PPN gave unprecedented TOFs of

1153 h'! at 80 °C and 35 atm (Figure 6, 11).%’
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Figure 7. Different co-catalysts for copolymerization of CO> and epoxides

1.3.4. Zinc Catalysts for Epoxide—CO2 Copolymerization

A variety of zinc based catalysts have been studied for copolymerization of CO»
and epoxides in the last 40 years. More attention shifted from heterogeneous catalysis to
discrete, single-site, homogeneous catalysts as they gave unprecedented activities and
selectivities for copolymerization of CO: and epoxide. Therefore, several zinc-based
complexes have become work-horses for the catalysis of CO;-epoxide coupling reactions.
After the initial success with zinc phenoxides as viable initiators for copolymerization of
epoxides with CO,,>? Darensbourg et al developed several zinc catalysts for the coupling
of CO, and epoxides. Complex 13 was synthesized by the reaction of with 2, 6-

disubstituted benzoic acids with Zn[N(SiMes3)2]» and the obtained complex was treated with
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pyridine (Figure 8, 13). Complex 13 was found to be an efficient initiator for
copolymerization of CO, with CHO, yielding completely alternating PCHC (~100 %
polycarbonate linkages) under mild reaction conditions.’® Kim and co-workers reported
zinc acetates ligated with pyridine alkoxides that (Figure 8, 14) catalyze the
copolymerization of CHO and CO., producing PCHC with only 63% of carbonate linkages

(Mn of 9500 g/mol!, PDI of 2.4) and TOFs of 153 h'1.%°

Ry
16, R=Me, R;=H
17, R, Ry = Bu!
18, R, R, =Cl

19, R = H, R; = OMe
Figure 8. Various zinc complexes for copolymerization CO, and CHO
In a corresponding study, Dinger et al described a variety of phenoxide cluster compounds,
synthesized from tris(3,5-dialkyl-2-hydroxyphenyl)methanes and ZnEt; that exhibited very

low activity for the alternating copolymerization of CHO and CO; (Figure 8, 15).7
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In continuation of the above work, Darensbourg et al reported a series of
bis(salicylaldiminato) zinc complexes, synthesized by treatment of salicylaldimine ligands

with two equivalents of Zn[N(SiMe3):]> in ethanol.”!

The polymerization activity of these
zinc bis(salicyaldiminato) catalytic precursors was similar to the activities of the earlier
reported zinc benzoxides. Subtle modifications in the R; and R: positions of the
salicyaldimine ligand altered the polymerization behavior of the catalytic precursors
(Figure 8, 16-19). Later, Hampel er al synthesized number of quinoxaline-based zinc
complexes that showed low activities (TOFs 4.9 h™') for coupling of CHO and CO,
yielding PCHCs with broad polydispersities (PDI = 4.5) (Figure 8, 20). It is believed that
catalyst aggregations might lead to broad polydispersities of the resulting polycarbonates.’?
Later, Darensbourg et al illustrated that zinc adducts (Figure 8, 21-23) were active for the
hetero coupling of CHO of CO> and that the polymerization behavior of the catalysts is
affected by the nature of halide ion. The fractional order (1.5) of the formation of PCHC
reaction with respect to catalyst concentration suggested that both dimeric and monomeric
complexes are involved in the copolymerization process.”

The major breakthrough was reported by Coates ef al in 1998 for alternating
copolymerization of CO> and epoxides. They investigated synthesis and applications of
zinc based catalysts tailored with B-diketiminate ligands (BDI), where the steric and
electronic factors can be easily tuned by varying the substitutents around the ligand
frameworks to alter the catalytic activity.’”* This versatility in the ligand design is a useful
tool in understanding mechanistic aspects of copolymerization process of CO»/epoxides.
The zinc(Il) complex 24 has been synthesized by deprotanation of B-diketiminate ligand

with n-butyllithium followed by a subsequent metathesis reaction with Zn(OAc), (Figure
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9, 24). Complex 25 was obtained by treatment of BDI-H ligand with ZnEt> followed by
MeOH (Figure 9, 25)’*. Complexes 24 and 25 exhibit very high and nearly identical
activities (TOFs up to 494 h') under mild reaction conditions (50°C, 100 psi of CO>
pressure). The obtained polycarbonates are with high molecular weight and very narrow
polydispersities (PDI= 1.07-1.17), moreover, the polymerization process is living.
Following this report, they investigated the required optimal complex geometry by
varying the substitutions on the ligand framework and initiating groups ((BDI)ZnX, X= Cl,

Br, Et, OMe, OAc, O'Pr, N(SiMes)). It was found that the substitutions on ortho positions
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Figure 9. Zinc complexes for copolymerization of CO2 and CHO
of the aniline group are very crucial. Comlplexes that incorporate isopropyl and ethyl

groups (Figure 10, 27, 28) are very active, whereas substitution of methyl (Figure 10, 29)
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and n-propyl groups (Figure 10, 30) dramatically diminishes the polymerization activity
of the zinc complexes.

From preliminary kinetic studies of the polymerization process, it is revealed that
this catalytic polymerization reaction follows second order kinetics in terms of initiator
concentration, which suggests that a bimetallic enchainment of the monomer is a major
pathway. Therefore, it is believed that the complexes with methyl groups (which have a
dimeric form in the solid state) are highly stable, do not possess enough steric hindrance
that helps in equilibration of dimeric complexes into monomeric complexes, while
complexes with n-propyl groups need a very high activation energy for bimetallic
enchainment process. Replacement of methyl group with hydrogen on backbone of the

complex prominently influenced the catalytic activity; activity of the complex is

N R, N A N
R3 4 R2 R1 F|§4
R1 R1 2
Ra R, R4
X = OAc, OMe, ‘OPr, CI, Br
catalyst Ri R2 R3 R4 X
27 Pr Pr Me H OAc, OMe.O'Pr
28 Et Et Me H OAc, OMe.O'Pr
29 "Pr "Pr Me H OAc
30 Me Me Me H OAc
31 Pr Pr H H OMe

Figure 10. Synthesis of zinc complex of B-diketiminate ligands (BDI)
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diminished significantly from 247 h! to 42 h'! (Figure 10, 30). Complexes with different
initiating groups ((BDI-1)ZnX, where X = OAc, OMe, ‘OPr and N(SiMes):) have
surprisingly similar polymerization behavior (Figure 11, 31-34). All polymers have almost
95 % carbonate linkages in the polymeric backbone and controlled molecular weights

distributions. It implies that all the complexes have same type of propagating species after

Pri R, R, R,
. R4
R

, R1 NI
R3 RS
Pr R, Rs R3
X: OAc (31), OMe (32), O'Pr (33), 38
(N(SiMe,),) (34), Et (35), CI (36), R4 =Et,Ry='Pr 39, X = OMe _
Br (37) R; =H, R, =CF; Ry =CN, R; =Me, R; ='Pr

Figure 11. Versatile zinc complexes of BDI ligands
chain initiation step. The obtained polycarbonates are all atactic in nature, consisting of
trans-cyclohexane linkages in the polymer main chain. It suggested that the back side
attack of the epoxide in epoxide enchainment processes via a concerted fashion.
Interestingly, complexes with initiating groups, Et, Cl, and Br, did not show polymerization
activity (Figure 11, 35-37). Polymerization activity can be dramatically influenced by
subtle changes in electronic perturbation of (BDI)Zn complexes. Complex 38 is also highly
active for PO and CO> copolymeriztion process, yielding PPC with 99 % carbonate
linkages, with TOFs of 235 h'! (Figure 11).”° Catalyst 39, with an electron-withdrawing
cyano group exhibited remarkably high catalytic activity (TOFs: 2290 h!), however, the

incorporated polycarbonate linkages (93%) are little low (Figure 11).7¢ This high activity
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might attribute to the more electron-deficient nature of the metal center, so that it would
enhance the epoxide coordination.
1.3.5. Mechanism of Alternating Copolymerization of CO2 and CHO

Coates and co-workers reported a comprehensive mechanistic study on copolymerization
of COz and epoxides.”” The rate studies of copolymerization reactions indicate that the
order of the reaction is 0, 1, and 1.0-1.8 in terms [COz], [CHO], and [catalyst] respectively.
It is believed that steric and electronic perturbations around the catalyst and temperature
play a crucial role in determining the order of the reaction. From their investigation, authors
concluded that bimetallic mechanism is more prominently operated, however,
monometallic mechanism could be also accounted as a minor pathway (Figure 12, P :
polymer chain).”” The ratio of monomeric to dimeric active species will be increased with
the rise of sterics and/or temperature; this leads to increase in the order of the reaction in

initiator concentration. p
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Figure 12. Mechanism of alternating copolymerization of CHO and CO,”’
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The zinc alkoxide monomer (40) that is formed by insertion of CO; into Zn-OAc
bond followed by CHO and its dimer (41) inserts CO: to yield either carbonate active
species (43, 44) or a dimeric species (42). This was the first step in the catalytic cycle. The
formation of these active species depends on the steric and electronic factors of the BDI
framework, propagating species, and temperature of the reaction. The dimeric active
species (44), which have adequate steric hinderance to participate in a monomer/dimer
equilibrium (Figure 12, route B), reacts with CHO to yield dimer 42. From the analysis of
the rate data, it is proposed that both 43 and 44 are acting as ground state species. The
highly sterically hindered zinc complexes participate in the copolymerization process via
a bimetallic transition state through both dimeric and monomeric ground states, where as
less steric hindered zinc complexes proceed through only a dimeric ground state.”” It is
believed that, in the bimetallic transition state, one metal center coordinates the epoxide
and the second metal center helps in attacking of the propagating carbonate species at the
back side of the epoxide ring. Subsequently, the compound 42 reacts with CO> to complete
one full catalytic cycle. This cycle is repeated to propagate the polymer chain.

1.4. Asymmetric Alternating Copolymerization of CO2 and Epoxides

The thermal and mechanical properties of polymers, such as crystallization
temperature, glass transition temperature, melting point, tensile strength, toughness,
opacity, density, and strain at break are significantly reliant on microstructures of the
polymers. There are several strategies to alter the physical properties of the polymers;
coupling of CO> with various commercially and naturally available epoxides, stereo
selective copolymerization, preparation of block polymers, and cross-linking

polymerization methods. Especially, there has been a considerable interest in stero-regio
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selective copolymerization of epoxides with CO; as this route can potentially change
microstructures of the PCHCs and be a viable route to prepare the chiral enriched building
blocks. In asymmetric copolymerization of CO: and epoxides, the most commonly used
monomers are cyclohexene oxide and propylene oxide. The asymmetric copolymerization
of CO, with CHO produces optically active polycarbonates, consisting with either (R, R)
or (S, S)-trans 1,2-cyclohexaylene units, via inversion of the one of chiral centers of
cyclohexane ring.”®

In 1999, Nozaki et al first reported asymmetric alternating copolymerization of
CO; and CHO wusing a chiral catalyst, 1:1 mixture of ZnEt, and (S5)-a,0-
diphenylpyrrolidine-2-ylmethanol (DPM)H, at 40 °C and 30 atm of CO> (Figure 13, 46).”
The polymer was obtained with 100 % carbonate linkages, molecular weight (Mn) of 8400
g/mol, PDI of 2.2, and a T, of 117 °C and the resultant PCHC is isotactic in nature. The
obtained optical active polycarbonates were hydrolyzed by aq. NaOH, producing trans-
cyclohexane-1,2-diol with 73% enantiomeric excess. The formation of chiral
polycarbonate chain having trans-cyclohexane-1,2-diol confirmed that the CHO ring

opening process proceeds via a Sn2—-type mechanism ( inversion configuration).
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Figure 13. Chiral catalysts for asymmetric copolymerization of CO2 and CHO
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In their seminal work on asymmetric copolymerization of CO2 and CHO, Nozaki et al
developed a bimetallic zinc catalyst, synthesized by a reaction between ZnEt> and
(DPM)H, for asymmetric coupling of CO, and CHO (Figure 13, 47).”° The structure of the
dimeric zinc complex was identified by X-ray diffraction studies.

Each zinc center in the dimeric complex 47, is coordinated by two bridging oxygen

atoms, one ethyl group, and a pyrrolidine ring, arranged in a distorted tetrahedral geometry.
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The asymmetric coupling of CO; and CHO with complex 47 gave isotactic PCHC with
lower enantiomeric excess (ee) of 49% while coupling with complex 48 stereoselectivity
was improved up to 88 % ee (Figure 13, 48). End-group determination by MALDI-TOF
mass spectrometry gave useful clues about the copolymerization mechanism. The mass
spectrum of PCHC appeared with two different series of polymers with same end group
(Figure 14).” Based on end-group analysis and dilution studies, they proposed the above
plausible mechanism (Figure 15).

In 2000, Coates and colleagues reported a series of well-defined, Ci-symmetric,
chiral imine-oxazoline (IOX) ligated zinc bis(trimethylsilyl)amido complexes for the
stereoselective, alternating copolymerization of CHO and CO..%° By altering the
substituents around the ligand framework, the optimized catalyst exhibited highest activity
and stereoselectivity (Figure 16, 49). X-ray diffraction studies revealed that complex 49 is
a mononuclear, three-coordinate, and distorted trigonal in geometry. The aryl group is
perpendicular to the I0X-zinc chelate ring and tert-butyl group is in a staggered
conformation. It is believed that the high steric hindrance around the complex 49 precludes
dimerization and solvent coordination with metal center. The catalyst 49 produced a chiral
PCHC with 100% carbonate linkages, contained 88% RR-units in the main chain, with
molecular weight of 14700 g mol!, PDI of 1.35, and T, and T of respectively 120°C and
220°C. Similar to zinc complexes of p-diketiminate ligands for non-asymmetric
copolymerization, the less bulky substitutents at the ortho position of the aryl group
dramatically diminished the both activity and selectivity. The electron withdrawing group
(CF3) on the ligand backbone significantly increased its activity, but the selectivity is

slightly compromised. Comparison of both experimental and theoretical intensities
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(Bernoulli statistics) predicted that enantiomorphic-site control mechanism is operating in

the copolymerization process.

Figure 16. 10X ligand framework for asymmetric copolymerization
Recently, Coates and co-workers developed a series of new complexes (salen)CoX (salen
= N,N-bis(salicylidene)-1,2-diaminoalkane; X = CI, Br, I, OAc, OBzFs) complexes as
active catalysts for the copolymerization of cyclohexene oxide and COx (Figure 17).3! The
majority of the complexes were synthesized by a metallation of salen-type ligands that
were obtained by a condensation reaction of an aldehyde and a Schiff-base, with cobalt(II)
acetate tetrahydrate and followed by oxidation reactions. They investigated the influence
of axial ligand, backbone of the ligand, phenolate substituents, and CO; pressure on the
copolymerization process. Although variation of the axial ligand had a small influence on
the tacticity of the polymers, syndiotacticity of the obtained PCHC increased exceptionally
when iodide was used as an initiating group (Figure 17, 50). The highly sterically hindered
complex 50, (rac-(salen)CoBr), generated PCHC with unprecedented syndiotacticity of 81
% while enantiopure complex 52, ((R, R)-(salen)CoBr) gave PCHC with 61 %
syndiotacticity. The substitutents on the phenyl ring are also vital in achieving the desired

stereoselectivity of the polymer main chain. Two tert-butyl groups on the phenyl group are
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optimal to ensure the high selectivities. The structure of the catalyst dramatically influences
the stereochemistry of the resultant PCHC (Figure 17).
According to previous assignments, all m-centered tetrads ([mmm], [mmr] and

[rmr]) are correlated to a single resonance at 153.7 ppm and the r-centered tetrads ([rrr],

R
Rel/
=N N=
/Co\
R, o'l o R,
X
R1 R1
(salen)CoX
X =Cl, Br, I, OAc, OBzF5
catalyst Ry R> R3 | R4 Rs X

50 Bu’ Bu | H | Me H I
51 Bu' Bu' | Me | Me H Br
52 Bu’ Bu' | Ph | H | trans-Ph Br
53 Bu' Bu | H | Me H OBzFs
54 Bu’ Bu' | H | trans-(CH2)4 OBzFs
55 Me H |H|[Me| H OBzFs
56 cumyl | cumyl | H | trans-(CHz)4 Br
57 Bu’ Bu' | H | trans-(CH2)4 OAc
58 Bu' Bu' | H | trans-(CH)4 | 2,4,6-trinitro phenoxy
59 Bu’ Bu' | H | trans-(CH2)4 Br

Figure 17. A series of (salen)CoX complexes
[rrm], [mrm]) are correlated to a series of small peaks in the range of 153.3—-153.1 ppm of
the 3C NMR spectrum of the poly(cyclohexne carbonate). In the case of isotactic PCHC,
m-centered tetrads ([mmm], [mmr], and [rmr]) appeared more prominently whilst r-
centered tetrads have a minor contribution. This is vice-versa in the case of syndiotactic
PCHC. The common stereo-errors in poly(cyclohexene carbonate) main chain are caused
by two different types of controlling mechanisms (Figure 18 and Figure 19). The first one
is chain end control mechanism, where the stereochemistry of incoming monomer is

controlled by the chirality of the chain-end. The second mechanism is enantiomorphic site
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control; stereo regulation is controlled by the chirality of the catalyst. The obtained PCHC
with catalyst 53, (rac-(salen)CoOBzFs) has '*C NMR spectrum with four distinct
resonances at 152.94, 153.06, 153.12 and 153.70 ppm. The up-field resonances at 152.94,

153.06, and 153.12 ppm correspond to r-centered resonances and the peak at 153.70 ppm

O O O O

GGCS?D‘*@OZ}

isotactic PCHC

O O O O O o

ZDGOOOF@

syndiotactic PCHC

Figure 18. Common stereoerrors are caused by chain end control mechanism
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Figure 19. Stereoerrors are caused by enantiomorphic site control mechanism
correlated to m-centered resonances (Figure 20, a). Catalyst 54 ((R,R)-(salen)CoOBzFs)
and catalyst 55 (rac-(salen)CoOBzFs) generated less syndiotactic PCHC (Figure 20, b and

¢) while catalyst 51 ((R,R)-(salen)CoBr) produced highly isotactic PCHC (Figure 20, d).
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Along with the distinctive resonances of carbonyl groups of the polymer, the
stereochemical information of the methylene carbons of the PCHC can be also studied by
3C NMR spectroscopy. For syndiotactic PCHC, two series of two adjacent resonances
([rr] and [mr]) are found, assigned to the nonequivalent methylene carbons of the
syndiotactic PCHC backbone (Figure 21, a). It was found that the intensity of [rr] triads is
varied relatively to the intensity of syndiotacticity. In the case of less syndiotactic PCHC,
the intensity of [rr] triads is low rather than the intensity of the [mr] triad resonances and
additional two downfield [mm] triads are observed (Figure 21, b and ¢). For highly
isotactic PCHC, the intensity of [mm] triad resonance is higher than the intensity of residual
triads (Figure 21, d). More recently, Lu and co-workers reported the synthesis of highly
isotactic PCHCs from desymetrization of meso-cyclohexene oxide using chiral salen

Co(III) complexes in combination with bis(triphenylphosphine)-iminium chloride (PPNCI)

)

—N N—
o
Bu! 0: 0 Bu!

NO,
Bu!

as a co-catalyst (Figure 22, 60).%

60
Figure 22. (Salen)Co(NO3) complex for asymmetric copolymerization of CO2 and CHO
The combination of enantiopure complex (S,5)-salenCo(III)(NO3) and co-catalyst
(PPNCI) significantly improved the enantioselectivity of PCHC up to 98:2 of RR:SS, in

the presence of a chiral induction agent, (§)-2-methyltetrahydrofuran.
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Significant efforts have also been carried out for the stereo-and regio selective
copolymerization of CO> with propylene oxide (PO). The typical microstructures of the
poly(propylene carbonate) are shown below (Figure 23). Coates and coworkers reported
that zinc (BDI) complex 38 for controlled stereo-and regioselective copolymerization of
PO and CO,, yielding PPC with poor selectivity (HH, TT, and HT in the ratio 23:23:54).7
Later on, Qin et al used chiral salen cobalt complex 57 ([(R,R)-(salen)CoOAc]), for
alternating copolymerization CO; and rac-PO to generate PPC with 80% head to tail (HT)
linkages (Figure 17).3% The same catalyst 57 showed highest activity for copolymerization
of (S)-PO and CO», which produced highly isotactic PPC with 93 % of head-to-tail (HT)
content. Addition of co-catalysts such as quaternary ammonium salts to the [(R,R)-
(salen)CoX] complexes further enhances head to tail linkages of PPC under mild
conditions.?* Further, Lu et al showed that coupling of CO and rac-PO catalyzed by

combination of ([(R,R)-(salen)CoX]) 58 and cocatalyst [PPN]CI, produced PPC with 94%
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Figure 23. Microstructures of the PPC
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head to tail linkages (Figure 17).34 Stereochemistry of the catalyst, initiating group, and co-
catalyst have remarkable influence on the microstructures of the PPC. Catalyst 54 with co-
catalyst [PPN]CI generated highly ordered isotactic PPC with an unprecedented activity of
620 h'l. Interestingly, combination of catalyst 59 and [PPN]CI generated highly ordered
PPC for copolymerization of (S5)-PO/CO; while the same catalyst combination gave a

random polymer in the case of (R)-PO/CO; (Figure 17)%
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1.5. Poly(lactide)s

Biodegradable and biocompatible polymers, generated from renewable feedstock,
have received much scientific attention due to depletion in crude oil based resources, global
warming, and environmental awareness.’® The production of polymers from non-
petroleum resources, such as corn, sugar beets, and other biomass feedstock would thus
help to reduce our dependence on consumption of nonrenewable resources, of which
approximately 150 million tons are consumed annually as raw material for the production
of synthetic plastics alone.®” Poly(lactide) (PLA), a polymer of a cyclic diester of lactic
acid, has become an attractive alternative to conventional polymers, with many potential
applications ranging from bulk commodity materials to bio-medicinal products such as
fibers, staples, sutures, drug delivery agents, and artificial tissue matrices.3®%°0! In
addition to the unique physical properties of PLA-based polymeric materials, they are also
biocompatible, readily biodegradable, bioresorbable, and easily recycled. PLA is becoming
increasingly inexpensive polymeric material due to rapid technological advancements and
at the same time rise in the price of the corresponding petrochemical feedstocks. Recently,
a joint venture, opened by Natureworks LLC, Cargill, and Teijen Limited, produced ~300
million Ib of PLA anuually with a trade name Ingeo™, marketing the first commodity PLA
polymer that is derived from corn instead of fossil fuels.”?

The synthesis of PLA can be achieved via either polycondensation of lactic acid or

chain growth polymerization, i.e. ring opening polymerization (ROP) of lactide. In
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comparison to polycondensation reactions, ROP of lactides offers a great control over
molecular weight, narrow polydispersities, and high levels of end-group fidelity of the
resulting polymers.”® Depending on the initiator, three different major mechanisms have
been proposed for the ROP of lactides, including cationic, anionic, and coordination-
insertion mechanisms.’**>*® The main driving force of ring-opening polymerization
reactions is relief of the ring strain of cyclic ester monomers.
1.5.1. Cationic Ring-Opening Polymerization

Cationic polymerization mechanism involves the formation of cationic active
initiating species; they later attack the lactide monomer. The resulting species,
subsequently, are attacked by another monomer. The ring opening process proceeds via
Sn2-type pathway (Figure 24). The cationic ring —opening polymerization is difficult to

control and often yield only low molecular weight poly(lactides).”*
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Figure 24. Mechanism of cationic ring-opening polymerization of ROP of lactides
1.5.2. Anionic Ring-Opening Polymerization
In anionic ring-opening polymerization, a nucleophile attacks either carbonyl carbon or
carbon atom adjacent to the acyl-oxygen generating ring opened polymer. The major

drawback in this mechanism is back-biting reactions that lead to formation of oligomers.
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Although low-molecular weight polymers are commonly found products in this route, high

molecular weight of the polymer can also be obtained using polar solvents (Figure 25).%
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Figure 25. Mechanism of anionic ring-opening polymerization of ROP of lactides
1.5.3. Coordination-Insertion Ring-Opening Polymerization

The ROP of lactides, catalyzed by organo-metallic catalysts, is usually achieved through

a coordination-insertion mechanism. Coordination-insertion ROP involves an insertion of

the monomer into the metal-oxygen bond of the initiator or coordination of the lactide

monomer to the metal center through its carbonyl oxygen. This step is crucial in controlling

the stereoselectivity of the system (Figure 26).%°
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Figure 26. Co-ordination and insertion mechanism of ROP of lactides
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Further, attack of acyl oxygen on the metal center and subsequent ring-opening of
lactide monomer result in the formation of a new ring opened metal alkoxide species.
These species are stabilized by coordination of carbonyl group that is in close proximity to

the metal center as a lactate.
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Figure 27. PLA microstructures derived from the stereocontrolled ROP of lactide
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Tacticity or microstructures of the PLA can greatly influence the physical
properties of the polymers. For instance, heterotactic PLA is crystalline, whereas atactic
PLA is amorphous in nature. Therefore, there is a considerable interest in studying the
stereochemistry of PLA. The stereochemical outcome of the polymer chain will be
governed by two types of mechanisms, i.e. chain end growth and enantiomorphic site
controls. In enantiomorphic site control mechanism, chirality of the propagating polymer
chain depends on catalyst that determines the chirality of the next incoming monomer. In
chain end control mechanism, chain end of the polymer chain governs the chirality of the
next inserting monomer.”?

The two chiral centers on a lactide monomer generate three different types of
lactides; D-lactide (RR-configurations), L-lactide (SS-configurations), and meso-lactide
(RS-configurations). Ring opening polymerization (ROP) of an enantiopure lactide either
D- or L-lactide, which requires no polymerization stereocontrol, results in a pure isotactic
polymer. In isotactic PLA, all stereocenters are aligned along the same side of the polymer
backbone (Figure 27). On the other hand, in stereoselective ROP of either meso-lactide or
rac-lactide, a plethora of ordered polymeric microstructures are generated. The
stereoselective ROP of meso-lactide can lead to either syndiotactic PLA in which S and R
stereocentres are perfectly alternated (SRSRSR) or heterotactic PLA in which the two
stereocentres are doubly alternated (SSRRSSRR).”’ In the case of ROP of rac-lactides,
three different types of stereoisomers are formed; heterotactic PLA that involved
successive insertion of D- and L-lactide enantiomer units, isotactic stereo diblock isomer
that is formed by the combination of two enantiopure poly(D-lactide) and poly(L-lactide)

chains, and atactic polymer, produced by a random displacement of D- and L-lactide
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enantiomer units. The degree of stereoselectivity, insertion errors, and chain exchange

steps will impact the polymeric microstructures.’®
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Figure 28. Observable tetrads of PLA by homonuclear decoupled '"H NMR
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According to Bovey formulations, ‘m’ or ‘i’ describes meso (adjacent stereocenters
have the same chirality) and ‘r’or‘s’ describes racemic (adjacent stereocenters have
differing in chirality) relationship between two stereocenters in a lactide monomer unit. At
triad level, ROP of either racemic or meso-lactide generates two tetrads; rm and mr. Even
though triads, pentads, and hexads are identified, they are often suffer with insufficient
resolution, overlap of formed stereosequences or chemical shifts. In ROP of lactides, tetrad
level stereosequences are the most commonly found and well resolved
sequences.”®9-100.10L.102 The possible tetrad stereosequences are illustrated in Figure 28.1%3

As per previous assignments and Bernoulli enantiomorphic site control statistics,
five tetrad sequences are the most commonly observed sterecoerrors in PLA main
chain.!*1% The relative proportion of formation of tetrad sequences (degree of
stereoselectivity) depends on the efficiency of the catalyst and the degree of control of
insertion of racemic (r-diad) and meso (m-diad) sequences in the polymer backbone. The
degree of stereoselectivity can be expressed as the probability of forming of either racemic
diad (syndiotactic diad, Pr) or meso diad (isotactic, Pm) respectively. P = 1.00 indicates
heterotactic in the case of ROP of rac-lactide and syndiotactic in the case of ROP of meso-
lactide. P = 1.00 describes the isotactic polymers in the case of ROP of rac-lactide and
heterotactic PLA in the case of ROP of meso-lactide. If P, = P = 0.5, this means atactic
polymer in ROP of both rac and meso lactides (Figure 26).1°* Many metal complexes have
been extensively investigated for stereoselective ring opening polymerization of rac-

lactides.
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1.6. Poly(ester)s
To overcome the issues with conventional polymers, spectacular improvements
have been made in synthesis of biodegradable and environmentally adaptable polymers
using renewable resources during the last three decades. '° Among the different types of
polymers explored, polyesters constitute an important class of polymers as they are
biodegradable and biocompatible.!?”1%® Especially, aliphatic polyesters among the most
commonly used biodegradable polymers in various medical applications,'? such as drug

107 artificial tissues, ' and commodity materials.'!” In general, polyesters

delivery systems,
are synthesized by polycondensation of diols and diacids or by ring-opening
polymerization (ROP) of cyclic esters (Figure 29). The former route needs drastic
conditions to remove water and it is highly energy intensive. In addition, highly accurate
stoichiometries of monomers are essential in order to get high and controlled molecular

weight polymers. In later route, the availability of cyclic ester monomers is limited to get

the widespread polymer architectures.!!!
Rj

OH P ] OH polycondensati N I\ ROP
HO . HOQ polycondensation *[)WO\H\O * «———— cyclic esters
R, (b) RENC)
Ri O Rs

Ry Ry

Figure 29. Common synthetic approaches to aliphatic polyesters
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In contrast to these traditional routes, a wide variety of polyesters can be synthesized by
the way of ring opening co- polymerization of cyclic anhydrides and epoxides due to nearly
endless choices of monomer units.!'? Even though, the first catalytic coupling of oxiranes

with anhydrides was reported in 1960s,'?

the undesirable by-products that are generated
from homopolymerization of epoxides and the low molecular weight polymers hamper its
popularity and improvements for quite some time. Recently, Inoue and co-workers reported
a breakthrough using (tetraphenylporphyrinato)aluminum(IIl) ethoxide complexes (Figure
30, 1).!'* However, low molecular weight and long reaction times are still huge hurdles
with this system. Followed by this report, Maeda and coworkers showed magnesium
ethoxides as efficient initiators for ring-opening copolymerization of succinic anhydride
(SA) with ethylene oxide (EO).!!®> The recent reports on copolymerization of cylic oxiranes
and anhydrides using diketiminate zinc complexes and chromium salophen and
porphyrinato catalysts renewed the attention to this research area. More recently, Coates
and co-workers reported cyno-diketiminate zinc complexes for copolymerization of
aliphatic anhydrides and variety of epoxides, yielding copolymers with high molecular

weight and narrow molecular weight distributions (Figure 30, 2).!1¢
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Figure 30. Popular catalysts for copolymerization of epoxides and anhydrides
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Darensbourg et al reported alternating copolymerizaton of epoxides and anhydrides
using salen-chromium(III) complexes (Figure 30, 3) with the aid of co-catalysts, such as
(bis(triphenyl phosphine)iminium) salts and tertrabutylammonium chlorides. The reaction
rate studies confirmed that the rate-determining step was ring-opening of the oxirane by
the enchained anhydride. ''7 More investigations were carried out by Duchateau and co-
workers on alternating ring-opening polymerization of epoxides and anhydrides using
different metal salen chloride complexes ((salen)MCIl, M = Al, Cr, Co; salen =N,N’-
bis(3,5-di-tert-butylsalicylidene)diimine) and (tetraphenylprophyrinato)chromium
complexes with conjunction of several co-catalysts.!!® It is confirmed that in most cases,
the combination of chromium salophen chloride and bis-
(triphenylphosphoranylidene)iminium chloride yielded best results. In common, catalysts
showed lowest activity with N-heterocyclic co-catalysts. More recently, Coates and co-
workers reported copolymerization of maleic anhydride with several terminal epoxides,
catalyzed by a chromium(IIl) salen chloride complex, yielding highly alternating

poly(esters) with narrow PDI values.!"
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CHAPTER 2
MODULAR SYNTHESIS OF CHIRAL B- DIKETIMINATO-TYPE LIGANDS
CONTAINING 2-OXAZOLINE MOEITY VIA PALLADIUM-CATALYZED
AMINATION
2.1. Introduction
Because the reactivity and selectivity of metal catalysts are largely determined by
the auxiliary ligands, ligand design has been a central theme in catalysis, particularly in
asymmetric synthesis, which continues to be of great academic and industrial importance.'
One of the challenges is to derive efficient chiral catalysts for asymmetric induction in
different substrates with subtle variations. Since it is not expected that a single catalyst will
work for a wide range of substrates, an efficient strategy towards new catalysts would be
the design of a search pathway that provides access to a large number of structurally
similar ligands with tunable yet diverse substituents.” Indeed, many researchers have
sought to develop asymmetric catalysts by screening a large pool of chiral ligands.? To this
end, a modular approach for the ligand library construction is highly desirable.*
B-Diketiminato ligands (Figure 31A) have received great attention in coordination
chemistry due to the ease of fine tuning of the steric and electronic properties.” These
ligands are monoanionic upon deprotonation and form strong bonds with metals, usually
in a bidentate fashion. Various B-diketiminato metal complexes have been employed in a

number of catalytic reactions.®’” In a broader sense, the monoanionic, anilinido-imino

ligands (Figure 31B) can be included as a variation of the regular B-diketiminato

Reproduced with the permission of Binda et al. Synthesis, 2011, 2609-2618. Copyright 2011
Thieme-Chemistry.
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framework.®> One example is the ortho-oxazoline substituted anilines, in which aniline
nitrogens are typically not further functionalized.” Due to the presence of an aromatic ring,
the resonance in the backbone is attenuated in comparison with the regular ligands and
this may offer opportunity for electronic differentiation and stereocontrol upon
coordination.!” Given their extensive applications, it is somewhat surprising that the chiral
variants of B-diketiminato ligands are relatively less developed in the literature,'t!?
although these moieties are often incorporated as subcomponents of multidentate or
macrocyclic ligands in chiral environments.!? In principle, stereo-directing groups can be
introduced into all the R'- R’ substituents. Of particular interest are ligands with chiral
substituents at the periphery (R! and R®) that are in close proximity with the open
coordination site where catalysis is taking place. Among these, monoanionic, chiral
semicorrin'4 and bisoxazoline ligands' are some of the successful examples, where chiral
substituents are intro- duced at the periphery (R! and R positions. Another approach is to
incorporate axial chirality at the backbone, as demonstrated in ligands derived from
isoquinoline and 2- aminonaphthalene'® and in binaphthyl surrogates based on inner N-H—

N hydrogen bonding.!” Variation of backbone with stereogenic heteroatoms can also lead

to axial chirality.'8

R3
R2WR4 R,
R1/NH N\R5 R1/NH N\R5
A B

Figure 31. (A) B-Diketiminato ligands where R;-Rs substituents can be stereogenic.
(B) Anilinido-imino variations

In our effort of constructing a chiral ligand framework, we have envisioned a

modular approach for the synthesis of a library of chiral B-diketiminato type ligands based

50



on the direct coupling of two independent building blocks. The synthetic target (see
Scheme 1) is a type of anilinido-imino ligands, with imine nitrogen from a chiral oxazoline
moiety and amine nitrogen from an aniline/amide moiety. For the modular assembly, a
choice of readily available chiral building blocks is critical. The 2-oxazoline was chosen
as the imine nitrogen subunit because chiral oxazolines have widespread use as ligands and
are readily accessible from the chiral pool of amino alcohols.!® The ability of varying both
chiral and stereo-directing centers independently allows the opportunity to explore the syn
synergy between them. Herein we report the synthesis and characterization of a library of
new chiral B-diketiminato type ligands via the Pd-catalyzed Buchwald—Hartwig amination

reaction (Scheme 1).
2.2. Results and Discussion

We started out to synthesize a series of B-diketiminato type ligands containing one
or two chiral substituents at the periphery, which are in close proximity with the open
coordination site where catalysis would take place. By independently varying two points
of diversity, the oxazoline fragment R and the amine component (R’), a library of chiral -

diketiminato type ligands LL1-1.24 has been generated in a modular fashion (Scheme 1).

Pd(OAc),
0] rac-BINAP O
\ + R—NH, \
Br N N .
R R

Y

Base, heating NH
R = Ph, Pr, Bu, *Bu

NH, NH, NH, NH, o lcl)
R'—NH, :
2 l ! \ﬁj//]\|ij/k ©)J\NH2 /]<S"’NH2

Scheme 1. Synthesis of chiral B-diketiminato type ligands
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Chiral 2-(2'-bromophenyl)oxazolines 1la—d were prepared from readily available chiral
amino alcohols in a single step via two methods (Scheme 2).?° In our hands, the second
method seems to give better yields in shorter reaction time and offers another possibility
to modify the aryl backbone. The resulting compounds 1a—d were utilized as the coupling

partners for the preparation of chiral bdiketiminato type ligand variants (see below).

Method A
CN

R
Br ZnCl, (5 mol%), CgHsCl
OH 2 6''5
©/ ' HZN)*V 130 °C, 44h N R
R = (R)-Ph (1a), (S)-Pr (1b), ON
(R)-Bu (1c), (S)-Bu (1d)

Method B Br

CHO 1. Molecular sieves, r.t.
Br R /

Toluene, 24h
+ )*VOH 2. NBS, K5PO,, 3h
HoN . » R3gFP Uy,

1a-1d

Scheme 2. Synthesis of chiral 2-oxazolines

The desired chiral B-diketiminato-type compounds L.1-1.24 (Figure 31) were synthesized
via a cross coupling strategy, joining the chiral oxazoline and amine/amide moieties in a
modular fashion (Scheme 1). The Pd-catalyzed Buchwald—Hartwig amination reaction was
chosen because it has been extensively studied and modified with significant improvements
for the cross coupling reaction of aryl or alkyl halides with amines or amides.?*?* It has
been previously employed in the library synthesis, including examples involving chiral
oxazolines.?*** In principle, other cross coupling protocols such as Cu-catalyzed amination
could be applied as well. Thus, heating a mixture of chiral oxazolines 1a—d and (R)- a-
methylbenzylamine in the presence of a catalytic amount of Pd(OAc),-BINAP under

refluxing toluene afforded compounds LL1-L.4 in moderate yields after purification by
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column chromatography (see Table 3, entries 1—4). Compounds L1 and .3 were obtained

as yellow solids while L2 and L4 are oily.

In order to vary the amine terminal, the phenyl substituent R’ in L1-L4 was
replaced with naphthalene, a sterically bulkier substituent. Thus, ligands L5-L8 were
similarly synthesized from Pd-catalyzed amination of chiral oxazo- lines 1a—d with (R)-1-
(1-naphthyl)ethylamine in moderate yields as oily compounds (Table 3, entries 5-8). It is
noted that the synthesis of L1, L7, and L8 required longer reaction times and the isolated
yields were generally rather low. Attempts were made to improve the coupling reactions
without much success; yields of 30-73% were typically obtained for the series of
alkylamines, in part, due to formation of several unidentified by-products and subsequent
difficulty in isolation. Use of state of the art phosphine ligands instead of BINAP, or other
coupling protocols such as Cu-catalyzed amination may improve the yields, and efforts

along these lines are ongoing.

We were interested in the effect of one stereogenic center in conjunction with a
bulky substituent on catalytic selec- tivity. In this context, ortho-substituted anilines were
used as the coupling partners. 2,6-Dimethylaniline and 2,6-diisopropylaniline were
separately treated with chiral ox- azolines 1a—d under similar conditions as above to afford
ligands L9-L16. Yields of this series were generally higher (63—84%; see Table 3),
presumably due to the enhanced nucleophilicity upon deprotonation of arylamines

compared to alkylamines utilized in ligands L1-L8.
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Table 3. Pd-Catalyzed Amination Reactions of Chiral Oxazolines 1a—d with Primary
Alky- or Arylamines and Amides?

Enry R~ RNH»  Ligand ;l;gne zﬂf){,d
T Ph L1 68 35°
2 i-Pr NHz 1.2 37 47
3 i-Bu 5 L3 40 56
4 s-Bu L4 37 44
5 Ph L5 24 50°
6 i-Pr v, L6 24 73
7 i-Bu L7 67 30
8 s-Bu LS8 67 36
9 Ph L9 48 84
10 i-Pr NH, L10 48 77
11 iBu @/ L1148 74
12 s-Bu L1248 83
13 Ph L1348 80
14 i-Pr NH,, L1448 84
15  i-Bu *@/k L1548 75
16  s-Bu L16 48 63
17 Ph 17 20 98
18  i-Pr 5 L1 20 95
19  i-Bu ©ANH2 L19¢ 32 98
20  s-Bu L200 20 99
21 Ph 121° 5d 84
2 i-Pr o L22¢  5d 60
23 i-Bu )<3/NH2 L23¢ 2d 70
24 s-Bu L24¢  2d <10

“Reaction conditions: oxazoline 1a—d (1.0 equiv), amine (1.2 equiv),z-BuONa (1.4 equiv),
Pd(OAc): (5 mol%), rac-BINAP (5 mol%), toluene, 120 °C. ’Isolated yields. “Exists as a
~9:1 mixture of two stereoisomers. “Reaction conditions: oxazoline 1la-d (1.0 equiv),
benzamide or sulfonamide (4.0 equiv), Cs>COs3; (2 equiv), Pd(OAc)> (10 mol%), rac-
BINAP (20 mol%), toluene, heating
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Figure 32. Structure of ligands L1-1.24
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A primary amide as a coupling partner was also employed to synthesize ligands L.17-1.20.
Initial attempts under same conditions afforded minimal amount of the desired products,
possibly because of the side reactions at high temperatures.® In subsequent experiments,
the reaction temperature was reduced to 100°C, the Pd and BINAP loadings were increased
to 10 mol% and 20 mol%, respectively, and 4 equivalents of the amide (see Table 3) were
employed. Under these conditions, compounds L.17-L.20 were obtained in very high yields
(>95%) and in shorter reaction times (see Table 3). This approach can be used to expand
the library of chiral B-diketiminato type ligands to incorporate chiral amide substituents

when they are potentially beneficial, and a pool of chiral amides is available as well.

Under similar conditions, a chiral sulfinamide, (S)-tert-butylsulfinamide,?® can be
coupled to the oxazoline moiety, resulting in compounds L21-1.24. The reactions require
longer reaction times, and the yields are generally good (60—-84%), except the one with sec-
butyl substituent (I.24), despite the structural similarity and multiple attempts. To the best
of our knowledge, sulfinamides have not previously been studied as coupling partners in

the Buchwald—Hartwig amination reaction.

The structures of the synthesized compounds L.1-1.24 are shown in Figure 32, and
they have been characterized by 'H and '*C NMR spectroscopy. Characteristic peak is the
NH signal in the downfield region of 9—10 ppm for L1-L16, 13.2—-13.4 ppm for L17-L20,
and 11-12 ppm for L21- L24. The observation is consistent with the presence of an
intramolecular hydrogen bonding interaction between the NH group and the imino
nitrogen, which is typical for this type of compounds. Also noteworthy is that the '"H NMR
(CDCls) spectra of L1 and LS showed two distinct N-H peaks at 6 =9.08 and 8.82 (minor)

for LL1; and at 6 = 9.21 and 8.88 (minor) for LS, respectively. Guiry and co-workers have
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also observed the presence of two distinct NH peaks in a similar ligand framework.?” At
an elevated temperature (30 °C), these peaks coalesced to a single resonance, which is
attributed to the presence of rotamers resulting from hindered rotation. When ligand L1
was subjected to the VT-NMR experiment in the range of 0-55 °C, however, no obvious
shift or coalescence was observed, suggesting the presence of a mixture of diastere- omers
resulting from minor racemization. Preliminary investigations suggested that the
racemization occurred at the oxazoline side, not the amine side; this process is rather
specific to oxazolines with aryl substituents at the 4-position.?! It should be noted that, in
the isolated samples, only one set of signals was detected for the remaining ligands.
Furthermore, the formulation of these compounds was confirmed with mass spectrometry
(GC- MS and HRMS) and optical rotations, which are in agreement with the intended

structures.
2.3. Conclusions

In conclusion, a library of twenty four new chiral B- diketiminato type ligands
containing an oxazoline moiety has been synthesized via the Pd-catalyzed Buchwald—
Hartwig amination reaction of chiral oxazolines and primary amines and amides. By
independently varying two components (R and R'), this modular synthetic approach opens
a pathway to obtain different combinations of chirality (e.g., RR, RS, SS, and SR), allowing
exploration of the synergistic interactions between two chiral or stereo-directing centers in
catalysis. It also offers the oppor- tunity to introduce additional coordinating groups to
stabilize the ligation. The ligand framework presented here should be widely applicable in
arange of metal- based catalytic reactions. These compounds themselves are also potential

chiral proton sources,!” with the NH proton located in a chiral microenvironment.
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Considering the availability of large numbers of various chiral amines and amides, this
methodology will allow the synthesis of a large family of new chiral B-diketiminato-type
ligands for high throughput screening in asymmetric catalysis as well as in other
applications. Our ongoing efforts involve optimizing and expanding the chiral B-

diketiminato type ligands and searching for applications in other asymmetric catalyses.

2.3. Experimental Section

All air- or moisture-sensitive reactions were carried out under a dry N> atmosphere,
employing standard Schlenk line and dry box techniques. Solvents were dried over
Na/benzophenone and distilled under N». Deuterated solvents were purchased from
Cambridge Isotope Laboratory and used as received. 2-(2'-Bromophenyl)oxazolines 1a—d
were prepared and purified according to a modified literature procedure. 2-
Bromobenzonitrile, 2-bromobenzaldehyde, (S)-tert-butylsulfinamide, (R)-2-
phenylglycinol, (R)-a-methylben- zylamine, (R)-(+)-1-(1-naphthyl)ethylamine, (R)-
leucinol, N-bro- mosuccinimide, Cs2CO3, and K3POy tribasic were purchased from Aldrich

while L-valinol and L-isoleucinol were purchased from Fluka and used as received.

All 'H and C NMR spectra were recorded on a Bruker Avance-500NMR
spectrometer and referenced to the residual peaks in CDClz or CsDs at 298 K. Melting
points were obtained on a Mel-Temp apparatus and were uncorrected. Optical rotations
were recorded on a Rudolph Autopol I1I polarimeter with sodium D line (589 nm) at room
temperature. GC/MS analyses were performed on an HP 5890 GC/HP 5971/B MSD system

with electron impact ionization (70 eV). High-resolution mass spectrometry (HRMS) was
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performed using high-resolution time of flight G1969A instrumentation (Agilent, Santa

Clara, CA, USA).

General procedure for amination of chiral oxazolines with primary amines

An oven dried Schlenk flask was charged with 5 mol% Pd(OAc)2, 5 mol% rac-
BINAP, 1.0 equiv of chiral aryl bromide (1a—-1d), 1.2 equiv of the appropriate primary
amine, 1.4 equiv of sodium fert-butoxide and dry degassed toluene (15 mL), and the
mixture was refluxed under nitrogen flow at 120 °C until an appropriate amount of the
ligand was formed as judged by TLC and '"H NMR spectroscopy. The crude product was
then purified by column chromatography on silica gel eluted with a mixture of hexanes and
ethyl acetate.
(4R)-4,5-Dihydro-2-(2'-(R-o-methyl-benzylamine)phenyl)-4-phenyloxazole (L1).
Yield: 35%. mp: 56-59 °C. [a]p=-367.5 (¢ = 1.00, CHCI3). "H NMR (500.1 MHz; CDCl3;
298 K): éu 1.54 (3H, d, J=5.0 Hz, ArCH(Me)N), 4.13 (1H, t, J= 5.0 Hz, NCH(R)CH-0),
4.59 (1H, q, J 5.0 Hz, ArCH(Me)N), 4.72 (1H, t, J= 5.0 Hz, NCH(R)CH-0), 5.54 (1H, t,
J=5.0 Hz, NCH(R)CH:0), 6.45 (1H, d, J=10.0 Hz, ArH), 6.57 (1H, t, J=10.0 Hz, ArH),
7.13 (1H, t, J=10.0 Hz, ArH), 7.18 (1H, d, J = 10.0 Hz, ArH), 7.29 (1H, t, J = 10.0 Hz,
ArH), 7.35 (2H, m, ArH), 7.78 (2H, d, J = 5.0 Hz, ArH), 9.08 (1H, s, AtNH). °C NMR
(125.8 MHz; CDCl3z; 298 K): dcny 24.1 (ArCH(Me)N), 59.4 (ArCH(Me)N), 69.0
(NCH(R)CH;0), 71.8 (NCH(R)CH20), 107.3 (arom-CH), 110.9 (arom-CH), 113.5 (arom-
CH), 124.8 (arom-CH), 125.4 (arom-CH), 125.7 (arom-CH), 126.4 (arom-CH), 127.5
(arom-CH), 127.6 (arom-CH), 128.9 (arom-CH), 131.5 (arom-CH), 141.9 (arom-CH),
144.4 (arom-CH), 147.4 (arom-CH), 164.7 (arom-CH). HRMS (ESI) calcd for C23H23N>0

[M+H]" 343.18048; found m/z 343.18155. GC/MS m/z 342 [M]",327, 207, 194, 129.
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(45)-4,5-Dihydro-2-(2'-(R-a-methyl-benzylamine)phenyl)-4-iso-propyloxazole (L2).
Yield: 47%. [a]p = -250.0 (¢ = 1.00, CHCI3). '"H NMR (500.1 MHz; CDCl3; 298 K): 3u
091 (3H, d, J = 5.0 Hz, i-Pr), 0.98 (3H, d, J = 5.0 Hz, i-Pr), 1.51 (3H, d, J = 5.0 Hz,
ArCH(Me)N), 1.71 (1H, m, i-Pr), 3.92 (1H, t, /= 5.0 Hz, NCH(R)CH:0), 4.05 (1H, t, J =
5.0 Hz, NCH(R)CH:0), 4.26 (1H, t, J = 5.0 Hz, NCH(R)CH-0), 4.56 (1H, q, /= 5.0 Hz,
ArCH(Me)N), 6.38 (1H, d, J=10.0 Hz, ArH), 6.46 (1H, t, /= 10.0 Hz, ArH), 7.02 (1H, t,
J=10.0 Hz, ArH), 7.13 (1H, d, /= 10.0 Hz, ArH), 7.22 (1H, m, ArH), 7.28 (3H, m, ArH),
7.63 (1H,d,J=5.0 Hz, ArH), 9.09 (1H, s, AtNH). 3C NMR (125.8 MHz; CDCls; 298 K):
dcy 19.0 (MeCH(Me)), 19.3 (MeCH(Me)), 25.2 (ArCH(Me)N), 33.7 (MeCH(Me)), 52.9
(ArCH(Me)N), 69.1 (NCH(R)CH20), 73.1 (NCH(R)CH20), 108.8 (arom-CH), 111.9
(arom-CH), 114.5 (arom-CH), 126.0 (arom-CH), 126.9 (arom-CH), 128.8 (arom-CH),
129.9 (arom-CH), 132.3 (arom-CH), 145.7 (arom-CH), 148.4 (arom-CH), 164.1 (arom-
CH). HRMS (ESI) calcd for C20H2sN>0 [M+H]* 309.19614; found m/z 309.19786. GC/MS
m/z 308 [M]",293. 222,207, 194, 152, 129. Anal. Calcd for C20H24N20: C, 77.89; H, 7.84;
N, 9.08. Found: C, 77.69; H, 7.99; N, 9.07.

(4R)-4,5-Dihydro-2-(2'-(R-o-methyl-benzylamine)phenyl)-4-iso-butyloxazole  (L3).
Yield: 56%. mp: 6568 °C. [a]p=-262.0 (¢ = 1.00, CHCI3). '"H NMR (500.1 MHz; CDCl;;
298 K): éu 0.89 (6H, d, J=5.0 Hz, i-Pr), 1.35 (1H, m, i-PrCH>), 1.49 (3H, d, J = 5.0 Hz,
ArCH(Me)N), 1.56 (1H, m, i-PrCH>), 1.84 (1H, m, i-Pr), 3.77 (1H, t, J = 5.0 Hz,
NCH(R)CH:0), 4.33 (2H, m, NCH(R)CH-0), 4.50 (1H, q, /= 5.0 Hz, ArCH(Me)N), 6.33
(1H, d, J=10.0 Hz, ArH), 6.46 (1H, t, /= 10.0 Hz, ArH), 7.02 (1H, t, J = 10.0 Hz, ArH),
7.13 (1H, m, ArH), 7.21 (1H, m, ArH), 7.23 (3H, m, ArH), 7.64 (1H, d, J = 5.0 Hz, ArH),

9.02 (1H, s, ArNH). 3C NMR (125.8 MHz; CDCls; 298 K): Scm; 22.6 (MeCH(Me)CHa),
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234 (MeCH(Me)CHz), 253 (MeCH(Me)CHz), 26.1 (ArCH(Me)N), 46.0
(MeCH(Me)CHb»), 53.2 (ArCH(Me)N), 65.4 (NCH(R)CH20), 71.5 (NCH(R)CH20), 108.9
(arom-CH), 111.9 (arom-CH), 114.6 (arom-CH), 125.8 (arom-CH), 126.0 (arom-CH),
126.9 (arom-CH), 128.8 (arom-CH), 129.1 (arom-CH), 129.8 (arom-CH), 132.3 (arom-
CH), 145.7 (arom-CH), 148.4 (arom-CH), 164.0 (arom-CH). HRMS (ESI) calcd for
C21H27N>O [M+H]" 323.21179; found m/z 323.21277. GC/MS m/z 322 [M]", 307, 207,

194, 129.

(45)-4,5-Dihydro-2-(2'-(R-0-methyl-benzylamine)phenyl)-4-sec-butyloxazole  (L4).
Yield: 44%. [a]p=-223.7 (¢ = 1.00, CHCI3). '"H NMR (500.1 MHz; CDCls; 298 K): du
0.79 (1H, m, MeCH,CH(Me), 0.86 (3H, d, /= 5.0 Hz, MeCH,CH(Me), 0.90 (3H, t,J=5.0
Hz, MeCH,CH(Me), 1.25 (1H, m, MeCH>CH(Me), 1.51 (3H, d, J= 5.0 Hz, ArCH(Me)N),
1.60 (1H, m, MeCH>CH(Me), 3.91 (1H, t, J = 5.0 Hz, NCH(R)CH20), 4.16 (1H, m,
NCH(R)CH-0), 4.26 (1H, m, NCH(R)CH-0), 4.55 (1H, q, J= 5.0 Hz, ArCH(Me)N), 6.40
(1H, d, J=10.0 Hz, ArH), 6.47 (1H, t, J= 10.0 Hz, ArH), 7.04 (1H, t, J = 10.0 Hz, ArH),
7.14 (1H, t,J=10.0 Hz, ArH), 7.19 (1H, m, ArH), 7.25 (3H, m, ArH), 7.63 (1H, d, J= 5.0
Hz, ArH), 9.07 (1H, s, AtNH). 3C NMR (125.8 MHz; CDCls; 298 K): dcny 11.4
(MeCH(CH2Me)), 15.4 (MeCH(CH2Me)), 25.1 (MeCH(CH2Me)), 26.2 (ArCH(Me)N),
40.1 (MeCH(CH2Me)), 52.9 (ArCH(Me)N), 65.9 (NCH(R)CH20), 71.8 (NCH(R)CH-0),
108.8 (arom-CH), 111.8 (arom-CH), 114.5 (arom-CH), 126.0 (arom-CH), 126.9 (arom-
CH), 128.8 (arom-CH), 129.9 (arom-CH), 132.3 (arom-CH), 145.7 (arom-CH), 148.4
(arom-CH), 164.0 (arom-CH). HRMS (ESI) calcd for C21H27N2O [M+H]" 323.21179;

found m/z 323.21346. GC/MS m/z 322 [M]", 307, 265, 207, 194, 129.

(4R)-4,5-Dihydro-2-(2'-(R-1-(1-naphthyl)ethylamine)phenyl)-4-phenyloxazole (L5).
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Yield: 50%. [a]o=—-303.7 (c = 1.00, CHCl3). "H NMR (500.1 MHz; CDCls; 298 K): o
1.57 (3H, d, J = 5.0 Hz, ArCH(Me)N), 4.05 (1H, t, J = 5.0 Hz, NCH(R)CH20), 4.62
(1H,t,J=5.0 Hz, NCH(R)CH-0), 5.28 (1H, q, /= 5.0 Hz, ArCH(Me)N), 5.48 (1H, t, J= 5.0
Hz, NCH(R)CH:0), 6.19 (1H, d, J= 5.0 Hz, ArH), 6.48 (1H, t,J = 5.0 Hz, ArH), 6.94
(1H, t, J=5.0 Hz, ArH), 7.22 (1H, d, J = 5.0 Hz, ArH), 7.25 (1H, m, ArH), 7.30 (2H, m,
ArH), 7.38-7.48 (5H, m, ArH), 7.64 (1H, d, J = 5.0 Hz, ArH), 7.71 (1H, d, J = 5.0 Hz,
ArH), 7.81 (1H, d, J = 5.0 Hz, ArH), 8.10 (1H, d, J = 5.0 Hz, ArH), 9.16 (1H, s, AtNH).
BCNMR (125.8 MHz; CDCl3; 298 K): 8¢y 24.3 (ArCH(Me)N), 49.8 (ArCH(Me)N), 70.5
(NCH(R)CH:0), 73.3 (NCH(R)CH20), 108.8 (arom-CH), 112.4 (arom-CH), 115.0 (arom-
CH), 122.9 (arom-CH), 125.8 (arom-CH), 126.1 (arom-CH), 126.4 (arom-CH), 126.8
(arom-CH), 127.7 (arom-CH), 128.0 (arom-CH), 129.2 (arom-CH), 129.6 (arom-CH),
130.3 (arom-CH), 131.0 (arom-CH), 133.0 (arom-CH), 134.5 (arom-CH), 140.7 (arom-
CH), 143.4 (arom-CH), 148.7 (arom-CH), 165.9 (arom-CH). HRMS (ESI) calcd for
C27H2sN>O [M+H]" 393.19614; found m/z 393.19700. GC/MS m/z 391, 281, 207, 193,

167, 149.

(45)-4,5-Dihydro-2-(2'-(R-1-(1-naphthyl)-ethylamine)phenyl)-4-iso-propyloxazole

(L6).Yield: 73%. [a]p=—359.4 (c = 1.00, CHCI3). "H NMR (500.1 MHz; CDCl3; 298 K):
ou 1.06 (3H, d, J=5.0 Hz, i-Pr), 1.12 (3H, d, J = 5.0 Hz, i-Pr), 1.82 (3H, d, J = 5.0 Hz,
ArCH(Me)N), 1.87 (1H, m, i-Pr), 4.10 (1H, t, /= 5.0 Hz, NCH(R)CH:0), 4.25 (1H, q, J =
5.0 Hz, ArCH(Me)N), 4.43 (1H, t, J = 5.0 Hz, NCH(R)CH-0), 5.51 (1H, t, J = 5.0 Hz,
NCH(R)CH:0), 6.40 (1H, d, J=10.0 Hz, ArH), 6.60 (1H, t, J = 10.0 Hz, ArH), 7.08 (1H,
t,J=10.0 Hz, ArH), 7.44 (1H, t, J = 10.0 Hz, ArH), 7.65-7.56 (3H, m, ArH), 7.82-7.78

(2H, m, ArH), 7.98 (1H, d, J= 10.0 Hz, ArH), 8.29 (1H, d, J = 10.0 Hz, ArH), 9.44 (1H, b,
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ANH). C NMR (125.8 MHz; CDCls; 298 K): 8cmy 19.2 (MeCH(Me)), 19.6
(MeCH(Me)), 24.2 (ArCH(Me)N), 34.0 (MeCH(Me)), 49.4 (ArCH(Me)N), 69.4
(NCH(R)CH;0), 73.4 (NCH(R)CH20), 109.1 (arom-CH), 112.2 (arom-CH), 114.9 (arom-
CH), 122.8 (arom-CH), 123.0 (arom-CH), 125.9 (arom-CH), 126.4 (arom-CH), 127.8
(arom-CH), 129.6 (arom-CH), 130.1 (arom-CH), 131.2 (arom-CH), 132.6 (arom-CH),
134.5 (arom-CH), 140.9 (arom-CH), 148.4 (arom-CH), 164.4 (arom-CH).HRMS (ESI)
caled for C24H27N>0 [M+H]" 359.21179; found m/z 359.21334. GC/MS m/z 358 [M]", 355,

281, 221, 147.

(4R)-4,5-Dihydro-2-(2'-(R-1-(1-naphthyl)-ethylamine)phenyl)-4-iso-butyloxazole

(7). Yield: 30%. [a]p=-318.3 (c=1.00, CHCI3). 'H NMR (500.1 MHz; CDCl3; 298 K):
ou 1.07 (6H, m, i-Pr), 1.52 (1H, m, i-PrCH>), 1.71 (1H, m, i-PrCH>), 1.78 3H, d, J=5.0
Hz, ArCH(Me)N), 2.01 (1H, m, i-Pr), 3.95 (1H, t, J = 5.0 Hz, NCH(R)CH20), 4.52 (2H,
m, NCH(R)CH0), 5.43 (1H, q, J= 5.0 Hz, ArCH(Me)N), 6.31 (1H, d, J= 5.0 Hz, ArH),
6.58 (1H, t, J=5.0 Hz, ArH), 7.04 (1H, t, /= 5.0 Hz, ArH), 7.43 (1H, t,J = 5.0 Hz, ArH),
7.66-7.55 (3H, m, ArH), 7.80-7.77 (2H, m, ArH), 7.97 (1H, d, J = 10.0 Hz, ArH), 8.27
(1H, d, J = 10.0 Hz, ArH), 9.32 (1H, s, AINH). '3C NMR (125.8 MHz; CDCl;; 298 K):
dciny 22.9 (MeCH(Me)CHz), 23.7 (MeCH(Me)CHz), 24.2 (MeCH(Me)CH»), 26.4
(ArCH(Me)N), 46.3 (MeCH(Me)CH2), 49.6 (ArCH(Me)N), 65.6 (NCH(R)CH20), 71.8
(NCH(R)CH:0), 109.2 (arom-CH), 112.3 (arom-CH), 114.9 (arom-CH), 122.8 (arom-
CH), 122.9 (arom-CH), 125.8 (arom-CH), 126.4 (arom-CH), 127.7 (arom-CH), 129.6
(arom-CH), 130.1 (arom-CH), 131.0 (arom-CH), 132.6 (arom-CH), 134.5 (arom-CH),
140.8 (arom-CH), 148.4 (arom-CH), 164.3 (arom-CH). HRMS (ESI) calcd for C25H29N2O

[M+H]" 373.22744; found m/z 373.22927. GC/MS m/z 362, 341,238, 217, 147.
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(45)-4,5-Dihydro-2-(2'-(R-1-(1-naphthyl)-ethylamine)phenyl)-4-sec-butyloxazole

(L8). Yield: 36%. [a]p=-303.1 (¢ = 1.00, CHCI3). "H NMR (500.1 MHz; CDCls; 298 K):
ou 0.97 (6H, m, MeCH>CH(Me), 1.03 (1H, m, MeCH.CH(Me), 1.59 (2H, m,
MeCH,CH(Me), 1.80 (3H, d, J = 5.0 Hz, ArCH(Me)N), 4.09 (1H, t, J =5.0 Hz,
NCH(R)CH:0), 4.32 (1H, t, J = 5.0 Hz, NCH(R)CH:0), 4.43 (1H, t, J = 5.0 Hz,
NCH(R)CH0), 5.47 (1H, q,J= 5.0 Hz, ArCH(Me)N), 6.39 (1H, d, /= 5.0 Hz, ArH), 6.58
(1H,t,J=5.0 Hz, ArH), 7.07 (1H, t, /= 5.0 Hz, AtH), 7.44 (1H, t, /= 5.0 Hz, ArH), 7.63—
7.55 3H, m, ArH), 7.79 (2H, d, J = 10.0 Hz, ArH), 7.96 (1H, d, J = 10.0 Hz, ArH), 8.27
(1H, d, J = 10.0 Hz, ArH), 9.39 (1H, s, AtNH). *C NMR (125.8 MHz; CDCls; 298 K):
dcmy 11.7 (MeCH(CH:Me)), 14.6 (MeCH(CH:2Me)), 25.7 (MeCH(CH:Me)), 35.1
(ArCH(Me)N), 40.3 (MeCH(CH2Me)), 49.4 (ArCH(Me)N), 69.2 (NCH(R)CH-0), 72.0
(NCH(R)CH0), 109.1 (arom-CH), 112.1 (arom-CH), 114.8 (arom-CH), 122.8 (arom-
CH), 123.0 (arom-CH), 125.8 (arom-CH), 126.4 (arom-CH), 127.7 (arom-CH), 129.6
(arom-CH), 130.1 (arom-CH), 131.2 (arom-CH), 132.6 (arom-CH), 134.5 (arom-CH),
140.9 (arom-CH), 148.2 (arom-CH), 164.3 (arom-CH). HRMS (ESI) calcd for C25H29N>O

[M+H]" 373.22744; found m/z 373.22947. GC/MS m/z 372 [M],357, 272, 257, 243, 155.

(4R)-4,5-Dihydro-2-(2'-(2,6-dimethylaniline)phenyl)-4-phenyloxazole (L9). Yield:
84%. mp: 110-115 °C. [o]p= 7.1 (c = 0.98, CHCI3). '"H NMR (500.1 MHz; CDCls; 298
K): ou 2.12 (3H, s, ArMe), 2.16 (3H, s, ArMe), 4.12 (1H, t, J = 5.0 Hz, NCH(R)CH-0),
4.70 (1H, t, J 5.0 Hz, NCH(R)CH-0), 5.41 (1H, t, /= 5.0 Hz, NCH(R)CH20), 6.25 (1H,
d, J=10.0 Hz, ArH), 6.60 (1H, t, J = 10.0 Hz, ArH), 7.03 (3H, m, ArH), 7.13 (1H, t,J =
10.0 Hz, ArH), 7.25 (5H, m, ArH), 7.81 (1H, d, J = 10.0 Hz, ArH), 9.91 (1H, s, AtNH).

3C NMR (125.8 MHz; CDCl3; 298 K): dcmy 20.1 (ArMe), 32.1 (ArMe), 70.1
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(NCH(R)CH;0), 73.0 (NCH(R)CH20), 108.1 (arom-CH), 112.3 (arom-CH), 116.5 (arom-
CH), 126.2 (arom-CH), 126.6 (arom-CH), 127.5 (arom-CH), 127.7 (arom-CH), 128.2
(arom-CH), 128.4 (arom-CH), 130.0 (arom-CH), 133.8 (arom-CH), 136.4 (arom-
CH),137.1 (arom-CH), 138.1 (arom-CH), 140.4 (arom-CH), 143.0 (arom-CH), 147.6
(arom-CH), 148.0 (arom-CH), 165.2 (arom-CH). HRMS (ESI) calcd for C23H23N>0
[M+H]" 343.180438; found m/z 343.18171. GC/MS m/z 342 [M]", 222, 194, 120. Anal.

Calcd for C23H22N20: C, 80.67; H, 6.48; N, 8.18. Found: C, 80.09; H, 6.60; N, 8.10.

(45)-4,5-Dihydro-2-(2'-(2,6-dimethylaniline)phenyl)-4-iso-propyloxazole (L.10). Yield:
77%. [a]p=—7.8 (c = 2.30, CHCl3). 'H NMR (500.1 MHz; CDCls; 298 K): éu 0.92 (3H,
d, J = 5.0 Hz, MeCHMe), 0.98 (3H, d, J = 5.0 Hz, MeCHMe), 1.81 (1H, m, MeCHMe),
2.19 (6H, s, ArMe), 4.03 (1H, J = 5.0 Hz, NCH(R)CH»0), 4.19 (1H, J = 5.0 Hz,
NCH(R)CH:0), 4.34 (1H, t, J = 5.0 Hz, NCH(R)CH20), 6.21 (1H, d, J = 10.0 Hz, ArH),
6.61 (1H,t,J =10.0 Hz, ArH), 7.12 (3H, m, ArH), 7.27 (1H, m, ArH) 7.78 (1H, d, J = 10.0
Hz, ArH), 9.96 (1H, s, AtNH). 3C NMR (125.8 MHz; CDCls; 298 K): Scgy 18.8
(MeCHMe), 19.0 (MeCHMe), 19.1 (MeCHMe), 21.4 (ArMe), 34.2 (ArMe), 70.1
(NCH(R)CH>0), 73.2 (NCH(R)CH20), 109.0 (arom-CH), 112.1 (arom-CH), 115.7 (arom-
CH), 126.6 (arom-CH), 128.8 (arom-CH), 128.9 (arom-CH), 130.2 (arom-CH), 132.5
(arom-CH), 136.9 (arom-CH) 137.3 (arom-CH), 138.6 (arom-CH), 148.1 (arom-CH),
164.3 (arom-CH). HRMS (ESI) calcd for C20H26N2O [M+H]" 309.19614; found m/z

309.19726. GC/MS m/z 308 [M]", 265, 222, 194.

(4R)-4,5-Dihydro-2-(2'-(2,6-dimethylaniline)phenyl)-4-iso-butyloxazole (L11). Yield:
74%. [o]p=+12.2 (c = 1.50, CHCI3). 'H NMR (500.1 MHz; CDCls; 298 K): &u 0.91 (6H,
d, J = 5.0 Hz, i-Pr), 1.18 (1H, m, i-Pr), 1.46 (1H, m, i-PrCH>), 1.78 (1H, m, i-PrCH>),
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2.13 (6H, s, ArMe) 3.84 (1H, t, J = 5.0 Hz, NCH(R)CH20), 4.35 (2H, m, NCH(R)CH-0),
6.10 (1H, d, J=10.0 Hz, ArH), 6.56 (1H, t, J = 10.0 Hz, ArH), 7.04 (4H, m, ArH), 7.71
(1H, d, J = 10.0 Hz, ArH), 9.86 (1H, s; ArNH). 3C NMR (125.8 MHz; CDCls; 298 K):
dcy 14.6 (MeCH(CH2)Me), 18.8 (MeCH(CH2)Me), 23.0 (MeCH(CH:2)Me), 24.1
(MeCH(CH2)Me), 26.1 (ArMe), 463 (ArMe), 65.6 (NCH2(R)CH20) 71.8
(NCH2(R)CH-0) 108.9 (arom-CH), 112.2 (arom-CH), 115.3 (arom-CH), 126.2 (arom-
CH), 128.4 (arom-CH), 129.3 (arom-CH), 130.1 (arom-CH), 133.1 (arom-CH), 136.7
(arom-CH), 137.4 (arom-CH), 138.6 (arom-CH), 148.1 (arom-CH), 164.2 (arom-CH).
HRMS (ESI) calcd for C21H26N2O [M+H]" 323.21179; found m/z 323.21451. GC/MS m/z
322 [M]", 194, 222, 180. Anal. Calcd for C21H26N20: C, 78.22; H, 8.13; N, 8.69. Found:

C, 77.83; H, 8.81; N, 8.65.

(45)-4,5-Dihydro-2-(2'-(2,6-dimethylaniline)phenyl)-4-sec-butyloxazole (L12). Yield:
83%. [a]p=+20.0 (c = 1.00, CHCl3). '"H NMR (500.1 MHz; CDCls; 298 K): 8u 0.94 (6H,
m, MeCH.CHMe), 1.38 (1H, m, MeCH>CHMe), 1.60 (1H, m, MeCH>CHMe), 1.84 (1H,
m, MeCH.CHMe), 2.18 (6H, s, ArMe), 3.88 (1H, t, J = 5.0 Hz, NCH(R)CH-0), 4.42 (2H,
t,J = 5.0 Hz, NCH(R)CH:0), 6.22 (1H, d, J=10.0 Hz, ArH), 6.62 (1H,t,J=10.0 Hz,
ArH), 7.09 (3H, m, ArH), 7.25 (1H, m, ArH), 7.73 (1H, d, J = 10.0 Hz, ArH), 9.91 (1H, s,
ArNH). 3C NMR (125.8 MHz; CDCls; 298 K): Scy 11.7 (MeCHCH.Me), 14.7
(MeCHCH2Me), 15.1 (MeCHCH:Me), 18.8 (MeCHCH:Me), 26.2 (ArMe), 39.9 (ArMe),
68.6 (NCH(R)CH20), 71.6 (NCH(R)CH:0), 108.9 (arom-CH), 112.1 (arom-CH), 115.7
(arom-CH), 126.5 (arom-CH), 128.7 (arom-CH), 130.1 (arom-CH), 131.9 (arom-CH),

137.0 (arom-CH), 137.1 (arom-CH), 138.5 (arom-CH), 148.0 (arom-CH), 164.6 (arom-
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CH). HRMS (ESI) calcd for C21H2sN20 [M+H]" 323.21179; found m/z 323.21403. GC/MS

m/z 322 [M]", 222, 194, 208.

(4R)-4,5-Dihydro-2-(2'-(2,6-diisopropylaniline)phenyl)-4-phenyloxazole (L.13). Yield:
80%. mp: 80-85 °C. [a]p = +53.3 (c = 1.00, CHCl5). 'H NMR (500.1 MHz; CDCl3; 298
K): 6u 098 (3H,d, J=5.0 Hz, MeCHMe), 1.01 (3H, d, J = 5.0 Hz, MeCHMe), 1.09
(6H, d, J = 5.0 Hz, MeCHMe), 3.00 (2H, m, MeCHMe), 4.13 (1H, t, J = 5.0 Hz,
NCH(R)CH:0),4.67 (1H, t,J 5.0, NCH(R)CH20), 5.44 (1H, t,J 5.0, NCH(R)CH-0), 6.22
(1H, d, J 10, ArH), 6.60 (1H, t, J = 10.0 Hz, AtH), 6.77 (1H, t, J = 10.0 Hz, ArH), 7.03
(3H, d, J =10.0 Hz, ArH), 7.43-7.28 (5H, m, ArH), 8.06 (1H, d, /= 10.0 Hz, ArH), 9.89
(1H, s, ArNH). 3C NMR (125.8 MHz; CDCl3; 298 K): Scm; 22.4 (MeCHMe), 23.0
(MeCHMe), 24.4 (MeCHMe), 24.9 (MeCHMe), 28.1 (MeCHMe), 28.6 (MeCHMe), 70.1
(NCH(R)CH?0), 73.2 (NCH(R)CH20), 107.7 (arom-CH), 112.2 (arom-CH), 115.1 (arom-
CH), 118.7 (arom-CH), 122.9 (arom-CH), 124.0 (arom-CH), 126.6 (arom-CH), 127.7
(arom-CH), 128.9 (arom-CH), 130.0 (arom-CH), 133.7 (arom-CH), 136.1 (arom-CH),
140.5 (arom-CH), 143.0 (arom-CH), 148.9 (arom-CH), 149.7 (arom-CH), 165.5 (arom-
CH). HRMS (ESI) caled for C27H3:N20 [M+H]* 399.24309; found m/z 399.24452. GC/MS

m/z 398 [M]", 236, 220, 193.

(45)-4,5-Dihydro-2-(2,6-diisopropylaniline)phenyl)-4-iso-propyloxazole (L14). Yield:
84%. [a]p=+6.9 (c = 1.00, CHCI3). '"H NMR (500.1 MHz; CDCl3; 298 K): 8u 0.88 (3H,
d, J = 5.0 Hz, MeCHMe), 0.94 (3H, d, J = 5.0 Hz, MeCHMe), 1.03 (3H, d, J = 5.0 Hz,
MeCHMe), 1.16 (6H, m, MeCHMe), 1.24 (3H, d, J = 5.0 Hz, MeCHMe), 1.76 (1H, m,
MeCHMe), 3.01 (2H, m, 2 x MeCHMe), 4.01 (1H, t,J=5.0 Hz, NCH(R)CH-0), 4.14 (1H,
t,J = 5.0 Hz, NCH(R)CH:0), 4.31 (1H, t, J = 5.0 Hz, NCH(R)CH20), 6.14 (1H, d, J =
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10.0 Hz, ArH), 6.51 (1H,t,J =10.0 Hz, ArH), 7.04 (1H, t,J = 10.0 Hz, ArH), 7.21 (2H,
m, ArH), 7.26 (1H,t,J=10.0 Hz, ArH) 7.71 (1H, d, J = 10.0 Hz, ArH), 9.81 (1H, s, AtNH).
3C NMR (125.8 MHz; CDCl3; 298 K): dcgry 18.4 (MeCHMe), 18.5 (MeCHMe), 23.0
(MeCHMe), 24.7 (MeCHMe), 24.8 (MeCHMe), 28.3 (MeCHMe), 28.4 (MeCHMe), 30.7
(MeCHMe), 33.2 (MeCHMe), 68.8 (NCH(R)CH:0), 72.7 (NCH(R)CH20), 108.6 (arom-
CH), 112.4 (arom-CH), 115.2 (arom-CH), 119.0 (arom-CH), 122.9 (arom-CH), 124.1
(arom-CH), 127.5 (arom-CH), 129.8 (arom-CH), 132.6 (arom-CH), 135.7 (arom-CH),
140.8 (arom-CH), 148.2 (arom-CH), 150.0 (arom-CH), 164.3 (arom-CH). HRMS (ESI)
caled for C24H34N20 [M+H]" 365.25874; found m/z 365.26028. GC/MS m/z 364 [M]", 236,

162, 114.

(4R)-4,5-Dihydro-2-(2'-(2,6-diisopropylaniline)phenyl)-4-iso-butyloxazole (L15).
Yield: 75%. mp: 65-68 °C. [o]p=+2.8 (¢ = 1.00, CHCI3). '"H NMR (500.1 MHz; CDCl;;
298 K): ou 0.90 (6H, d, J = 5.0 Hz, i-Pr), 1.11-1.05 (12H, m, MeCHMe), 1.34 (1H, m, i-
PrCH»), 1.57 (1H, m, i-PrCH>), 1.82 (1H, m, i-Pr), 3.10 ( 2H, m, 2 x MeCHMe), 3.84
(1H, t,J=5.0 Hz, NCH(R)CH-0), 4.35 (2H, m, NCH(R)CH>0), 6.16 (1H, d, J=10.0 Hz,
ArH), 6.55 (1H,t,J =10.0 Hz, ArH), 7.04 (1H, t,J = 10.0 Hz, ArH), 7.20 (3H, m, ArH),
7.74 (1H, d, J = 10.0 Hz, ArH), 9.88 (1H, s, ArNH). '3C NMR (125.8 MHz; CDCls; 298
K): dciny 22.4 (MeCH(CH2)Me), 22.6 (MeCH(CH2)Me), 23.0 (MeCH(CH2)Me), 23.2
(MeCHMe), 24.9 (MeCHMe), 25.0 (MeCHMe), 25.7 (MeCHMe), 28.5 (MeCH(CHz)Me),
28.9 (MeCHMe), 46.3(MeCHMe), 65.2 NCH(R)CH20), 71.8 (NCH(R)CH20), 108.1
(arom-CH), 112.1 (arom-CH), 114.8 (arom-CH), 118.7 (arom-CH), 122.8 (arom-CH),

124.1 (arom-CH), 127.6 (arom-CH), 129.8 (arom-CH), 132.2 (arom-CH), 135.4 (arom-
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CH), 147.8 (arom-CH), 149.2 (arom-CH), 164.1 (arom-CH). HRMS (ESI) calcd for

CasH36N20 [M+H]" 379.27439; found m/z 379.27593. GC/MS m/z 378 [M]"236, 128, 162.

(485)-4,5-Dihydro-2-(2'-(2,6-diisopropyl-aniline)phenyl)-4-sec-butyloxazole (L16).
Yield: 63%. mp: 58-62 °C. [a]p=+18.7 (c = 1.00, CHCl3). 'H NMR (500.1 MHz; CDCl;;
298 K): én 0.82 (3H, d,J =5.0 Hz, MeCH.CHMe), 0.89 (3H, t,J = 5.0 Hz, MeCH,CHMe),
1.11-1.04 (12H, m, MeCHMe), 1.22 (2H, m, MeCH>CHMe), 1.57 (1H, m, MeCH.CHMe),
3.08 (2H, m, 2 x MeCHMe), 3.95 (1H, t,J=5.0 Hz, NCH(R)CH:0), 4.22 (1H, t, J 5.0 Hz,
NCH(R)CH:0), 4.35 (1H, t, J 5.0 Hz, NCH(R)CH:0), 6.12 (1H, d, J = 10.0 Hz, ArH),
6.56 (1H, t, J = 10.0 Hz, ArH), 7.04 (1H, t, J = 10.0 Hz, ArH), 7.21 (2H, m, ArH), 7.25
(1H, t, J = 10.0 Hz, ArH) 7.69 (H, d, J = 10.0 Hz, ArH), 9.93 (1H, s, AINH). *C NMR
(125.8 MHz; CDCIs; 298 K): dcny 11.7 (MeCHCH:Me), 14.7 (MeCHCH:2Me), 14.8
(MeCHCH2Me), 22.5 (MeCHMe), 23.3 (MeCHMe), 25.2 (MeCHMe), 26.3 (MeCHMe),
28.5 (MeCHCH2Me), 28.5 (MeCHMe), 39.7 (MeCHMe), 68.6 (NCH(R)CH20), 71.8
(NCH(R)CH>0), 108.2 (arom-CH), 112.0 (arom-CH), 115.2 (arom-CH), 118.8 (arom-CH),
123.0 (arom-CH), 123.9 (arom-CH), 127.5 (arom-CH), 129.7 (arom-CH), 132.4 (arom-
CH), 135.5 (arom-CH), 147.8 (arom-CH), 149.7 (arom-CH), 164.1 (arom-CH). HRMS
(ESI) caled for CasH3eNoO [M+H]" 379.27439; found m/z 379.27582. GC/MS m/z 378

[M]*, 236, 128, 162.
General procedure for amination of chiral oxazolines with amides

An oven dried Schlenk flask was charged with 10 mol% Pd(OAc)2, 20 mol% rac-BINAP,
1.0 equiv of chiral aryl bromide (1a—1d), 4.0 equiv of benzamide or sulfinamide, 2.0 equiv

of cesium carbonate and dry degassed toluene (15 mL), and the mixture was heated under
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nitrogen flow until an appropriate amount of the ligand was formed as judged by TLC and

"H NMR spectroscopy. The crude product was then purified by column chromatography.

(4R)-4,5-Dihydro-2-(2'-(benzamide)phenyl)-4-phenyloxazole (L.17). Yield: 98%. mp:
118-122 °C. [a]p=-132.2 (¢ = 1.00, CHCI3). '"H NMR (500.1 MHz; C¢Ds; 298 K): 8 3.81
(1H, t, J=10.0 Hz, NCH(R)CH>0), 4.20 (1H, t, J=10.0 Hz, NCH(R)CH:0), 5.08 (1H, t,
J=10.0 Hz, NCH(R)CH;0), 6.96 (1H, t, /= 10.0 Hz, ArH), 7.07 (2H, t, /= 10.0 Hz, ArH),
7.11-7.28 (6H, m, ArH), 7.38 (1H, t,J=10.0 Hz, ArH), 8.06 (1H, d, /= 5.0 Hz, ArH), 8.24
(2H, d, J = 5.0 Hz, ArH), 9.65 (1H, d, J = 5.0 Hz, ArH), 13.37 (1H, s, AtNH). 1*C NMR
(125.8 MHz; CeDs; 298 K): dcny 70.3 (NCH(R)CH20), 73.3 (NCH(R)CH:0), 113.7
(arom-CH), 120.5 (arom-CH), 122.6 (arom-CH), 127.2 (arom-CH), 128.0 (arom-CH),
128.2 (arom-CH), 128.4 (arom-CH), 128.7 (arom-CH), 129.2 (arom-CH), 129.8 (arom-
CH), 131.7 (arom-CH), 133.5 (arom-CH), 136.0 (arom-CH), 141.7 (arom-CH), 142.0
(arom-CH), 165.3 (arom-CH), 166.0 (arom-CH). HRMS (ESI) calcd for C22Hi9N2O>

[M+H]" 343.1441; found m/z 343.14494. GC/MS m/z 342 [M]*, 341, 325251, 207, 147.

(45)-4,5-Dihydro-2-(2'-(benzamide)phenyl)-4-iso-propyloxazole (L18). Yield: 95%.
[a]p=+83.0 (c = 1.00, CHCIl3). "H NMR (500.1 MHz; C¢Ds; 298 K): 8u 0.78 (3H, d, J =
5.0 Hz, i-Pr), 0.88 (3H, d, J = 5.0 Hz, i-Pr), 1.52 (1H, m, i-Pr), 3.68 (1H, t, J 10.0 Hz,
NCH(R)CH:0), 3.81 (1H, t, J = 10.0 Hz, NCH(R)CH-0), 4.02 (1H, t, J = 10.0 Hz,
NCH(R)CH20), 6.94 (1H, d, J=10.0 Hz, ArH), 7.31 (3H, m, ArH), 7.39 (1H, t, /= 10.0
Hz, ArH), 7.97 (1H, d, J = 10.0 Hz, ArH), 8.34 (2H, m, ArH), 9.53 (1H, d, J = 10.0 Hz,
ArH), 13.29 (1H, s, ArNH). '*C NMR (125.8 MHz; C¢Ds; 298 K): 8cny 19.0 (MeCH(Me)),
19.2 (MeCH(Me)), 33.4 (MeCH(Me)), 69.6 (NCH(R)CH-0), 73.2 (NCH(R)CH-0), 113.9

(arom-CH), 120.3 (arom-CH), 122.5 (arom-CH), 127.6 (arom-CH), 128.0 (arom-CH),
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128.2 (arom-CH), 128.8 (arom-CH), 129.8 (arom-CH), 131.9 (arom-CH), 133.0 (arom-
CH), 136.2 (arom-CH), 141.4 (arom-CH), 164.2 (arom-CH), 165.9 (arom-CH). HRMS
(ESI) caled for C19H21N202 [M+H]" 309.15975; found m/z 309.16149. GC/MS m/z 308

[M]", 250, 207, 178, 146.

(4R)-4,5-Dihydro-2-(2'-(benzamide)phenyl)-4-iso-butyloxazole (L.19). Yield: 98%. mp:
86-89 °C. [a]p=—16.6 (c = 1.00, CHCI3). '"H NMR (500.1 MHz; C¢Ds; 298 K): dn 0.85
(3H, d, J= 5.0 Hz, i-Pr), 0.94 (3H, d, J = 5.0 Hz, i-Pr), 1.03 (2H, m, i-PrCH>), 1.40 (1H,
m, i-Pr), 3.50 (1H, t, /= 5.0 Hz, NCH(R)CH20), 4.03 (2H, m, NCH(R)CH>0), 6.95 (1H,
t,J=10.0 Hz, ArH), 7.32 (3H, m, ArH), 7.38 (1H, t, J = 10.0 Hz, ArH), 7.99 (1H, d, J =
10.0 Hz, ArH), 8.32 (2H, m, ArH), 9.55 (1H, d, J = 10.0 Hz, ArH), 13.21 (1H, s, ArNH).
13C NMR (125.8 MHz; CsDs; 298 K): 8¢ 13 20.8 (MeCH(Me)CH>), 22.1 (MeCH(Me)CH>),
254 (MeCH(Me)CHz), 45.8 (MeCH(Me)CHz), 65.0 (NCH(R)CH20), 71.9
(NCH(R)CH:0), 114.1 (arom-CH), 120.4 (arom-CH), 122.0 (arom-CH), 122.5 (arom-
CH), 124.2 (arom-CH), 127.7 (arom-CH), 128.8 (arom-CH), 129.7 (arom-CH), 132.3
(arom-CH), 133.9 (arom-CH), 141.3 (arom-CH), 164.0 (arom-CH), 165.9 (arom-CH).
HRMS (ESI) calcd for C20H23N202 [M+H]" 323.17540; found m/z 323.17817. GC/MS m/z

322 [M], 265, 245, 224, 146.

(45)-4,5-Dihydro-2-(2'-(benzamide)phenyl)-4-sec-butyloxazole (1.20). Yield: 99%. [a]p
=499.0 (c = 1.00, CHCl3). 'TH NMR (500.1 MHz; C¢Dg¢; 298 K): 8 0.73 (3H, d, J=5.0
Hz, MeCH.CH(Me), 0.83 (3H, t, J = 5.0 Hz, MeCHCH(Me), 1.11 (1H, m,
MeCH>CH(Me), 1.38 (1H, m, MeCH>CH(Me), 1.50 (1H, m, MeCH>,CH(Me), 3.70 (1H, t,
J=15.0 Hz, NCH(R)CH-0), 3.93 (1H, m, NCH(R)CH-0), 4.02 (1H, m, NCH(R)CH-0),
6.95 (1H, t, J=10.0 Hz, ArH), 7.33 (3H, m, ArH), 7.40 (1H, t, J=10.0 Hz, ArH), 7.98
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(1H, d, J=5.0 Hz, ArH), 8.29 (2H, m, ArH), 9.49 (1H, d, /= 10.0 Hz, ArH), 13.19 (1H, s,
ANH). BC NMR (125.8 MHz; C¢Ds; 298 K): Scqmy 11.9 (MeCH(CH:Me)), 15.3
(MeCH(CH2Me)), 26.0 (MeCH(CH2Me)), 39.8 (MeCH(CH2Me)), 63.4 (NCH(R)CH-0),
71.9 (NCH(R)CH20), 114.0 (arom-CH), 120.3 (arom-CH), 122.5 (arom-CH), 127.5
(arom-CH), 128.2 (arom-CH), 129.1 (arom-CH), 131.9 (arom-CH), 132.3 (arom-CH),
132.4 (arom-CH), 132.9 (arom-CH), 136.2 (arom-CH), 141.3 (arom-CH), 164.0 (arom-
CH), 166.0 (arom-CH). HRMS (ESI) calcd for C20H23N202 [M+H]" 323.17540; found m/z

323.17860. GC/MS m/z 322 [M]", 265, 245, 146.

(4R)-4,5-Dihydro-2-(2'-((S)-tert-butylsulfinamide)phenyl)-4-phenyloxazole (L21).
Yield: 84 %. mp: 120122 °C. [a]p=-113.2 (¢ = 1.0, CHCl3). '"H NMR (500.1 MHz; C¢Ds;
298 K): 6u 1.27 (9H, s, Bu'), 3.81 (1H, t, J 10.0, ArCH(N)CH-0), 4.21 (1H, t, J 10.0,
ArCH(N)CH-0), 5.13 (1H, t,J 10.0, ArCH(N)CH20), 6.86 (1H, t,J 10.0, ArH), 7.15-7.28
(6H, b, ArH), 7.68 (1H, d, J 10.0, ArH), 8.02 (1H, d, J 10.0, ArH), 11.43 (1H, s, ArNH).
13C NMR (125.8 MHz; C¢Dg; 298 K): 8cimy 22.8 (Bu'), 56.8 (Bu'), 70.1 (ArCH(N)CH-0),
73.4 (ArCH(N)CH20), 112.5 (arom-CH), 115.4 (arom-CH), 120.3 (arom-CH), 127.1
(arom-CH), 128.0 (arom-CH), 128.3 (arom-CH), 128.5 (arom-CH), 129.1 (arom-CH),
130.4 (arom-CH), 133.3 (arom-CH), 142.7 (arom-CH), 146.1 (arom-CH), 165.2 (arom-
CH). HRMS (ESI) caled for Ci9H2N>0.S [M+H]" 343.14747; found m/z 343.15012.
GC/MS (EI): m/z 238, 207, 180, 131,118. GC/MS (CI): m/z 342 (M"). Anal. Calcd for

Ci9H22N20:S: C, 66.64; H, 6.48; N, 8.18. Found: C, 66.67; H, 6.52; N, 8.09.

(45)-4,5-Dihydro-2-(2'-((S)-tert-butylsulfinamide)phenyl)-4-isopropyloxazole (L22).

Yield: 60 %. [a]p=+66.5 (¢ = 0.75, CHCl3). 'H NMR (500.1 MHz; C¢Ds; 298 K): 81 0.82
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(3H, d, J 10.0, i-Pr), 0.97 (3H, d, J 10.0, i-Pr), 1.37 (9H, s, Bu'), 1.52 (1H, m, J 5.0, i-Pr),
3.68 (1H, t, J 10.0, ArCH(N)CH20), 3.82 (1H, t, J 10.0, ArCH(N)CH-0), 4.02 (1H, t, J
10.0, ArCH(N)CH20), 6.83 (1H, t, J 10.0, ArH), 7.19 (1H, t, J 10.0, ArH), 7.59 (1H, d,J
10.0, ArH), 8.02 (1H, d, J 10.0, ArH), 11.29 (1H, s, ArNH). *C NMR (125.8 MHz; C¢Ds;
298 K): dcmy 18.8 (MeCH(Me)), 19.0 (MeCH(Me)), 22.9 (Bu'), 33.4 (MeCH(Me)), 56.4
(Bu'), 69.4 (ArCH(N)CH:0), 73.2 (ArCH(N)CH:0), 113.1 (arom-CH), 116.0 (arom-CH),
120.3 (arom-CH), 130.2 (arom-CH), 132.9 (arom-CH), 146.2 (arom-CH), 164.2 (arom-
CH). HRMS (ESI) caled for CisH2sN202S [M+H]" 309.16422; found m/z 309.16874.

GC/MS: m/z 204, 161, 133, 119, 106.

(4R)-4,5-Dihydro-2-(2'-((S)-tert-butylsulfonamide)phenyl-4-isobutyloxazole  (L23).
Yield: 70%. [a]p=+85.4 (¢ =0.57, CHCl3). '"H NMR (500.1 MHz; CDCls; 298 K): &1 0.94
(6H, m, (CH3)CHCH>), 1.25 (9H, s, ‘Bu), 1.63 (2H, m, (CH3).CHCH>), 1.83 (1H, m,
(CH3).CHCH,), 3.87 (1H, t, J 6.32, ArC(N)CHCH:0), 4.11 (1H, t, J 7.55,
ArC(N)CHCH:0), 4.40 (1H, t, J 6.95, ArC(N)CHCH20), 6.90 (1H, t, J 8.48, ArH), 7.35
(1H, t, J 7.95, ArH), 7.41 (1H, d, J 8.03, ArH), 7.71 (1H, d, J 8.48, ArH), 11.04 (1H, s,
ArNH). 3C NMR (125.8 MHz; CDCls; 298 K): 8¢y 22.3 (Me(CH)CHaMe), 22.8 (‘Bu),
23.1 (Me(CH)CH:Me), 45.7 (Me(CH)CH:2Me), 56.7 (CMes), 64.8 (ArC(N)CHCH:0),
71.7 (ArC(N)CHCH;0), 112.6 (arom-CH), 115.1 (arom-CH), 120.1 (arom-CH), 129.1
(arom-CH), 132.6 (arom-CH), 144.9 (arom-CH), 163.6 (arom-CH). HRMS (ESI) calcd for
C17H27N205S [M+H]" 323.17987; found m/z 323.18379. GC/MS: m/z 264, 216, 161,

145,120.

(45)-4,5-Dihydro-2-(2'-((S)-tert-butylsulfonamide)phenyl-4-sec-butyloxazole (L24).
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Yield: <10%. [a]p = +64.1 (¢ = 0.85, CHCI3). 'H NMR (500.1 MHz; CDCls; 298 K): 8u
0.75 (3H, m, (CH3):CHCH>»), 0.89 (1H, m, (CH3).CHCHz), 0.91 (3H, m, (CH3).CHCH>),
0.94 (1H, m, (CH3):CHCH>), 1.28 (1H, m, (CH3).CHCH>), 1.38 (9H, s, '‘Bu), 4.13 (1H, t,
J 8.48, ArC(N)CHCH:0), 4.26 (1H, t, J 8.08, ArC(N)CHCH-0), 4.36 (1H, t, J 8.90,
ArC(N)CHCH:0), 6.93 (1H, t,J 7.64, ArH),7.37 (1H,t,J8.33, AtH), 7.46 (1H, d, J 8.52,
ArH), 7.77 (1H, d, J 7.22, ArH), 11.06 (1H, s, ArNH). '*C NMR (125.8 MHz; CDCls; 298
K): dcy 11.3  (Me(CH)CH2Me), 15.0 (Me(CH)CH2Me), 23.0 (‘Bu), 259
(Me(CH)CH2Me), 39.5 (Me(CH)CH2Me), 56.9 (CMes), 69.0 (ArC(N)CHCH2O), 71.6
(ArC(N)CHCH;0), 112.6 (arom-CH), 115.2 (arom-CH), 123.8 (arom-CH), 132.3 (arom-
CH), 132.8 (arom-CH), 145.0 (arom-CH), 163.7 (arom-CH). HRMS (ESI) calcd for

C17H27N20:S [M+H]" 323.17987; found m/z 323.18127. GC/MS: m/z 218, 178, 161, 133.
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CHAPTER-3

CHIRAL AMIDO-OXAZOLINATE ZINC COMPLEXES FOR ALTERNATING
COPOLYMERIZATION OF CO2 AND CYCLOHEXENE OXIDE

3.1. Introduction
Utilization of carbon dioxide (CO;) as a renewable Clfeedstock has attracted
increased interest due to its low cost, nontoxicity, and availability in nature and from many
industrial processes.! Given its thermodynamic and kinetic stability, one approach is to
couple CO> with high-energy, ring-strained heterocyclic molecules, leading to formation

2 The most widely studied one is the alternating

of alternating copolymers.
copolymerization of CO» with epoxides, in the presence of catalysts/cocatalysts.** The
resultant aliphatic polycarbonates possess attractive properties, such as biodegradability
and low oxygen permeability, and are regarded as promising new generation materials as
alternatives to conventional petrochemical-derived polymers. Consequently, much effort
has been devoted toward the development of efficient catalysts for alternating
copolymerization of CO> with epoxides. Beginning with Inoue’s discovery of the
ZnEt/H>0 catalyst in 1969, a wide array of catalytic systems of metal complexes with
various ligands, such as phenoxides,’ salen and its derivatives,**’ porphyrins, and others,’
have been explored to promote the transformation. In particular, zinc-p-diketiminate

complexes (Figure 33, A) developed by Coates!® have been prominent for the

copolymerization of CO2 with epoxides mainly due to their high catalytic activity and

Reproduced with the permission of abbina et al. Organometallics 2012, 31, 7394—7403.
Copyright 2012 American Chemical Society.
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precise control over molecular weight and polydispersity. Furthermore, the system is
consistent with a living polymerization process.'®!! A number of strategies have been
exploited to improve the thermal and mechanical properties of polycarbonates and to
expand their applications.® These include copolymerization with epoxide momomers other
than the commonly applied cyclohexene oxide (CHO) and propylene oxide (PO),'
terpolymerization with two different epoxides or other types of monomers,'® and polymer
chain cross-linking.'* Inspired by the success of chiral catalysts in asymmetric organic

synthesis, another

X=0R, OAc, N(SiMe3),
A B

R1 l R2

N, _N

RiZT RS

Sor:

—8~ >s— | o)

(OO R, |
Ry)/ NH N

n_ a R{”

1
N N Ro
R4 I Ry

Figure 33. Structrual variants of B-diketiminate ligands

strategy is to use them to impart control over the absolute and relative stereochemistry of
the resulting polycarbonates. The first examples of asymmetric copolymerization of CO>

and CHO were reported by Nozaki, with a 1:1 mixture of (S)-diphenyl(pyrrolidin-2-
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yl)methanol and ZnEt, as a chiral catalyst,'> and by Coates, with a series of well-defined,
Zn imine-oxazoline catalysts (Figure 33, B).!® The main-chain chirality of the
poly(cyclohexene carbonate) (PCHC) was determined to be 70% ee and up to 72% ee,
respectively, after hydrolysis to 1,2-trans-cyclohexane diol. The former was improved to
80% ee by judicious adjustment of reaction conditions based on mechanistic
understandings.!” Despite its dinuclear nature, Trost’s zinc complex was shown to induce
rather low enantioselectivity (18% ee) in alternating copolymerization of CO; and
CHO."®Along with the developments of zinc-based catalysts, cobalt and chromium salen
complexes were also widely investigated for this asymmetric coupling as well as with
racemic epoxides.!” Remarkably, the highest enantioselectivity to date (96% ee) for PCHC
was achieved with an unsymmetric enantiopure Co(IlI)-salen catalyst in combination with
a cocatalyst, bis(triphenylphosphine)iminium chloride.?’ Additionally, this approach may
serve as a useful method for enantioselective desymmetrization of meso-epoxides and
kinetic resolution of racemic epoxides. Monoanionic and chelating B-diketiminate ligands
have found widespread use in coordination chemistry and catalysis.?! Modulation of
substituents around the ligand skeleton can Figurestrongly influence the steric and
electronic behavior of the ligands®> and enables them to be used in numerous catalytic
applications.?® Likewise, isoelectronic and structurally related variants of p-diketiminate
ligands, such as triazapentadienates, formazanates, anilido-aldimines, and imine-
oxazolinates, have also been examined for different catalytic reactions.?* Particularly, the
anilido-aldimine moiety has been incorporated into dinucleating zinc complexes (Figure
33, C) that show high activity toward CO2/CHO copolymerization.>> However, the chiral

version of these ligands is relatively less explored in catalysis;?® the Coates’s Zn imine-
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oxazoline catalysts are an eminent example.'® Recently, we have prepared a series of
unsymmetrical B-diketimine-type ligands incorporating a chiral 2-oxazoline moiety
(Figure 33, D).?” On the basis of the studies mentioned above,'®? their zinc complexes are
expected to be effective initiators for alternating copolymerization of CO; and CHO.
Although being C; symmetric, they could be advantageous, as the dissymmetric
environment is postulated to enhance the asymmetric induction in the CO2/CHO

20 Herein, we present the synthesis and characterization of zinc

copolymerization.
complexes of several Ci-symmetric chiral amido-oxazolinate ligands and their catalytic

applications in the alternating copolymerization of CO2 and CHO.

3.2. Results and Discussion

3.2.1. Synthesis of Zinc Complexes

The chiral, unsymmetrical amido-oxazolinate ligands, a variation of B-diketimine
type, have been obtained via a palladium-catalyzed Buchwald—Hartwig amination reaction
(Scheme 3).2” The modular approach allows independent variations of the two
stereodirecting groups (R; and R») in the ligand framework, and various substituents are
incorporated into the framework in order to explore the steric and electronic effects of

substituents and their possible synergy in catalysis.

Following previous reports,'% the zinc amide complexes (2a—m) were prepared by
treatment of the free ligands with 1 equiv. of Zn[N(SiMe3)2]> in dry toluene at room

).2% The desired products were readily isolated in high yields within

temperature (Scheme 2
a few hours. In comparison, similar reactions with conventional B-diketiminate ligands

were carried out under higher temperature (80 °C) and with longer times (20 h to days).!%®
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In the "H NMR spectra, the disappearance of the free ligand NH signals around 10—11 ppm
and the appearance of new broad singlets in the upfield region at 0.1 to —0.05 ppm are
consistent with the incorporation of a single amidooxazolinate ligand in the products. The
new broad signals, assigned to the trimethylsilyl groups, usually appear as one singlet at
ambient temperature that integrates to 18 protons; however, two broad singlets were
observed in some cases for N(SiMes)> protons. The splitting may indicate restricted
rotation of the N(SiMes), group, resulting from its steric interaction with the substituents
on either side, e.g., ‘Bu (2¢, 2m) or D'PP (2g, 2h), or with another —N(SiMe3), group in a
dimeric arrangement (2k, 2I). In the '*C NMR spectra, the peaks around 4.80—5.50 ppm
were assigned to the carbon of the silyl group, consistent with the formation of the

amidooxazolinate zinc complexes.

o)
\ © __PA/BINAP _ O_  Zn[N(SiMej),l, \ Q
Br N\% NH \< tol RT R/N‘Zn’N *
+ / oluene, 1 | b
RiNH, Ro HN(SiMe3)2 Me38i/N\Si|\/|632
2
R1 R2 R1 R2

a 26DMP (S)-Pr g 2,6-D'PP (S)-Pr

b 26-DMP (S)-°Bu h 2,6-D'PP (R)-Bu

c 26-DMP (S)-Bu i (R)-CHMePh  (R)-Bu

d 26-DMP (R)-Bu i (R)-CHMeNaph (S)-'Pr

e 26-DMP (R)-Ph k COPh (S)-'Pr

f 3,5-BTP  (R)-Ph | COPh (R)-Bu

m (S)-SOBu (R)-Bu

Scheme 3. Synthesis of ligands and zinc amide complexes

Formation of homoleptic bis-ligated zinc complexes was not observed, which may
suggest that the steric bulk of the ligands is sufficient to stabilize the unsaturated, three-

coordinate metal center and prevent the coordination of an additional ligand. In fact,
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treatment of complex 2a with excess THF or pyridine shows no sign of binding, as judged
by '"H NMR. However, when the steric bulk is reduced, e.g., in 2k and 21, additional set of
signals appears in the '"H NMR spectra. For example, besides the septet at 1.60 ppm,
assigned to the methine proton of —CH(CH3): in 2k, a smaller septet at 1.86 ppm is also
observed.? This is attributed to the monomer/dimer equilibrium in solution (Scheme 4),
which is further supported by dilution studies of 2k using 'H NMR. The relative intensity
of the aforementioned signals varies with dilution. As the dilution of the solution was
increased, 2k became a more monomeric species, from which Keq = 75.4 M™! (20 °C in
CDCI3) can be derived. The value is analogous to an acetate bridged pB-diketiminate dimer
(Keq =207 M ! at 20 °C in CeDs).!* Addition of THF or pyridine has little effect on the
equilibrium. This may suggest that the side-arm amide oxygen can coordinate
intramolecularly or form a bridge between two metals. In the solid state, compound 2k
exists as an amide oxygen-bridged dimer, as confirmed by the X-ray structural analysis.
However, compound 2m, with a sulfinamido side arm, shows no evidence of
dimer/monomer equilibrium, and a single set of signals is observed in the 'H NMR
spectrum. It is possible that 2m exists as a monomeric species with sulfinamido oxygen

weakly coordinated to the zinc center. Given the interest in bimetallic catalysis, the obse-

O
Ph. N N L ) N
N/ — N zA
| B
I 4n R )=0" \N:<
R Ph R

R=N(SiMe3)2

Scheme 4. Monomer/dimer equilibrium for 2k and 21
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-rvation here with 2k and 2l may suggest a different approach to constructing bimetallic
systems. As zinc B-diketiminate complexes with various initiating groups are known for
the copolymerization reaction of epoxides and CO., we attempted to synthesize zinc
complexes with alkoxide and carboxylate groups, starting from different zinc precursors,
such as Zn(OAc), and ZnCl,, after deprotonation of ligands with "BuLi.!% ¢ However, no
desired complex was isolated from these reactions. In an alternative route, the zinc amide
complex (2a) was allowed to react with a stoichiometric amount of 2-propanol, and
formation of alkoxide was indicated by the new peaks at 3.42 and 1.60 ppm for (L'#)Zn-
O'Pr. However, the reaction appeared to be complicated by side reactions, and attempted
purification led to the decomposition of complex to free ligand. These observations are in
contrast with the conventional zinc -diketiminate complexes and may be a reflection of
the inherent basicity of the amido nitrogen in the present system.?

3.2.2. X-ray Structures

Single crystals of compound 2a were obtained from concentrated solutions in
toluene at —20 °C. The solid-state structure was determined by single-crystal X-ray
diffraction techniques; the X-ray crystal data and data collection and refinement parameters
are summarized in Table S1 in the Supporting Information (Table S1). The structure of
complex 2a is depicted in Figure 34 with selected bond distances and bond angles. In
agreement with the solution NMR data, 2a is a monometallic, Ci-symmetric, three-
coordinate zinc complex, and the geometry at zinc metal was best described as trigonal

planar, as the sum of the bond angles around the zinc atom is 359.48°.
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Figure 34. ORTEP drawing of complex 2a with thermal ellipsoids drawn at the 50 %
probability level. Selected bond distances (A) and bond angles (°): Zn—N(1) 1.915(10), Zn—
N(2) 1.968(9), Zn—N(3) 1.874(9), N(1)-Zn—N(2) 94.98(4), N(1)-Zn-N(3) 139.15(4),
N(2)-Zn—N(3) 125.35(4). Hydrogen atoms are omitted for clarity.

The chelating amido-oxazolinate ligand forms a slightly puckered six-membered ring with
the zinc metal through its two nitrogen atoms. The bond distance of Zn—Nimino (1.968(9)
A) is considerably longer than that of Zn—Namido (1.915(10) A), presumably due to the
stronger interaction with the anionic amido nitrogen. The difference (~0.05 A) is similar
to those in other unsymmetrical NN bidentate ligation with less resonance character,*® but
longer than those in more symmetrical, B-diketiminate complexes (0.01-0.04 A).1%3! The
bond distance of Zn—N3 (1.874(9) A) is on the shorter end of the Zn—Nsilylamide bonds
reported.*!*? The bond angle of N1-Zn—N3 (139.15(4)°) is larger than that of N2 —Zn—N3
(125.35(4)°), due to higher steric repulsion between the DMP group and the N(SiMe3)2
group. This leads to the N(SiMe3)2 group tilting toward the imine side. On the other hand,
due to the chiral center at the 4- oxazoline position (S configuration), the plane defined by
N3— Sil—Si2 is not perpendicular to the NI-N2—N3 coordination plane; instead, it is
twisted 31.43(3)° from its regular perpendicular position, with one of the silyl groups
staying away from the ‘Pr group on the same side. In turn, the DMP group is 17.66(4)°

away from perpendicular to the plane defined by N(1)—N(2)—N(3) due to steric repulsions.
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Moreover, the bite angle N1-Zn—N2 was sharper than the other bonds (N1-Zn—N3,

N2-Zn—N3). To further probe the influence of the chiral center on the conformation of the

Figure 35. ORTEP drawing of complex 2d with thermal ellipsoids drawn at the 50 %
probability level. Selected bond distances (A) and bond angles (deg): Zn—N(1) 1.912(15),
Zn-N(2) 1.975(16), Zn-N(3) 1.877(15), N(1)-Zn—-N(2) 95.84(6), N(1)-Zn-N(3)
142.72(7), N(2)-Zn—N(3) 121.43(7). Hydrogen atoms are omitted for clarity.

zinc complexes, we determined the X-ray crystal structure of 2d, containing an R
configuration at the 4-oxazoline position with a ‘Bu group. The modification of the chiral
configuration on the oxazoline ring did not lead to considerable changes in the coordination
geometry around the metal center. Complex 2d was isomorphic with 2a, featuring a
distorted trigonal-planar geometry and similar geometric parameters (Figure 35). The
smaller bond angle of N2—Zn— N3 = 121.43(7)° in 2d compared to 2a (125.35(4)°) can
beattributed to the smaller steric bulk of ‘Bu (2d) compared to ‘Pr (2a), which imposes less
repulsion with the trimethylsilyl group. In accord with this, the six-membered chelating
ring is almost planar; the Zn atom is displaced only by 0.0877(2) A from the plane through
other five atoms. Because of the R configuration at the chiral center, the silylamido groups
twisted in the opposite orientation (compared with that in 2a), but to a lesser extent

(8.54(7)° vs 31.43(3)° in 2a), again due to ‘Bu being less demanding than ‘Pr. The DMP

group is slightly tilted, by 12.81(6)°, from its perpendicular position.
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Figure 36. ORTEP drawing of complex 2k with thermal ellipsoids drawn at the 50 %
probability level. Selected bond distances (A) and bond angles (deg): Zn(1)-N(1) 2.032(2),
Zn(1)-N(5) 2.075(2), Zn(1)-N(6) 1.921(19), Zn(1)-0O(2) 2.025(16), N(1)-C(1)1.321(3),
O(1)-C(1)1.271(3), N(1) —Zn(1)-N(5) 88.42(8), N(1)-Zn(1)-N(6) 132.52(8), N(5)-
Zn(1)-N(6) 115.02(8), N(1)-Zn(1)-0O(2) 100.22(7), N(5)—Zn(1)-0O(2) 99.32(7). Hydrogen
atoms are omitted for clarity.

Suitable crystals of complex 2k were obtained from recrystallization in dry toluene at room
temperature, and single-crystal X-ray determinations confirm its dimeric form in the solid
state (Figure 36). The two zinc centers are bridged by the amide oxygen of the other ligand
to form a tub-like eightmembered ring (Zn1-N1-C1-01-Zn2—N2—-C2-02). Each zinc
metal is ligated with the two nitrogens of the ligand, one nitrogen of the silylamide, and
one oxygen atom from benzamide in a distorted tetrahedral geometry. The bond distances
of Zn—N are considerally longer than those in monomeric zinc complexes 2a and 2d, but
are typical of tetrahedron geometry due to its more crowded environment than the trigonal-
planar geometry.*® The relative distances follow a similar pattern to that in monomeric zinc
complexes, as Zn—Nimino (2.075(2) A) is ~0.043 A longer than Zn—Namido (2.032(2) A)
and Zn—Nsilylamide (1.921(19) A) is the shortest. The two bis(trimethylsilyl)amido groups
are oriented in a syn fashion. The isopropyl groups on the oxazoline ring and the amido

phenyl groups are arranged in an anti manner with respect to the NN chelate.
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3.2.3. Copolymerization Studies

Our interest in the present system has been twofold. First, we investigate the zinc
complexes as potential catalysts for alternating copolymerization of CO, and CHO.
Second, we want to address the effect of the ligand design on the asymmetric incorporation
of CHO monomer into the polymer chain. Compound 2a was used as a catalyst for initial
optimization. Reaction conditions such as temperature, reaction time, pressure of the CO»,
and additive were varied. The selectivity, or the percentage of polycarbonate linkage, was
determined by measuring the relative intensity of the methine proton signals of the
carbonate linkage (6 = 4.6 ppm) and ether linkage (6 = 3.4 ppm). In no cases was the
generation of cyclic carbonate observed (8 = 4.0 ppm). Selected results are listed in Table
4. Tt is observed that the temperature and CO: pressure have a strong influence on the
outcome of the copolymerization. The catalyst was inactive at room temperature. As
expected, the conversion and carbonate linkages improved with the increasing CO:
pressure from 100 to 500 psi (entries 2—4). However, further increase in pressure seemed
to be detrimental (entry 5). When the initiating group was changed from N(SiMes) to an
alkoxide -O'Pr by in situ addition of 1 equiv. of 'PrOH, comparable results were observed
(entry 6 vs 4). Despite the reasonable conversion, only low yields of polycarbonates were
isolated, in part due to some weight loss during the reaction (up to 30%). The cause is
unclear, but running the reaction without stirring seemed to alleviate the loss, as isolated
yields are significantly higher (entry 7), at the expense of longer reaction time and slightly
lower carbonate linkage. Raising the temperature to 75 °C increased the conversion and

shortened the time to 20 h without sacrificing yield and selectivity (entry 8).
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Table 4. Screening of the conditions for copolymerization of CO, and CHO?

entry temp. pressure t/h  stirring  conversion  yield carbonate
(°C)  (PS]) (rpm) (%)° (%)° linkages (%)¢

1 RT 100 24 1000 0 - -

2 50 100 24 1000 42 12 75
3 50 250 24 1000 59 7 85
4 50 500 24 1000 60 15 93
5 50 750 24 1000 27 11 75
6° 50 500 24 1000 60 13 96
7t 50 500 48 n.s. 62 38 81
8f 75 500 20 n.s. 80 36 85

“Reaction conditions: Copolymerization reactions were run in neat cyclohexene oxide
(CHO) using 1 mol % catalyst 2a. “Determined by "H NMR spectroscopy on crude reaction
mixture. ‘Isolated yield assuming 100% polycarbonates. “Calculated by the integration of
methine resonances in 'H NMR spectra of polymers. *With added ‘PrOH (1 equiv to 2a).
/Not stirred

To investigate the effect of ligand architecture on catalytic performance, complexes 2a-m
with systematic modifications in substituents were employed for CHO and CO2
copolymerization under optimized conditions (500 psi of CO» pressure, 75 °C, without
stirring, 20 h). The results are summarized in Table 5. Although the reaction rate is slow,
with a TOF generally around 3—4h™!, all the compounds showed appreciable activity, and
a white powdery polymer was isolated after workup. It appeared that the conversions were
capped at ~80%, as increased reaction time showed little improvement, probably due to
the high viscosity at the end of the reaction.*® Little or no cyclic carbonate was noted; up
to 95% polycarbonate linkage (2b) was obtained in the polymers. This level of selectivity
is lower than the optimized B-diketiminato zinc catalysts,'° but is comparable with the more
closely related anilido-aldimine zinc catalysts.?® Electron-withdrawing groups are known
to increase the Lewis acidity and catalytic activity of the metal.!®!® However, introduction
of CF3 groups at the meta positions of the phenyl group significantly raised the catalytic

activity of 2f toward homopolymerization of CHO, as only a small amount of
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polycarbonate linkage (6%) was incorporated, although the molecular weight is high (26.2
kg/mol). Introduction of a second alkyl chiral group at the amido side (2i, 2j) led to lower
conversion, presumably because the free rotation of the less bulky substituents on amido
nitrogen may hinder CHO entrance to the active site.*!35 Restricted rotation of the
aniline has been observed to be important in facilitating catalytic activity in olefin
polymerization.>® Despite the less bulky substituent in 2k and 2l, both showed high
conversion, which may be indicative of bimetallic action. However, compound 2m with
sulfinamide was very sluggish, and it afforded a polymer with high polyether linkage and
narrow PDI value.

Table 5. Copolymerization of CHO and CO; using catalysts 2a-2m?

entry cat. conv. carbonate m-centered  yield Mn PDIf SS/RR®
(%)°  linkages (%)° tetrad (%)¢  (%)°  (kg/mol)

1 2a 80 85 69 36 6.5 1.3 42/58
2 2b 77 95 67 18 13.4 4.2h i

3 2c 69 90 69 32 3.1 1.4 48/52
4 2d 62 72 66 18 9.1 2.0 56/44
5 2e 66 85 62 23 11.6 7.00  52/48
6 2f 83 6 - 42 26.1 1.9 -

7 2g 82 56 70 32 6.1 1.7 41/59
8 2h 81 72 72 43 11.3 1.6  71/29
9 2i 58 90 65 20 14.1 7.00  53/47
10 2j 59 60 43 13 2.9 1.2 i

11 2k 78 69 63 17 4.1 1.5 48/52
12 2 81 83 70 16 2.6 1.2 52/48
13 2m 18 49 70 4 7.0 1.1 44/56

“Copolymerization reactions were carried out in neat CHO at 75 °C with [CHO]: [catalyst]
= 100:1 at 500 PSI of CO,. “Determined by 'H NMR spectroscopy. “Calculated by the
integration of methine resonances in 'H NMR spectra of polymers. “Determined by '*C
NMR spectroscopy. “Isolated yields, assuming 100% polycarbonates. /Determined by gel
permeation chromatography calibrated with polystyrene standards in tetrahydrofuran.
¢Determined by chiral GC on diols after hydrolysis. "Bimodel distribution of polymer.
‘racemic
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The molecular weight of the polycarbonate was determined by GPC against a polystyrene
standard. The polycarbonate produced by the zinc catalysts showed similar or lower
molecular weight compared with calculated values based on conversion, indicative of the
presence of a chain transfer process during the reaction, and the molecular weight
distribution is somewhat broad (PDI 1.1-2.0). In a few cases (2b, 2e, and 2i), the PDI
values were inflated by the presence of an additional peak at higher molecular weights.?’
The bimodal distributions of polycarbonates have been noted in several zinc-catalyzed
copolymerizations and may arise from the presence of multiple active sites or
monomer/dimer equilibrium of the catalytic species.®*” The microstructure (tacticity) of
the resulting polymers was characterized by '*C NMR spectroscopy. Typically three
distinct resonances were observed at 154.03, 153.52, and 153.37 ppm in the carbonyl
regions of PCHCs (Figure 37a).

(c)
' (a) ' (b) Il.ll C
|

f | [ k
| JI| Lﬁ [\ k\.
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Figure 37. >*C-NMR spectrum of the poly (cyclohexene carbonate) generated by catalyst
2c¢. (a): carbonyl region; both (b) and (¢): methylene region

Based on the previous assignments, '3 the largest peak at 154.03 ppm was
correlated to m-centered tetrads ([mmm] and [mmr]), and the remaining tetrad upfield
resonances (0 = 153.52 and 153.37 ppm) were assigned to the r-centered tetrads ([mrm]
and [mrr]). The other common tetrads in isotactic polymers [rmr] and [rrr] were not
observed. In accord with this, two series of methylene triad resonances were observed

corresponding to two nonequivalent methylene carbons in the *C NMR spectra (Figure
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37b and c¢). The two downfield resonances (& = 29.90 (b), 23.28 (¢)) correspond to [mm]
triads, and the intensity is relatively higher than the other triads [mr] (& = 29.66 (b), 23.06
(¢)) and [rr] (& = 29.05 (b), 22.54 (c¢)). The other peaks in this region correspond to
polyether linkage.!>*® On the basis of these assignments, most of the catalysts yield
isoenriched PCHC with high m-centered tetrads. Increased steric bulk in the catalysts
seems to favor higher microstructure regularity in the resultant polycarbonates, as the
highest isotacticity (72% m-centered tetrads) was obtained with catalyst 2h, which bears
2,6-D'PP and ‘Bu groups on its ligand backbone. Curiously, catalyst 2j produces a slightly
syndioenriched PCHC with 57% r-centered tetrads, which is a rather rare case.*® The two

different configurations of chiral centers might have influence on this reverse selectivity.

To further investigate the microstructure assignment and reaction mechanisms,
statistical methods were applied to simulate the tetrad distributions observed in PCHC.!6-%
When two models based on chain-end control and enantiomorphic site control mechanisms
are compared, the latter seems to give better agreement between calculated and observed
tetrad intensities.”>*° The enantioselectivity parameter a, the probability of an R monomer
unit adding at the R site or an S monomer unit adding at the § site, has been calculated,
with the highest value being 0.85 with 2h.?* The numbers are comparable with those
obtained with zinc imine-oxazoline catalysts.'® On this basis we hypothesize the present
system follows an enantiomorphic site control mechanism.'"!¢ However, this process may

be competitive with a chain-end control mechanism.*

The hydrolysis of resulting copolymers, by an alkali treatment, followed by
neutralization with 1 M HCI, gave 1,2-trans-cyclohexanediol in 70—80% isolated yields.

Chiral GC analysis of the diol indicates that these chiral catalysts can induce asymmetry
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during the copolymerization, although the enantiomeric excess was generally low (Table
5). Among them, catalyst 2h exhibited the highest enantiomeric excess of 71:29 (SS:RR)
(Table 5, entry 8). It should be noted that catalyst 2h also afforded the highest isotacticity
in the series. When compared with related zinc imine-oxazoline catalysts (see Figure 33,
B) with an RR:SS ratio up to 86:14,'° the stereoselectivity exhibited by the present catalysts
is low, especially considering the resemblance in their structural features and the similarity
in the enantioselectivity parameter a. The exact reason is not understood at the moment,
although it is suspected that the low selectivity of the present system might be due to some
electronic effect resulting from attenuated resonance in the ligand backbone.*
Nevertheless, they have the same sense of chiral induction, and the chirality of the diol is
mostly influenced by the configuration of the oxazoline substituents, as an R configuration
at the 4-oxazoline position results in enrichment of opposite configurations in the diol
unit.'® The combination of a bulky group at the amide side and a long, bulky group at the
imine side seems to work best. The second chiral group at the amide side may also play a

significant role; however, a synergistic interaction between the two is not observed.

3.3. Conclusions

A family of new chiral zinc complexes has been synthesized via the reaction of
Zn[N(SiMes)2]2 and the corresponding Ci-symmetric, monoanionic amido-oxazolinate
ligands (HL1a—m). While most of them exist as mononuclear complexes, as confirmed by
single-crystal X-ray structural analysis of 2a and 2d, complexes 2k and 2l, with less bulky
substituents, are dimeric in the solid state and are in equilibrium between monomer and
dimer in solution. All of them are shown to be viable initiators for copolymerization of

CO2 and CHO, yielding polymers with up to 95% polycarbonate linkage and moderate
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molecular weights and polydispersity values. Modifications around the ligand architecture
have a significant influence on the polymerization process. The resultant polymers are
isotactic with enriched m-centered tetrads, except for 2j, which produces a syndioenriched
PCHC. Induction of main chain chirality is feasible, with up to 42% ee obtained with 2h,
and can be correlated roughly with the chiral centers in ligands, although enantioselectivity
is usually very low. In general, catalysts with one chiral center on the oxazoline moiety (R>
position) and a sufficiently bulky group on the amido nitrogen (R; position) seem to
provide better structural requirements for activity and selectivity. Current efforts are under
way for a better understanding of the effect of ligand architecture in the copolymerization

process and improving the activity and selectivity of the catalysts.

3.4. Experimental Conditions

General Procedures: All reactions that involved compounds sensitive to air and/or
moisture were carried out under a dry nitrogen atmosphere using freshly dried solvents and
standard Schlenk line and glovebox techniques. All chemicals were purchased from
Aldrich except where noted. Toluene was distilled under nitrogen from Na/benzophenone.
CDCl; and C¢Dg were dried over CaH> and Na/benzophenone, respectively, and distilled
and degassed prior to use. Carbon dioxide (Airgas, high purity, 99.995%) was used as
received. Cyclohexene oxide was distilled from CaH: following three freeze—pump—thaw
cycles and stored in a glovebox prior to use. Zinc bis(trimethylsilyl)amide was prepared

according to the literature.*!

NMR spectra were recorded on a Bruker AVANCE-500 NMR spectrometer ('H

and '3C). Chiral GC analysis was carried out on an Agilent 7890 with FID detector using
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a chiral column (cyclodex-B, 30 m % 0.250 mm x 0.25 pm). The temperature program was
as follows: injector temperature 250 °C, detector 300 °C, oven initial temperature 120 °C,
hold for 30 min, ramp at 30 °C/min to 200 °C, hold for 10 min. Inlet flow: 85 mL/min (split
mode, 68:1). Gel permeation chromatography (GPC) analysis was performed on a Varian
Prostar, using a PLgel 5 um Mixed-D column, a Prostar 355 RI detector, and THF as eluent

at a flow rate of 1 mL/min (20 °C). Polystyrene standards were used for calibration.

Synthesis of Zinc Complexes

Synthesis of (45)-4,5-dihydro-2-[2’-(2,6-dimethylanilino)phenyl]-4-tert-butyloxazole
(HL!®). Synthesis of this new ligand was performed analogously following the literature.
Yield (98 %). 'H NMR (500.1 MHz; CDCls; 298 K): 0.95 (9H, s, C(CH5)3), 2.22 (6H, s,
ArMe), 4.27 (2H, m, NCH(R)CH>0), 4.30 (1H, m, NCH(R)CH20), 6.23 (1H, d, J = 8.80,
m-PhHN), 6.65 (1H, t, J = 7.50, p-PhH(CH3)2), 7.10-7.15 (4H, br, ArH), 7.79 (1H, d, J =
7.90, 0-PhHN), 10.01 (1H, br, NH). 3C NMR (125.8 MHz; CDCls; 298 K): 18.62 (ArMe),
26.07 (C(CH3)3), 34.10 (C(CHs)3), 67.02 (NCH(R)CH-0), 76.42 (NCH(R)CH20), 108.66,
112.72, 115.35, 126.22, 129.90, 132.29 (CHarom).136.47, 137.03, 138.23, 147.84, 164.05
(Cquart). GC/MS: m/z = 322[M]", 307, 291, 222, 208, 194. HRMS (ESI): m/z caled for
C21H26N2O [M]": 322.20451; found: 322.21233

Synthesis of  (4R)-4,5-dihydro-2-[2’-(3,5-bis(trifluoromethyl)anilino)phenyl]-4-
phenyloxazole(HL). Synthesis of this new ligand was performed analogously following
the literature. Yield (66 %). 'H NMR (500.1 MHz; CDCls; 298 K): 3.84 (1H, t = 8.12,
NCH(R)CH:0), 439 (1H, t, J = 8.80, NCH(R)CH:0), 5.51 (1H, m, t, J = 8.70,
NCH(R)CH:0), 6.46 (1H, d, J=7.8 m-PhHN), 6.96 (3H, m, ArH), 7.02-7.04 (4H, m, ArH),

7.05-7.09 (3H, m, ArH), 7.60 (1H, dr, J = 8.2, 0-PhHN), 10.51 (1H, br, NH). '3C NMR
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(125.8 MHz; CDCls; 298 K): 70.32 (NCH(R)CH20), 73.62 (NCH(R)CH20), 112.27 (Ar-
CF3), 114.35 (Ar-CF3), 115.29, 119.67, 119.80, 120.01, 122.44, 124.60, 126.70, 128.02,
129.07, 130.78 (CHarom) 132.20, 132.77, 133.27, 142.31, 143.60, 143.98, 163.40 (Cquart).
GC/MS: m/z=450[M]", 331, 331, 304. HRMS (ESI): m/z calcd for C23H7FsN>O [M+H]":
451.12451; found: 451.12450.

Synthesis of [(L'?)ZnN(SiMe3)2] (2a). A solution of ligand HL'? (414 mg, 1.342 mmol)
in toluene (10 mL) was added into zinc bis(trimethylsilyl)amide (543 mg, 1.406 mmol) in
toluene (5 mL) at room temperature. After being stirred for 8 hr, the pale yellow solution
was dried in vacuo, giving the desired compound as yellow powder (98 %, 704 mg).
Recrystallization from toluene at -20 °C gave yellow colored crystals (90 %, 643 mg)
suitable for single crystal X-ray diffraction analysis. 'TH NMR (500.1 MHz; CDCls; 298
K): -0.15 (18H, s, N(SiMes)2), 0.90 (3H, d, J = 7.14, (CH3).CH), 1.02 (3H, d, J = 7.10,
(CH3)2CH), 2.01 (3H, s, ArMe), 2.24 (3H, s, ArMe), 2.41 (1H, m, (CH3).CH), 4.39 (1H,
t, J = 7.10, NCH(R)CH:0), 447 (1H, t, J = 8.0, NCH(R)CH:0), 4.51(1H, m,
NCH(R)CH:0), 6.22 (1H, d, J =8.70, m-PhHN), 6.45 (1H, t, J = 8.10, p-PhH(CH3)2), 7.01
(1H, t, J = 7.94, m-PhHN), 7.08 (2H, br, m-PhH(CH3)2), 7.16 (1H, t, J = 7.84, p-PhHN),
7.82 (1H, d, J=8.06 0-PhHN). *C NMR (125.8 MHz; CDCl3; 298 K): 4.87 (SiMes), 15.10
((CH)Me»), 19.10 (ArMe), 19.16 (ArMe), 31.38 ((CH)Mez), 66.94 (NCH(R)CH:0), 69.24
(NCH(R)CH>0), 103.86, 113.05, 116.24, 124.41, 129.99, 131.60 (CHarom), 134.25, 134.51,
147.2,157.18, 169.50 (Cquart). Anal. Calcd for C26H41N30Si2Zn: C, 58.57; H, 7.75; N, 7.88.
Found: C, 57.18; H 7.91; N, 7.58.

Synthesis of [(L'")ZnN(SiMes3)z] (2b). A solution of ligand HL'® (237 mg, 0.735 mmol)

in toluene (5 mL) was added into zinc bis(trimethylsilyl)amide (283 mg, 0.735 mmol) in
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toluene (5 mL) at room temperature. After being stirred for 8 hr, the pale yellow colored
solution was dried in vacuo, giving the desired compound as yellow powder (89%, 357
mg). 'H NMR (500.1 MHz; CDCls; 298 K): -0.24 (18H, s, CH3), 0.84 (3H, m,
CH;CHCH:CH3 ), 1.02 (3H, m, CH3CHCH2CH3 ), 1.27 (1H, m, CH3CHCH> CH3), 1.34
(1H, m, CH;CHCH>CH3), 1.43 (1H, m, CH;CHCH,CH3), 2.00 (3H, s, ArMe), 2.18 (3H, s,
ArMe), 4.49 (1H, t, J = 8.54, NCH(R)CH20), 4.55 (1H, t, J = 9.67, NCH(R)CH-0), 4.61
(1H, t, J=8.55, NCH(R)CH:0), 6.23 (1H, d, J = 9.30, m-PhHN), 6.47 (1H, t, J = 7.90, p-
PhH(CHs)2), 7.01 (1H, t, J=7.67, p-PhHN), 7.07 (1H, br, m-PhHN), 7.23-7.48 (2H, br, m-
PhH(CHs),), 7.81 (1H, d, J = 8.29, 0-PhHN). 3C NMR (125.8 MHz; CDCl3; 298 K): 4.80
(SiMe3), 12.10 (CHCH2(CHa3)2), 12.21 (CHCH2(CHz3)2), 18.69 (ArMe), 18.98 (ArMe),
26.85 (CHCH2(CHs)), 37.98 (CHCH2(CH3)2), 66.61 (NCH(R)CH:0), 68.17
(NCH(R)CH:0), 103.96, 113.03, 116.25, 124.36, 125.53, 128.47 (CHarom), 131.02, 131.20,
134.41, 147.22, 157.11, 169.45 (Cgquart). Anal. Caled for C»7H43N308S12Zn-0.2C7Hs: C,
60.30; H, 7.95; N, 7.43. Found: C, 60.39; H 7.61; N, 6.67.

Synthesis of [(L')ZnN(SiMe3)2] (2¢). To a solution of ligand HL¢ (113 mg, 0.350 mmol)
in toluene (5 mL), zinc bis(trimethylsilyl)amide (135 mg, 0.351 mmol) was added at room
temperature. After being stirred for 8 hr, 'TH NMR confirmed the incomplete conversion of
the ligand into zinc complex. An additional amount of zinc bis(trimethylsilyl)amide (8 mg,
0.021 mmol) was added. After 4 hr of stirring, the yellow colored solution was dried in
vacuo, giving the desired compound as yellow powder (92 %, 177 mg). 'H NMR (500.1
MHz; CDCls; 298 K): -0.36 (9H, s, CH3), 0.04 (9H, s, CH3), 1.01 (9H, s, C(CH3)3), 2.23
(3H, s, ArMe), 2.27 (3H, s, ArMe), 4.21 (1H, m, NCH(R)CH20), 4.40 (1H, t, J = 9.70,

NCH(R)CH:0), 4.56 (1H, m, NCH(R)CH,O), 6.20 (1H, d, J = 9.13, m-PhHN), 6.42 (1H,
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m, p-PhH(CH3)2), 7.02-7.18 (3H, m, ArH), 7.20 (1H, m, ArH), 7.83 (1H, d, J = 8.28, o-
PhHN). 3C NMR (125.8 MHz; CDCl3; 298 K): 5.19 (SiMe3), 5.28 (SiMes3), 18.46 (ArMe),
18.84 (ArMe), 25.27 (C(CHs)3), 34.95 (C(CHs)3), 68.41 (NCH(R)CH:0), 73.34
(NCH(R)CH:0), 103.37, 112.85, 115.82, 124.50, 128.99, 129.28, 131.81 (CHarom).134.20,
134.62, 134.78, 147.09, 157.37, 170.54 (Cquart).

Synthesis of [(L'%)ZnN(SiMes)2] (2d). A solution of ligand HL1¢ (316 mg, 0.980 mmol)
in toluene (10 mL) was added into zinc bis(trimethylsilyl)amide (378 mg, 0.980 mmol) in
toluene (5 mL) at room temperature. After being stirred for 8 hr, the pale yellow colored
solution was dried in vacuo, giving the desired compound as yellow powder (552 mg). The
light yellow colored solid was recrystallized from toluene at -20 °C to give yellow colored
crystals (93%, 502 mg). 'H NMR (500.1 MHz; CDCls; 298 K): -0.01 (18H, s, CH3), 1.21
(6H, m, CH.CH(CHs)2), 1.74 (1H, m, CH2CH(CH3)2), 1.93 (1H, m, CH2CH(CH3)»), 2.22
(3H, s, ArMe), 2.39 (3H, s, ArMe), 2.45 (1H, m, CH,CH(CHa)»), 4.39 (1H, t, J = 8.23,
NCH(R)CH:0), 4.74 (1H, m, NCH(R)CH-0), 4.84 (1H, t, J = 8.90, NCH(R)CH:0), 6.42
(1H, d, J = 8.90, m-PhHN), 6.63 (1H, m, p-PhH(CH3)2, 7.19 (1H, br, p-PhAN), 7.33 (2H,
m, m-PhH(CHas)2), 7.45 (1H, m, m-PhH(CHs)2), 8.03 (1H, d, J = 8.50, 0-PhHN). *C NMR
(125.8 MHz; CDCl3; 298 K): 5.04 (SiMes), 18.71 (CHCH2(CH3)2), 19.07 (CHCH2(CHs)2),
22.23 (CHCH2(CHas)2), 23.96 (ArMe), 25.83 (ArMe), 45.68 (CH2CH(CHz3)2), 63.60
(NCH(R)CH:0), 71.80 (NCH(R)CH:0), 104.03, 113.10, 116.26, 124.39, 125.47, 128.56,
129.03 (CHarom), 134.04, 134.17, 134.47, 147.27, 157.05, 169.50 (Cquart). Anal. Calcd for
C27H43N308S12Zn: C, 59.26; H, 7.92; N, 7.68. Found: C, 59.04; H 7.84; N, 7.44.

Synthesis of [(L.'¢)ZnN(SiMes3)2] (2e). To a solution of the ligand HL!¢ (265 mg, 0.774

mmol) in toluene (10 mL), zinc bis(trimethylsilyl)amide (301 mg, 0.780 mmol) was added
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at room temperature. After being stirred for 8 hr, the pale yellow colored solution was dried
in vacuo, giving the desired compound as yellow powder (96%, 421 mg). 'H NMR (500.1
MHz; CDCls; 298 K): -0.35 (18H, s, N(SiMes)2), 1.98 (3H, s, ArMe), 2.23 (3H, s, ArMe),
4.53 (1H, m, NCH(R)CH:0), 4.90 (1H, t, J = 8.90, NCH(R)CH:0), 5.53 (1H, m,
NCH(R)CH:0), 6.27 (1H, d, J = 8.85, m-PhHN), 6.50 (1H, t, J = 7.57, p-PhH(CH3)2), 6.99
(1H, t, J = 7.81, p-PhHN), 7.06 (1H, m, m-PhHN), 7.12 (2H, m, m-PhH(CH3)2), 7.35-7.40
(5H, m, C3HsNOPhH), 7.93 (1H, d, J = 8.37, 0-PhHN). 3C NMR (125.8 MHz; CDCls;
298 K): 4.87 (SiMes3), 18.67 (ArMe), 18.98 (ArMe), 68.11 (NCH(R)CH:0), 74.0
(NCH(R)CH:0), 103.86, 116.40, 118.24, 121.33, 124.39, 125.54, 127.09, 128.46, 128.92,
129.27, 129.50, 131.67 (CHarom), 134.00, 134.09, 134.70, 141.34, 147.10, 157.46, 170.19
(Cquart). Anal. Calcd for C29H39N30Si2Zn-0.5CH2Cl: C, 58.11; H, 6.61; N, 6.89. Found: C,
58.25; H6.79; N, 6.43.

Synthesis of [(L'f)ZnN(SiMes3)2] (2f). To a solution of ligand HL (79 mg, 0.175 mmol)
in toluene (4 mL), zinc bis(trimethylsilyl)amide (68 mg, 0.175 mmol) was added at room
temperature. After being stirred for 8 hr, the pale yellow colored solution was dried in
vacuo, giving the desired compound as yellow powder (68 %, 82 mg). '"H NMR (500.1
MHz; CDCls; 298 K): -0.32 (18H, s, CH3), 4.56 (1H, m, NCH(R)CH20), 4.93 (1H, t, J =
7.80, NCH(R)CH>0), 5.51 (1H, m, NCH(R)CH:0), 6.46 (2H, m, ArH), 7.06 (1H, m, ArH),
7.19 (2H, m, ArH), 7.33-7.44 (3H, m, ArH), 7.53 (2H, m, ArH), 7.58 (1H, br, ArH), 8.02
(1H, d, J = 9.35, 0-PhHN). 3C NMR (125.8 MHz; CDCls): 5.52 (SiMe3), 68.45
(NCH(R)CH:0), 74.39 (NCH(R)CH20),115.30 (CF3), 117.50 (CF3), 122.50, 124.70,
125.55, 126.84, 127.33, 128.47, 128.62, 129.30, 129.74, 132.14 (CHarom), 133.14, 135.22,

140.41, 152.67, 156.69, 157.38, 170.50 (Cquart).
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Synthesis of [(L'#)ZnN(SiMe3)2] (2g). To a solution of ligand HL!# (400 mg, 1.097 mmol)
in toluene (15 mL), zinc bis(trimethylsilyl)amide (424 mg, 1.098 mmol) was added at room
temperature. After being stirred for 8 hr, the yellow colored solution was dried in vacuo,
giving the desired compound as yellow powder (89%, 575 mg). 'H NMR (500.1 MHz;
CDCls; 298 K): -0.30 (9H, s, CH3), 0.03 (9H, s, CH3), 0.92 (3H, d, J = 6.81, CH(CH3)»),
1.07 (6H, d, J = 7.03, ArCH(CHs)2), 1.17 (3H, d, J = 6.91, CH(CH)2), 1.29 (6H, d, J =
6.75, ArCH(CHs3)2), 1.57 (1H, m, CH(CHs)2), 3.02 (1H, m, ArCH(CH3)2), 3.28 (1H, m,
ArCH(CHs)2),4.40 (1H, t, J="7.75, NCH(R)CH:0), 4.47 (1H, t, J = 8.49, NCH(R)CH-0),
4.54 (1H, m, NCH(R)CH:0), 6.25 (1H, d, J = 9.25, m-PhHN), 6.44 (1H, t, J = 8.49, p-
PhH(CH3)2), 7.19 (1H, t, J = 7.13, m-PhHN), 7.20-7.24 (3H, m, ArH), 7.81 (1H, d, J =
8.41, 0-PhHN). C NMR (125.8 MHz; CDCl3; 298 K): 5.10 (SiMes), 5.19 (SiMes), 21.20
(CH(CH3)2), 22.40 (CH(CHs)), 24.25 (CH(CHs)), 25.68 (ArCH(CHs)), 26.54
(ArCH(CH3)2), 27.92 (ArCH(CH3)2), 28.92 (ArCH(CH3)2), 39.25 (ArCH(CHz3)2), 41.01
(ArCH(CHs)2), 63.01 (NCH(R)CH:0), 73.55 (NCH(R)CH-0), 105.05, 112.12, 116.60,
122.26, 124.53, 127.46, 128.27 (CHarom), 132.42, 136.49, 138.48, 144.89, 155.88, 168.54
(Cquar).

Synthesis of [(L'")ZnN(SiMes3)2] (2h). To a solution of ligand HL!" (137 mg, 0.362 mmol)
in toluene (6 mL), zinc bis(trimethylsilyl)amide (140 mg, 0.362 mmol) was added at room
temperature and stirred for 8 hr. The pale yellow colored solution was dried in vacuo, to
give a yellow compound (89%, 195 mg). '"H NMR (500.1 MHz; CDCl3; 298 K): -0.22 (9H,
s, CH3), 0.03 (9H, s, CH3), 0.92 (3H, d, J = 6.81, CH.CH(CH3)2), 1.07 (6H, d, J = 7.03,
ArCH(CHs)), 1.17 3H, d, J=6.91, CH.CH(CH3)2), 1.29 (6H, d, J = 6.75, ArCH(CH3)2),

1.57 (1H, m, CH.CH(CHa),), 1.76 (1H, m, CH,CH(CHs)2), 2.22 (1H, m, CH,CH(CHs)y),
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3.07 (1H, m, ArCH(CHs3)2), 3.28 (1H, m, ArCH(CH3)2), 426 (1H, t, J = 7.75,
NCH(R)CH:0), 4.60 (1H, m, NCH(R)CH-0), 4.66 (1H, t, J = 8.49, NCH(R)CH:0), 6.26
(1H, d, J = 9.25, m-PhHN), 6.44 (1H, t, J = 8.49, p-PhH(CH3)2), 7.05 (1H, t, J = 7.13, m-
PhHN), 7.20-7.28 (3H, m, ArH), 7.83 (1H, d, J = 8.41, 0-PhHN). *C NMR (125.8 MHz;
CDCl3; 298 K): 5.21 (SiMes), 5.30 (SiMe3), 22.30 (CHCH2(CH3)2), 23.86 (CHCH2(CHz)),
24.25 (CHCH2(CHs)2), 24.55 (CHCH2(CH3)2), 25.33 (ArCH(CH3)2), 25.54 (ArCH(CHa)2),
25.92 (ArCH(CHa;)2), 25.98 (ArCH(CHs)2), 28.25 (ArCH(CHa;)2), 45.01 (ArCH(CHs)2),
63.61 (NCH(R)CH20), 71.55 (NCH(R)CH20), 104.05, 113.12, 118.60, 124.26, 125.53,
128.46, 131.25 (CHarom), 133.61, 138.10, 144.61, 144.90, 158.59, 169.50 (Cguar).

Synthesis of [(L!)ZnN(SiMes3)2] (2i). To a solution of ligand HL! (56 mg, 0.173 mmol)
in toluene (10 mL), zinc bis(trimethylsilyl)amide (67 mg, 0.173 mmol) was added at room
temperature and the mixture was stirred for 8 hr. The pale yellow colored solution was
dried in vacuo, to afford the desired compound as yellow powder (68 %, 65 mg). 'H NMR
(500.1 MHz; CDCl3; 298 K): 0.21 (18H, s, CH3), 1.12 (6H, m, CH.CH(CHs)2), 1.32 (1H,
m, CH2CH(CH3)2), 1.56 (1H, m, CH.CH(CH3)2), 1.74 (1H, m, CH.CH(CHs)2), 2.22 (3H,
d, J=8.35, ArCHCH3), 4.18 (1H, m, ArCHCH3), 4.58 (2H, m, NCH(R)CH-0), 5.05 (1H,
m, NCH(R)CH:0), 6.50 (1H, t, J = 9.35, m-PhHN), 6.83 (1H, d, J =9.35, m-PhHN), 7.12
(2H, t, J = 8.13, 0-PhH), 7.20-7.28 (4H, m, ArH), 7.97 (1H, d, J = 6.45, 0-PhHN). 1°C
NMR (125.8 MHz; CDCls; 298 K): 5.52 (SiMes), 21.68 (CHCH2(CHs)2), 24.14
(CHCH2(CHs)2), 26.25 (ArCHCHz3), 44.68 (CHCH2(CHs)2), 58.08 (ArCHCH3), 63.85
(NCH(R)CH:0), 71.20 (NCH(R)CH>0), 104.97, 112.56, 116.92, 126.34, 128.44, 128.62,
129.87, 131.85, 134.26 (CHarom), 147.21, 158.03, 169.51 (Cquarr). Anal. Caled for

C27H43N30812Zn: C, 59.26; H, 7.92; N, 7.68. Found: C, 59.35; H 7.68; N, 7.73.
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Synthesis of [(LY)ZnN(SiMes3)2] (2j). To a solution of ligand HLY (283 mg, 0.790 mmol)
in toluene (10 mL), zinc bis(trimethylsilyl)amide (305 mg, 0.790 mmol) was added at room
temperature. After being stirred for 8 hr, the pale yellow colored solution was dried in
vacuo, giving the desired compound as yellow powder (88 %, 405 mg). 'H NMR (500.1
MHz; CDCls; 298 K): 0.04 (18H, s, CH3), 0.89 (3H, d, J = 7.60, CH(CH3)2), 1.04 (3H, d,
J = 8.01, CH(CHs)2), 1.98 (3H, d, J = 8.22, ArCHCH3), 2.67 (1H, m, CH(CHs)>), 4.42
(2H, m, NCH(R)CH>0), 4.61 (1H, m, NCH(R)CH>0), 5.50 (1H, br, C12H11), 6.40 (1H, t,
J =7.80, p-PhHN), 6.45 (1H, d, J = 9.35, m-PhHN), 6.97 (1H, t, J = 7.80, m-PhHN), 7.20
(1H, d, J = 7.80, ArH), 7.33 (1H, t, J = 9.35, ArH), 7.55 (1H, m, ArH), 7.61 (1H, t, J =
9.35, ArH), 7.71 (1H, d, J = 9.35, 0-PhHN), 7.85 (1H, d, J = 9.35, ArH), 7.92 (1H, d, J =
9.35, ArH), 8.25 (1H, d, J = 9.35, ArH). *C NMR (125.8 MHz; CDCls; 298 K): 5.50
(SiMes), 14.35 (CH(CHs)2), 19.37 (CH(CHs)2), 28.31(ArCHCH3), 30.44 (CH(CHs)),
55.50 (ArCH(CHj)), 66.13 (NCH(R)CH20), 69.27 NCH(R)CH:0), 105.20, 112.70,
117.22, 121.78, 123.06, 125.52, 126.13, 127.0, 128.40, 129.30, 131.04 (CHarom), 134.43,
142.20, 147.95, 159.62, 160.73, 169.53 (Cguart). Anal. Calcd for C30H43N30S12Zn-0.2C7Hs:
C, 62.68; H, 7.47; N, 6.98. Found: C, 62.59; H, 7.25; N, 6.32.

Synthesis of [(L'%)ZnN(SiMes3)2] (2Kk). To a solution of ligand HL'¥ (333 mg, 1.081 mmol)
in toluene (6 mL), zinc bis(trimethylsilyl)amide (418 mg, 1.082 mmol) was added at room
temperature. After being stirred for 8 hr, the pale yellow colored solution was dried in
vacuo, and the residue was recrystallized from toluene at -30 °C to afford 2k (84 %, 483
mg) as light pinkish crystals. "H NMR (500.1 MHz; CDCls; 298 K; peaks for the minor
species are only partially identified due to overlap): Major: 0.06 (9H, s, CH3), 0.09 (9H, s,

CH3), 0.64 (3H, d, J = 7.12,CH(CHs),), 0.68 (3H, d, J = 7.12,CH(CHs),), 1.60 (1H, m,

102



CH(CHs)2), 4.09 (1H, m, NCH(R)CH:0), 4.28 (1H, t, /= 7.91, NCH(R)CH-0), 4.35 (1H,
t, J = 7.09, NCH(R)CH:0), 6.87 (1H, d, J = 9.210, m-PhHN), 7.10 (4H, m, ArH), 7.20-
7.25 (6H, m, ArH), 7.45 (2H, d, J=9.41, COPh-H), 7.73 (1H, d, /= 9.41, 0-PhHN). Minor:
0.59 (3H, d, J = 7.09, CH(CHs)2), 0.84 (3H, d, J = 7.06, CH(CH3)2), 1.86 (1H, m,
CH(CHs)2), 6.96 (1H, t, J = 9.49, m-PhHN), 7.62 (2H, d, J = 8.81, COPh-H), 7.69 (1H, d,
J =9.50, 0-PhHN). 3C NMR (125.8 MHz; CDCls; 298 K): Major: 5.95 (SiMes), 14.86
((CH)Mez), 18.93 ((CH)Mez), 30.24 ((CH)Mez), 67.56 (NCH(R)CH:0), 69.61
(NCH(R)CH:0), 121.32, 127.32, 128.28, 128.43, 129.22, 129.66, 130.66, 133.56, 138.05
(CHarom), 140.77, 151.41, 168.82, 176.34 (Cquart). Minor: 5.69 (SiMes), 15.58 ((CH)Me>),
19.26 ((CH)Me»), 31.13 ((CH)Mez), 68.03 (NCH(R)CH20), 69.98 (NCH(R)CH:0),
120.31, 127.63, 127.90, 128.53, 128.79, 129.06, 130.06, 132.98, 137.45 (CHarom), 139.58,
150.87, 168.40, 176.14 (Cquart). Anal. Caled. for CsoH74NsO4S14Zn,-0.4C7Hs: C, 57.49; H,
7.05; N, 7.62. Found: C, 57.88; H, 6.56; N, 7.65.

Synthesis of [(L!)ZnN(SiMes3)2] (21). To a solution of ligand HL! (68 mg, 0.211 mmol)
in toluene (6 mL), zinc bis(trimethylsilyl)amide (84 mg, 0.211 mmol) was added at room
temperature. After being stirred for 8 hr, the pale yellow colored solution was dried in
vacuo, giving the desired compound as yellow powder (98%, 113 mg). 'H NMR (500.1
MHz; CDCIls; 298 K; peaks for the minor species are only partially identified due to
overlap): Major: -0.04 (9H, s, CH3), 0.08 (9H, s, CH3), 0.62 (3H, d, J = 7.15,
CH>CH(CHs)2), 0.97 (3H, d, J = 6.80, CH2CH(CHs)2), 1.27 (1H, m, CH2CH(CH3)2), 1.50
(1H, m, CH>CH(CHs)2), 1.73 (1H, m, CH.CH(CH3)2), 3.75 (1H, t, J = 9.10,
NCH(R)CH:0), 4.50 (2H, t, J = 8.90, NCH(R)CH:0), 6.84 (2H, m, ArH), 7.04 (2H, m,

ArH), 7.16 (1H, m, ArH), 7.52 (1H, m, ArH), 7.63 (2H, m, ArH), 7.91 (1H, d, J = 8.10, o-
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PhAN). Minor: 0.52 (3H, d, J = 6.50, CH.CH(CH3)2), 1.04 (3H, d, J = 6.80,
CH2CH(CHs3)2), 1.24 (1H, m, CH2CH(CHs)2), 1.44 (1H, m, CH,CH(CH3)2), 1.93 (1H, m,
CH>CH(CH3)2), 4.00 (1H, m, NCH(R)CH20), 4.14 (1H, m, NCH(R)CH0), 4.22 (1H, m,
NCH(R)CH:0), 6.94 (2H, m, ArH), 7.36 (1H, m, ArH), 8.11 (1H, d, J = 7.50, o-PhHN).
3C NMR (125.8 MHz; CDCl3; 298 K): Major: 5.85 (SiMe3), 21.12 (CHCH»(CH3),), 22.36
(CHCH2(CHs)2), 24.01 (CHCH2(CHj3)2), 25.02 (CHCH2(CHs)2), 67.61 (NCH(R)CH-0),
74.55 (NCH(R)CH:20), 104.05, 113.12, 119.60, 124.26, 125.53, 128.46, 133.61, 138.10,
145.49 (CHarom), 158.19, 165.09, 169.50, 176.18 (Cguarr). Minor: 5.01 (SiMes3), 20.01
(CHCH2(CHs)2), 23.01 (CHCH2(CH3)2), 24.18 (CHCH2(CH3)2), 26.12 (CHCH2(CHz3)»),
69.76 (NCH(R)CH:0), 77.85 (NCH(R)CH:0), 104.35, 113.32, 119.01, 124.89, 126.01,
129.06, 133.89, 139.08, 145.01(CHarom), 158.59, 165.89, 170.04, 176.30 (Cquart).

Synthesis of [(L!™) ZnN(SiMe3)2] (2m). To a solution of ligand HL!™ (364 mg, 1.129
mmol) in toluene (15 mL), zinc bis(trimethylsilyl)amide (436 mg, 1.129 mmol) was added
at room temperature. After being stirred for 8 hr, the pale red colored solution was dried in
vacuo, giving the desired compound as yellow powder (86%, 531 mg). 'H NMR (500.1
MHz; CDCls; 298 K): -0.28 (9H, s, CH3), 0.07 (9H, s, CH3), 0.92 (6H, br, CH,CH(CH3)z2),
1.11 (2H, m, CH>CH(CH3)2), 1.31 (1H, m, CH2CH(CHz3)2), 1.54 (9H, s, C(CH3)3), 2.81
(1H, t, J = 8.83, NCH(R)CH:0), 3.69 (1H, t, J = 6.91, NCH(R)CH-0 ), 4.06 (1H, t, J =
8.49, NCH(R)CH:0), 6.86 (1H, t, J = 7.63, p-PhHN), 7.04 (1H, d, J = 8.23, m-PhHN),
7.32 (1H, t, J = 7.93, m-PhHN), 7.69 (1H, d, J = 7.93, 0-PhHN). *C NMR (125.8 MHz;
CDCls; 298 K): 5.20 (SiMes), 5.75 (SiMes), 21.28 (CHCH2(CH3)2), 23.68 (CHCH2(CHa3)»),
25.08 (CHCH2(CHs)2), 25.93 (C(CHa3)3), 43.17 (CHCH2(CH3)2), 59.56 (C(CHs)3), 65.30

(NCH(R)CH,0),70.51 (NCH(R)CH,0), 115.72, 119.02, 123.49, 131.09 (CHarom), 145.95,

104



154.52, 165.72 (Cgquart). Anal. Caled. for C23H43N302SS12Zn-0.3C7Hs: C, 52.51; H, 7.99; N,
7.29. Found: C, 52.69; H 7.66; N, 7.32.

Copolymerization of Cyclohexene Oxide/COz. In a glovebox, a 60 mL Teflon-lined Parr
high-pressure reactor vessel that was previously dried in an oven was charged with a zinc
catalyst (1 mol%) and CHO (1 equiv). The vessel was sealed, taken out of the glovebox,
and brought to desired temperature and CO> pressure. After the mixture was stirred for the
allotted time, it was cooled and a small aliquot of reaction mixture was taken for 'H NMR
spectroscopy to determine the conversion. When no further conversion was noted, the
polymerization mixture was transferred into a round-bottom flask with CH>Cl, (3-5 mL),
and the polymer was precipitated from addition of methanol (18-30 mL). After separation,
the polymer was dried in vacuo to constant weight to determine the yield. Molecular weight
(My) and PDIs were determined by GPC using polystyrene standards.

Hydrolysis of Polymers and Chiral GC Analysis. In a typical procedure, a small round
bottom flask was loaded with polycarbonate (20 mg, 0.141 mmol) and NaOH (11 mg,
0.281 mmol) in MeOH (4 mL). The mixture was refluxed for 3 h and then neutralized with
aq. HCI (1 M). The crude mixture was then extracted with ether. After drying over
anhydrous MgSQOs, a small aliquot was injected into a GC equipped with a Cyclodex-B
column to determine the enantiomeric excess of the 1, 2-frans cyclohexanediol (tr = 14.32
min for (S, S)-1, 2-trans cyclohexanediol, tr = 14.75 min for (R, R)-1, 2-trans
cyclohexanediol).

X-ray Crystallography. All data for compounds 2a, 2d, and 2k were collected on a Bruker
APEX-II CCD diffractometer. The intensity data were corrected for absorption and decay

(SADABS).*! The data were integrated with SAINT** and the structure was solved and
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refined using SHELXTL.* The factors for the determination of the absolute structure were
refined according established procedures.** Residue electrons were noted in the lattice of
2k, which were found with the SQUEEZE routine from the PLATON package® to be the
toluene solvate. X-ray crystal data, data collection parameters, and refinement parameters
are summarized in Table 1 and further crystallographic details can be found in Supporting

Information.
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CHAPTER-4
SYNTHESIS AND CHARACTERIZATION OF CHIRAL C>-SYMMETRIC
BIMETALLIC ZINC COMPLEXES OF AMIDO-OXAZOLINATES: ACTIVE
INITIATORS FOR ASYMMETRIC COPOLYMERIZATION OF CO2 AND
CYCLOHEXENE OXIDE
4.1. Introduction

It is highly desirable to develop synthetic strategies for making biodegradable
polymers using renewable resources instead of petroleum feedstocks, as depletion of
petroleum resources is growing at a rapid rate.! Carbon dioxide (COz) is one of the most
promising renewable resources because it is abundant, inexpensive, non-toxic, and non-
flammable.? In particular, significant efforts have been directed towards the catalytic

alternating copolymerization of aliphatic epoxides with carbon dioxide, due to a wide array

of applications of the resulting polymeric materials.> Plenty of monomeric metal

6 t’30,8

complexes including zinc,* aluminum,’ calcium,® chromium,” cobal cadmium,’

magnesium,'® and yttrium!!

supported by various ligand frameworks have been well
studied as viable initiators for the heterocoupling of cyclohexene oxide (CHO) with CO,.
In recent years, the bimetallic metal complexes have also drawn considerable
attention due to their promising applications in conventional catalysis in addition to their
structural features.'? Because of the cooperative effect between the two metal centers, these

dinuclear systems can exhibit enhanced catalytic activity in several catalytic reactions such

as olefin polymerization,'® and alternating copolymerization of CHO and CO, &%%1415 In

Reproduced with the permission of abbina et al. Organometallics 2012, 31, 7394—7403.
Copyright 2012 American Chemical Society.
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this context, a number of zinc based dinuclear complexes have been reported for
copolymerization of CO, with CHO (Figure 38)."

A well-defined, phenoxide-bridged dimeric zinc complex was reported by
Darensbourg et. al. for the alternating copolymerization of CO; with CHO, producing
corresponding copolymers with high molecular weight of up to 252,000 g/mol (Figure 38,
I).'® In 2003, a major breakthrough was reported by Coates and co-workers,*® in which a
bimetallic B-diketiminate zinc complex was shown to promote copolymerization of CO>
with cyclohexene oxide via a bimetallic enchainment process that operated by cooperative
effect between the two metal centers bridged by alkoxides (Figure 38, II). Furthermore,
Nozaki and co-workers reported a moderately selective chiral dimeric zinc catalyst for the

asymmetric alternating copolymerization of CO, and CHO (Figure 38, III).!7-!8
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Figure 38. A set of dinuclear zinc complexes
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Unlike the formation of the bimetallic complexes with bridging M-X bonds (X = OAc,
OMe, OPh, etc), Piesik ef al prepared a series of bimetallic zinc complexes of dinucleating
bis(B-diketiminate) ligands that are connected by three different rigid frameworks such as
meta-phenylene (Figure 38, V), para-phenylene, and 2, 6-pyridylene moieties.®
Copolymerization with meta phenylene bridged species was extremely fast while para-
phenylene bridged complexes were less active. Surprisingly, 2, 6-pyridylene connected
complexes were completely inactive even at very concentrated conditions. It emphasizes
the choice of an appropriate linker/spacer is indispensable to achieve the maximum
synergetic/cooperative effect between two metal centers. Lee and co-workers described a
series of extremely active zinc anilido-aldimine complexes (Figure 38, IV) for the
generation of poly(cyclohexene carbonate) even at very dilute conditions, giving

unprecedented TONs of 670-2980.14

Recently, we reported a series of novel mononuclear zinc complexes of amido-
oxazolinate ligands for asymmetric alternating copolymerization of CO2 and cyclohexene
oxide, affording moderate isotactic PCHC with up to 90 % carbonate linkages.** Since
bimetallic complexes are expected to have superior activity when compared to their
mononuclear counterparts, we set out to investigate the catalytic activity of bimetallic zinc
complexes of amido-oxazolinate ligands, which are obtained by connecting two
mononuclear zinc units with three different linkers. This also provides an opportunity to

study the influence of rigidity of the linker on the efficiency of catalysts.
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4.2. Results and Discussion
4.2.1. Ligand Design and Synthesis

The structure of linkers has shown profound effect on catalytic activity of the
bimetallic complex in alternating copolymerization of CHO/CO>.'** Depending on the
nature of the linker, the two chelating systems in bimetallic complexes can be oriented
either in face to face (such as V in Figure 38) or in parallel to each other (VII, Figure
38).!4¢19 Furthermore, the linker in bimetallic complexes should keep the two metal centers
in a proper distance (3.70 A 10 6.10 2\) to allow cooperative effects between the active
sites.’’ Because we are interested in investigating the effect of the linker in
copolymerization process, the following three readily available amine sources were
selected: ~ m-phenylenediamine,  4-(4 -aminobenzyl)  benzenamine, and 1,8-
diaminoanthracene.?’ We hypothesized that the ligand structure constructed with a 1,8-
diaminoanthracene linker provides the parallel arrangement while m-phenylenediamine
incorporated ligand allows metal centers in a face-to-face orientation. The ligand with
flexible linker, 4-(4’-aminobenzyl)benzenamine, may be amenable to both arrangements.

Synthetically we have constructed of a library of amido-oxazolinate lignads via
modified Buchwald-Hartwig coupling reaction,”! as palladium catalysis has been a
powerful methodology for the C-X (X=N, O, C) bond formation.?? 3 Initially, the same
synthetic procedure with PA(OAc)/BINAP was employed for the synthesis of binucleating
ligands. However, it yielded multiple products with poor yields, and two peaks for NH
protons around 9.65 and 9.74 ppm were observed in the 'H NMR spectrum. We then
performed the reaction using the second-generation Buchwald-Hartwig catalytic system,

as it is an effective catalytic system for the coupling of highly electron rich aryl halides
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with amines.”* Thus ligands la-lc were synthesized by a coupling reaction of
bromophenyl-substituted oxazolines with m-phenylenediamine using a combination of 3
mol% Pda(dba)s, 6 mol% rac-BINAP, and ‘BuONa in toluene at 120 °C (Scheme 5). The
reaction pattern with flexible linker, 4-(4’-aminobenzyl)benzenamine, was also similar to
that observed in the case of m-phenylenediamine. The desired pure products were obtained

in high yields (85-90 %) after purification by column chromatography.

HN—ClinkeD—NH, ~ Podba

] N\
rac-BINAP Q:NH HN:Q
'BUONa
©\( g g
\

O Toluene O\){R R/*K/O
Br NJ* ! 1

—Jinket>— k©ﬁf R, = (S)-Pr (1a)

Ry =(R)}Bu (1b)

R, =(S)'Pr (1c)

Scheme 5. Synthesis of binucleating ligands 1a-c¢

The obtained ligands were characterized by NMR spectroscopy ('H, °C, 'H-'H
COSY, HETCOR). 'H NMR spectra of 1a-1¢ were consistent with the C> symmetry of the
ligands. The analysis of *C NMR spectrum also further agrees with this interpretation
having a single set of peaks. For instance, the "H NMR spectrum of 1a has two up-field
doublets (0.99 and 1.09 ppm), one septet (1.81 ppm), three resonances between 4-5 ppm,
six peaks for aromatic protons (6.80-7.85 ppm), and a low intensity broad peak at 10.74
ppm for -NH proton consistent with the Cz2-symmetric environment of the ligand. The
resonance of the same -NH proton for the corresponding monomeric amido-oxazolinate
ligands was typically around 9.00-10.0 ppm.** This observation suggests stronger hydrogen

bond in 1a compared to its monomeric analogue. The two doublets in the up-field region
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indicate the non-equivalent nature of methyl protons of iso-propyl group. 'H NMR spectra
of ligand 1b and 1c¢ have similar features with la. The distinction between two

diastereotopic protons of -OCH> was identified by 'H-'H COSY and HETCOR NMR

spectroscopy (Figure 39).
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Figure 39. NMR spectra of ligand 1a: (a) 'H-'HCOSY and (b) 'H-DEPT-45 HETCOR

When the above synthetic route was employed for the synthesis of ligand 1d using
1,8-diaminoanthracene as a linker, the conversion is very poor (~10%) irrespective of
altering the reaction conditions such as heating the reaction mixture for prolonged times
and adding excess amounts of catalyst and base, presumably due to the low solubility of
1,8-diaminoanthracene in refluxing toluene. Since Ullmann-type copper (I) mediated
catalytic system is well known for the coupling of bromo substituted oxazolines with
various chiral amines,?® we attempted to use this catalytic system for the synthesis of ligand
(1d). Nonetheless, no significant improvement in the yield of the desired product was

observed, though in a few cases monoarylation products were observed. Recently,
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Beletskaya et al. reported pd(dba), based catalytic system for the diamination of 1,8-
dichloroanthracenes and 1,8-dichloroanthraquinones with different amines including
aliphatic and aromatic amines.?® Inspired by this result, we followed an alternative
synthetic route; starting from a new linker 1,8-dichloroanthraquinone instead of 1,8-
diaminoanthracene. Diamination of 1,8-dichloroanthraquinone was performed with 2-(S)-
4,5-dihydro-4-isopropyloxazol-2-yl)benzenamine,?’ giving the corresponding violet
compound 4 in good yield (97 %) after purification by column chromatography. The

characteristic -NH proton signal was observed in the low-field region of 11.58 ppm.

O )
©\( Pd(dba),/
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Scheme 6. Synthesis of ligand 1d
Reduction of 4 with excess sodium borohydride in refluxing anhydrous iso-
propanol®® yielded yellow compound 1d in moderate yield (61 %) (Scheme 6). In the
'THNMR spectra, two new sharp singlets at 8.47 and 9.39 ppm, characteristic peaks of
protons at 9 and 10 positions of the anthracene ring, were observed. It is also noticed that
the -NH proton and methine proton peaks in 2d shifted to low-field (12.58 ppm and 1.37

ppm respectively).
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4.2.2. Synthesis of Zinc Complexes
The monomeric zinc complexes of bidentate amido-oxazolinate ligands have been
prepared via metathesis with Zn[N(SiMes)2]2** Following a similar procedure, we
metallated the bischelating ligands (1a-1d) with two equivalents of Zn[N(SiMe3)2]2 in dry
toluene at room temperature, affording the homoleptic bimetallic zinc complexes (2a-2d)
as yellow precipitates in excellent yields (Scheme 7). These complexes have shown

pronounced sensitivity toward air and moisture as the monomeric zinc complexes.

QNH \HN:Q Q:N\Np
Zn-R  R-zn
=N N= - =N =

O ¥ 5 i *
\)\R1 R1/K/O 2 equiv o\)\R1 R1>K/O

Zn[N(SiMe3)o]>
1a-d R = N(SiMes),

1 equiv 2a-d
Zn[N(SiMe3)2]2

Scheme 7. Synthesis of zinc complexes 2a-2d and 3b
The obtained zinc complexes (2a-2d) haven been characterized by NMR
spectroscopy. The disappearance of the N-H signal of the ligand and the appearance of the
new broad peak for the 36 protons of silylamido group in the up-field region at -0.04 ppm
(2a), -0.03 ppm (2b), -0.17 ppm (2¢) demonstrate the formation of desired complexes (2a-
2¢). Interestingly, for complex 2d, two peaks that integrate 18H appeared in the region of
0.25 and -0.30 ppm for the silyl protons of —N(SiMe3)2 group. In all complexes, the
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resonances associated with the protons on the oxazoline ring and its substituents shifted
downfield in the 'H NMR spectrum. The same pattern is observed in the '*C NMR
spectroscopy as well. For instance, the signal for imine carbon in 2a appeared at 169.45
ppm, in comparison to 163.00 ppm in 1a. These observations confirmed the coordination
between zinc metal center and nitrogen donors of the ligand, and revealed that the C
symmetry of the ligands was retained in solution upon the complex formation. The
complete characterization is provided in the supporting information.

Along the dinuclear zinc complexes, a bis-ligated zinc complex 3b was also
synthesized to validate its activity in catalysis (see below). Treatment of ligand 1b with
exactly one equivalent of Zn[N(SiMes):]2 in dry toluene at room temperature gave complex
3b. Complex 3b was isolated as a yellow color powder in a good yield (76 %). 'H-NMR
spectrum of 3b features two different sets of peaks, indicating that two N,N-bidentate
moieties in 3b are in an asymmetric environment.

4.2.3. Copolymerization of CO2 and CHO

In our previous chapter, we performed the alternating asymmetric copolymerization
of CO2 and CHO using monomeric zinc complexes of amido-oxazolinates at 500 psi of
CO2 and 75 °C to give an alternating poly(cyclohexene carbonate) with 72 % m-centered
tetrads.** Here, we are interested in comparing the activity and selectivity of bimetallic and
monometallic zinc catalysts and understanding the possible co-operative effect in
bimetallic complexes. The standard copolymerization reactions were carried out in neat
CHO with a [Zn]/[cyclohexene oxide] ratio of 1:100 (Table 6). The effect of temperature
and pressure of CO; on the present system was studied using catalyst 2a. The selectivity

and percentage of polycarbonate linkages were determined by measuring the relative
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intensity of the methine proton signals of the carbonate linkage (6 = 4.6 ppm) of polymer.
At lower temperatures, catalyst 2a was more selective toward poly(cyclohexene ether)
(PCHE) formation without a detectable amount of poly(cyclohexene carbonate) (PCHC)
(Table 6, entry 1 and 2). In contrast, the monomeric zinc complexes showed no reactivity
at all at RT. The structure of the pure homopolymer was verified by an assignable signal
at 3.4 ppm (for the ether linkage) in the 'H NMR spectrum. In the *C NMR spectrum, two
broad peaks at 23.58 and 30.43 ppm for the methylene carbons of cyclohexene ring and a
sharp peak at 68.30 ppm for the methine carbons were observed. A sharp peak at 1068 cm™
!'and the absence of a peak around 1700-1740 cm™! in the FTIR spectrum further confirmed
the exclusive formation of poly(cyclohexene ether).

Table 6. Screening of the ceaction conditions for copolymerization of CO2 and CHO?

0] 0 o . 0

@ + Co, catalyst " {:5‘\0}’ . b i[\
entry temp. pressure t/h conv. yield M,® PDI carbonate ether

(°0) (psti) (%) (%)° (g/mol) linkage(%)° linkage(%)°

1 RT 500 48 97 76 139758 1.6 - 100
2 35 500 48 86 71 101182 1.6 - 100
3 50 100 48 72 41 8619 1.4 37 63
4 75 500 20 72 30 10566 1.4 78 22
5 100 500 20 84 17 304999 1.5 3 97
6" 75 500 20 54 25 4500 1.3 71 29
78 75 500 24 60 28 148857 1.6 8 92

“All the reactions were performed using 2a in neat CHO unless otherwise mentioned.
’Determined by "H NMR spectroscopy. ‘Isolated yields of the major products. “Determined
by GPC. “Carbonate linkages were determined by the integration of the methine protons of
PCHC at 4.46 ppm and ether linkages were determined by the integration of the methine
protons of PCHE at 3.4 ppm. "BwNI was added as cocatalyst. Toluene was used as
solvent

It is evident that the catalyst 2a turned its selectivity toward formation of

polycarbonate linkage with increasing temperature (Table 6, entry 3 and 4). At 500 psi of
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COy, 75 °C, 2a generated the polymer with 78 % carbonate linkages, comparable with
similar monomeric zinc complexes (~85 % polycarbonate linkage). However, a further
increase in reaction temperature (to 100°C) diminished the selectivity for polycarbonate
linkages (Table 6, entry 5). This behavior is quite similar to that observed in the case of
monomeric zinc complexes of amido-oxazolinate ligands. The combination of 2a and a co-
catalyst ("BusNI) did not improve the content of carbonate linkages in the polymer back
bone (entry 6). At moderately dilute conditions, bimetallic complexes have given improved
yields for CHO/CO> copolymers, because the viscosity of the reaction mixture is going
down while the local concentration of active sites remains relatively high.®*!° Surprisingly,
in the present system, dilution of the reaction mixture with toluene gave very high content
of polyether linkages (Table 6, entry 7). Overall these observations did not suggest the
presence of a cooperative effect between the two zinc centers towards the copolymerization
of CO2 and CHO. Interestingly, we observed very broad molecular weights in the case of
polymers that contained high ether linkages. This might be attributed to random
polymerization process. The polymers with carbonate linkages have molecular weights
closer to theoretical values.

Table 7. Asymmetric copolymerization of CO2 and CHO with catalysts 2a-2d and 3b*

entry catalyst conversion yield M8 PDI carbonate ether
(%)° (%)°  (g/mol) linkage(%)° linkage(%)°
1 2a 72 30 10566 1.4 78 22
2 2b 76 36 232211 1.6 9 91
3 2¢ 70 41 120288 1.6 7 93
4 2d 60 5 7792 1.1 50 50
5 3b 43 17 193520 1.2 3 97

“ All the reactions were performed with [CHO]:[catalyst] = 100:1 at 500 psi of CO, 75 °C
in neat CHO for 24 h. “Determined by 'H NMR spectroscopy. ‘Isolated yields of the major
products. “Determined by GPC. *Carbonate linkages and ether linkages were determined
by the relative intensity of methine protons of PCHC at 4.46 ppm and PCHE at 3.4 ppm
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To investigate the influence of linker architecture in bimetallic catalysis, complexes
2a-2d were employed for alternating copolymerization of CHO and CO under optimized
conditions (Table 7). While copolymerization with 2a gave 78% polycarbonate
incorporation in the polymer backbone, polymers obtained with complexes 2b-2¢ have
very low amount of carbonate linkages. Although catalysts 2a and 2b were incorporated
with the same linker, the activity of 2a is substantially higher than 2b towards
polycarbonates. It is believed that this negligible activity of 2b is due to the high steric
congestion around the metal center. Catalyst 2¢ with a flexible linker is also shown to have
high selectivity for the formation of poly(cyclohexene ether) (Table 7, entry 3). It is
reported that copolymerization activity is sensitive to the orientation of active sites;
bimetallic catalysts in which two metal centers are arranged in face-face orientation are
more active than their parallel counterparts.!¢ In agreement with the above observation,
copolymerization reaction with 2d gave alternating copolymer with moderate content

(50%) of polycarbonate linkage (Table 7, entry 4).

(a) ! |
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Figure 40. 'H NMR spectra (a) Crude reaction mixture generated by catalyst 2b (b)
Bis(amido-oxazolinate) zinc complex 3b
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Notably, a new set of signals were observed during the copolymerization process,
which were assigned to monomeric bis(amido-oxazolinate) zinc complex. This was
confirmed by comparison with independently prepared mononuclear compound 3b. The
"H NMR spectrum of the crude reaction mixture produced by catalyst 2b contained small
peaks in the regions of 3.50-4.50 and 6.00-7.80 ppm, in agreement with the formation of
monomeric bis(amido-oxazolinate) zinc complex (Figure 40).

The formation of low carbonate linkages can be attributed to conversion of
bimetallic species into monomeric bis-ligated complexes. It is known that bischelating type
complexes were inactive for copolymerization of CO, and CHO. We carried out a
copolymerization reaction with 3b at similar conditions, which indeed gave a polymer with
93% ether linkages (Table 7, entry 5). Howerer, when a solution of complex 2b in CsDs
(0.35 mL) was heated at 75 °C for 24 hr, 'H NMR analysis showed no formation of
bischelating zinc complex (3b). Only in the presence of CO;, the nearly quantitative
conversion of 2b to 3b could be observed, along with a small amount of pure ligand.
Obviously the transformation is not simply a ligand exchange reaction. At this moment,
we assume that this conversion has a significant role in providing high content of ether

linkages in the polymer chain.

The microstructure (tacticity) of the resulting PCHC was characterized by *C NMR
spectroscopy. According to the literature,'3¢?° four most prominent tetrad resonances
([mmm], [mmr], [mrm], and [mrr]) and two minor tetrad resonances ([rrr] and [rmr]) can
be found in the carbonyl region of the 3C NMR spectrum (154.0-153.30 ppm). In the case
of isotactic PCHC, the most intensive peak at 154.02 ppm corresponds to m-centered

tetrads ([mmm] and [mmr]) while the remaining two upfield resonances at 6 = 153.50 and
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153.35 ppm were assigned to r-centered tetrads ([mrm] and [mrr]). Along with the
distinctive resonances in carbonyl region, two series of methylene triads resonances ([mm],
[mr], and [rr]) corresponding to two non-equivalent methylene carbons of PCHC were
observed in '*C NMR spectrum. The two downfield resonances (5 = 29.91 and 23.28 ppm)
correspond to [mm] triads, the two triads at 6 = 29.59 and 23.06 correlates to [mr] triads,

and the two highfield resonances (0=29.05 and 22.54) can be attributed to the [rr] triads.

164 183 54 23 22 131 30 29

Figure 41. 13C NMR spectrum of the poly(cyclohexene carbonate) generated by catalyst
2d: (a) carbonyl region; (b and ¢) methylene region

On the basis of these assignments, poly(cyclohexene carbonate) obtained from 2a
is moderately isotactic with 75 % m-centered tetrads (see supporting information), higher
than that obtained with the monomeric analogues. Remarkably, the 1*C NMR spectrum of
PCHC generated by 2d showed a large peak at 153.40 ppm correlating to the two combined
[mmm] + [mmr] tetrads with very few additional resonances (Figure 41). This revealed that
the obtained PCHC is highly isoenriched. To the best of our knowledge, this is the highest
isoselectivity achieved for a bimetallic zinc catalyst in the copolymerization of CO2 and
CHO. In both cases, the other two characteristic tetrads in isotactic polymers [rmr] and
[rrr] were not observed. For highly isotactic PCHC, it is noticeable that the intensity of [7r]
triads is almost negligible. Such a highly selective PCHC was not generated in the case of
monomeric zinc complexes of amido-oxazolinate ligands. The high selectivity might be

due to the crowdedness around the reaction pocket created by the rigid linker in 2d.
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However, the stereoselectivity of catalyst 2a, obtained by determination of enantiomeric
excess 1,2-trans-cyclohexanediol produced from the hydrolysis of the PCHC, is low
(SS/RR: 42/58). Future studies will be directed toward the mechanistic aspects of this
copolymerization process.
4.3. Conclusion

In summary, a series of new chiral bimetallic zinc complexes (2a-2d) has been
synthesized via metathesis of C>-symmetric, dianionic, amido-oxazolinate ligands (1a-1d)
with Zn[N(SiMe3)2]2 in dry toluene. The formation of these complexes was identified by
different NMR spectroscopic techniques (‘H NMR, 3C NMR, COSY ('H-'H), and
HETCOR) and elemental analysis. A monometallic bis(amido-oxazolinate) zinc complex,
3b, was also synthesized to verify its catalytic activity for copolymerization of CO, and
CHO. Although the transformation of bimetallic catalytic systems into bis-ligated
complexes was observed, catalysts 2a and 2d are shown to be viable initiators for
copolymerization of CO; and CHO. Catalyst 2d, with the two metal centers oriented
parallel to each other, is moderately active (yielding 50 % polycarbonate content) and
generates highly isotactic PCHC.

4.4. Experimental Section

General Procedures: All reactions that involved air and/or moisture sensitive compounds
were carried out using Schlenk line and glove box techniques. All chemicals were
purchased from Aldrich except where noted. Toluene was distilled from Na/benzophenone.
CDCI; and C¢Dgs were dried over CaHz and Na/benzophenone, respectively, and distilled
and degassed prior to use. Carbon dioxide (Airgas, high purity, 99.995%) was used as

received. Cyclohexene oxide was distilled from CaH; following three freeze—pump—thaw
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cycles and stored in a glove box prior to use. Zinc bis(trimethylsilyl)amide was prepared
according to the literature.’® NMR spectra (‘H and '’C) were recorded on a Bruker
AVANCE-500 NMR spectrometer. Chiral GC analysis was carried out on an Agilent 7890
with FID detector using a chiral column (cyclodex-B, 30 m x 0.250 mm x 0.25 um). The
temperature program was as follows: injector temperature 250 °C, detector 300 °C, oven
initial temperature 120 °C, hold for 30 min, ramp at 30 °C/min to 200 °C, hold for 10 min.
Inlet flow: 85 mL/min (split mode, 68:1). Gel permeation chromatography (GPC) analysis
was performed on a Varian Prostar, using a PLgel 5 um Mixed-D column, a Prostar 355
RI detector, and THF as eluent at a flow rate of 1 mL/min (20 °C). Polystyrene standards
were used for calibration.

Synthesis of Lignads

Synthesis of ligand 1a. An oven dried round bottom flask was loaded with (S)-2-(2-
bromophenyl)-4,5-dihydro-4-isopropyloxazole (506 mg, 1.887 mmol), benzene-1,3-
diamine (102 mg, 0.944 mmol), Pd»(dba)z (52 mg, 6 mol%), rac-BINAP (71 mg, 12 mol%
), sodium tert-butoxide (363 mg, 3.774 mmol), and dry toluene (25 mL) in a glove box.
The resulting solution was refluxed for 20 hr and reaction mixture was filtered through a
fritted funnel. The filtrate was concentrated and subjected to purification by silica gel
chromatography (100:5 hexane/ethyl acetate) to afford the pure product as a yellow viscous
liquid. Yellow-orange crystals were grown by slow evaporation of the diethylether solution
of 1a (401 mg, 88 %). 'H NMR (500.1 MHz; CDCls, 298 K) 0.99 (3H, d, J = 6.77,
CH(CH3)2), 1.09 (3H,d,J=6.87 ,CH(CH3)2), 1.81 (1H, m, CH(CH3)2), 4.06 (1H, t, J =
8.18, NCH(R)CH>0), 4.14 (1H, m, NCH(R)CH-0), 4.40 (1H, t, J = 8.70 , NCH(R)CH>0),

6.80 (1H, t, J = 7.78, p-PhH(CsH0NO)NHPh), 6.99 (1H, d, J = 8.18, 0-PhH(C12H,5N20)2)
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, 723 (1H, s, o0-PhH(C12H1sN20)2), 7.31 (2H, m, m-PhH(C¢H10NO)NHPh, m-
PhH(C12H15N20)»), 7.48 (1H, d, J = 8.52, 0-PhH(CsH10NO)NHPh), 7.84 (1H, d, J = 8.69,
m-PhH(C12H15sN20)»), 10.74 (1H, br, NH). '3C NMR (125.8 MHz; CDCl3,298 K): 19.11
((CH)Mez), 19.28 ((CH)Me2), 33.67 ((CH)Me2), 69.50 (NCH(R)CH20),
73.23(NCH(R)CH20), 110.80, 113.71, 113.86, 11548, 117.33, 130.13, 130.22,
(CHarom),132.18, 142.87, 145.59, 163.80 (Cquart).

Synthesis of ligand 1b. An oven dried round bottom flask was loaded with (R)-2-(2-
bromophenyl)-4,5-dihydro-4-isobutyloxazole (120 mg, 0.425 mmol), benzene-1,3-
diamine (23 mg, 0.213 mmol), Pd>(dba); (12 mg, 6 mol%), rac-BINAP (16 mg, 12 mol%
), sodium tert-butoxide (82 mg, 0.852 mmol), and dry toluene (10 mL) in a glove box. The
resulting solution was refluxed for 20 hr and reaction mixture was filtered through a fritted
funnel. The filtrate was concentrated and subjected to purification by silica gel
chromatography (100:5 hexanes/ethyl acetate) to afford the pure product as yellow viscous
liquid (93%, 101 mg). '"H NMR (500.1 MHz; CDCls, 298 K) 1.0 (6H, d, J = 5.36,
CH2CH(CHs3)2), 1.40 (1H, m, CH2CH(CHs)2), 1.66 (1H, m, CH,CH(CH3)2), 1.87 (1H, m,
CH>CH(CH3)), 3.88 (1H, t, J = 6.80, NCH(R)CH:0), 4.41 (2H, m, NCH(R)CH:O,
NCH(R)CH:0), 6.74 (1H, t, J = 7.37, p-PhH(CcH10NO)NHPh) 6.94 (1H, d, J = 7.90, o-
PhH(C12H1sN20)2)), 7.15 (1H, s, o0-PhH(C13Hi7N20)2), 7.26 (2H, m, m-
PhH(CsH10NO)NHPh, m-PhH(C12Hi1sN2O)), 7.39 (1H, d, J = 844, o-
PhH(C7H12NO)NHPh), 7.78 (1H, d, J = 7.89, m- PhH(C7H12NO)NHPh), 10.55 (1H, br,
NH). BC NMR (125.8 MHz; CDCls; 298 K): 22.90 (CH2CH(CHs)), 23.21

(CH,CH(CHs)2), 26.07(CH.CH(CHa),), 45.86 (CH,CH(CHa)y), 65.36 (NCH(R)CH,0),
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71.73 (NCH(R)CH20), 110.77, 113.76, 114.22, 115.91, 117.25, 130.12 (CHarom),132.09,
142.79, 145.65, 163.68 (Cquart).

Synthesis of ligand 1c. An oven dried round bottom flask was loaded with (R)-2-(2-
bromophenyl)-4,5-dihydro-4-isobutyloxazole (514 mg, 1.917 mmol), 4-(4-
aminobenzyl)benzenamine, (190 mg, 0.958 mmol) Pdx(dba)3;(53 mg, 6 mol%), rac-
BINAP(72 mg, 12 mol% ), sodium tert-butoxide (368 mg, 3.834 mmol), and dry toluene
(26 mL) in a glove box. The resulting solution was refluxed for 20 hr and reaction mixture
was filtered through a fritted funnel. The filtrate was concentrated and subjected to
purification by silica gel chromatography (100:5 hexane/ethyl acetate) to afford the pure
product as a yellow viscous liquid (480 mg, 87.4%). 'H NMR (500.1 MHz; CDCls. 298
K) 0.90 (3H, d, J = 6.71, CH(CH3)2), 0.96 (3H, d, J = 6.62, CH(CH3)2), 1.80 (1H, m,
CH(CHs)2), 3.95 (1H, s, CH2(Ph)2), 4.03 (1H, t, J = 8.07, NCH(R)CH:0), 4.13 (1H, m,
NCH(R)CH20), 4.36 (1H, t, J = 8.79, NCH(R)CH:0), 6.73 (1H, t, J = 7.44, p-
PhH(C¢H10NO)NHPh), 7.19 -7.25 (2H, m, ArH), 7.26 (1H, d, J = 6.97, 0-PhHCH?) 7.32
(1H, d, J = 8.44, m-PhHCH>), 7.74 (1H, d, J = 8.17, m-PhH(CsH10NO)NHPh), 10.58 (1H,
br, NH). C NMR (125.8 MHz; CDCl3; 298 K): 18.98 ((CH)Me>), 19.21 ((CH)Me>), 31.78
((CH)Me»), 41.04 (CH2(Ph)2), 69.21 (NCH(R)CH20), 73.08 (NCH(R)CH:0), 110.32,
113.19, 116.81,122.13, 129.87, 130.11 (CHarom),132.07, 136.09, 139.70, 146.14, 163.82
(Cquat).

Synthesis of 1,-8-bis(2-(4,5-dihydro-4-isopropyloxazol-2-yl)phenylamino) anthracene
-9,10-dione (4). An oven-dried Schlenk flask was loaded with 1,8-dichloroanthracene-
9,10-dione (68 mg, 0.244 mmol), 2-(S)-4,5-dihydro-4-isopropyloxazol-2-yl)benzenamine

(150 mg, 0.733 mmol), Pd(dba), (11 mg, 8 mol%), rac-BINAP (18 mg, 12 mol%),
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Cs2C03(239 mg, 0.733 mmol), and dry 1,4-dioxane (10 mL) in a Glove box. After the
reaction mixture was refluxed for 48 hr, the resulting solution was filtered and the filtrate
was concentrated. The violet residue was purified by column chromatography (100:10
hexane/ethyl acetate) to give a violet pure product (97%, 145 mg). 'H NMR (500.1 MHz;
CDCl;,298 K) 0.67 (3H, d, J = 6.84, CH(CH3)2), 0.84 (3H, d, J = 6.66, CH(CH3)2), 1.61
(1H, m, CH(CH3)2), 4.00 (1H, m, NCH(R)CH-0), 4.12 (1H, t, J = 4.12, NCH(R)CH20),
430 (1H,t,J=8.37, NCH(R)CH:0), 7.07 (1H, t, J=7.51, p-PhH(CsH10NO)Ar), 7.39 (1H,
t, J =8.18, m-PhH(CsH10NO)Ar ), 7.47 (1H, t, J=7.75, ArH), 7.54 (1H, d, J = 8.32, ArH),
7.73 (1H, d, J = 8.58, 0-PhH(CsH10NO)Ar), 7.83 (1H, d, J = 7.36, ArH), 7.89 (1H, d, J =
8.06, m-PhH(Cs¢H10NO)ATr ), 12.05 (1H, br, NH).

Synthesis of ligand 1d. To a solution of 1, 8-bis(2-(4,5-dihydro-4-isopropyloxazol-2-
yl)phenylamino) anthracene-9,10-dione (132 mg, 0.215 mmol) in anhydrous isopropanol
(10 mL), excess sodium borohydride (90 mg, 2.371 mmol) and sodium hydroxide (2 mg,
0.046 mmol ) were added under nitrogen gas. The mixture was refluxed for 12 hr. The
reaction progress was monitored with TLC (10:2 hexane/ethylacetate). The volatiles were
removed by rotavapor and the residue was purified by column chromatography (100:8
hexane/ethyl acetate system) to afford the pure product (61 %, 76 mg). 'H NMR (500.1
MHz; CDCl;;298 K) 0.52 (3H, d, J = 6.83, CH(CH3)2), 0.53(3H, d, J = 6.53, CH(CH3)>),
1.37 (1H, m, CH(CHz)), 3.70 (1H, m, NCH(R)CH:0), 3.88 (1H, t, J = 8.81,
NCH(R)CH:0), 4.32 (IH, t, J = 8.50, NCH(R)CH:0), 6.80 (1H, t, J = 7.65, p-
PhH(CsHioNO)Ar), 7.33 (1H, t, J = 8.21, m-PhH(CsH10NO)Ar), 7.48 (1H, t, J = 7.75,
ArH), 7.64 (1H, d, J = 7.06, ArH), 7.67 (1H, d, J = 8.47, 0-PhH(CcH10NO)Ar), 7.76 (1H,

d, J = 8.73, ArH), 7.87 (1H, d, J = 7.86, m-PhH(CsH0NO)Ar), 8.47 (1H, s, ArH ), 9.39
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(1H, s, ArH), 11.58 (1H, br, NH). '*C NMR (125.8 MHz; CDCl3.298 K): 18.79 ((CH)Me>),
19.00 ((CH)Me2), 33.43 ((CH)Mez), 69.70 (NCH(R)CH20), 73.10(NCH(R)CH:0),
110.98,113.41,115.13,116.34,117.13, 122.88, 125.69, 127.04, 127.80 (CHarom), 129.94,
132.16, 133.40, 138.08, 146.30, 163.72 (Cquart).

Synthesis of Zinc Complexes

Synthesis of zinc complex 2a. An oven dried Schlenk flask was loaded with ligand 1a
(150 mg, 0.311 mmol) and Zn[N(SiMe3)>] (0.250 mL, 0.622 mmol) in toluene (6 mL) in a
glove box and the resulting yellow solution was stirred for 8 hr at room temperature. All
volatiles were removed in vacuo to afford the pure product as yellow powder; yield: 225
mg (78 %). 'H NMR (500.1 MHz; CDCl3; 298 K) -0.04 (18H, br, N(Si(Me)3)2), 0.85 (3H,
d,J=6.73, CH(CHs)2), 1.0(3H,d,J=7.15, CH(CHs)2),2.51 (1H, m, CH(CHa)>), 4.38
(1H, t, J = 7.16, NCH(R)CH20), 4.42 (1H, t, J = 8.86, NCH(R)CH:0), 4.51 (1H, m,
NCH(R)CH:0), 6.44 (1H, t, J = 7.61, p-PhH(CsHioNO)NPh), 6.88 (1H, br, o-
PhH(C¢H10NO)NPh), 6.88 (1H, br, o-PhH(C12H1sN2O)2), 7.09 (1H, t, J = 8.34, m-
PhH(C¢H10NO)NPh ), 7.26 (1H, s, o-PhH(C12H15N20)2), 7.41 (1H, t, J = 7.92, m-
PhH(C12H15N20),), 7.77 (1H, d, J = 8.18, m-PhH(C12HisN20),). '*C NMR (125.8 MHz;
CDCl3, 298 K): 5.10 (N(SiMe3)2), 14.67 ((CH)Mez), 19.35 ((CH)Mez), 30.80 ((CH)Me»),
66.35 (NCH(R)CH:0), 69.31 (NCH(R)CH:0), 104.26, 113.24, 117.86, 122.66, 128.47,
129.27 (CHarom),131.31, 134.00, 157.98, 169.45 (Cquat). Anal. Calcd. for
Ca2HesN6O2S14Zn,.C7Hs: C, 57.45; H, 7.48; N, 8.20. Found: C, 57.03; H, 6.93; N, 8.33.
Synthesis of zinc complex 2b. Complex 2b was synthesized according to the same
procedure as described for 2a. Ligand 2b (217 mg, 0.425 mmol), Zn[N(SiMe3)2]> (0.34

mL, 0.850 mmol), and toluene (10 mL) were used. The pure product was obtained as
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yellow powder (347 mg, 85 %). 'H NMR (500.1 MHz; CDCls; 298 K) -0.03 (18H, br,
N(Si(Me)3)2), 1.03 (6H, d, J = 7.03, CH.CH(CH3)2), 1.51 (1H, m, CH,CH(CHj3)2), 1.68
(1H, m, CH,CH(CH3)2), 2.31 (1H, m, J = , CH,CH(CH3),), 4.15 (1H, t, J = 8.38,
NCH(R)CH:0), 4.53 (1H, m, NCH(R)CH20), 4.64 (1H, t, J = 8.98, NCH(R)CH-0), 6.43
(1H, t, J = 7.58, p-PhH(CcH10NO)NPh), 6.88 (1H, br, 0-PhH(CsH10NO)NPh), 6.88 (1H,
br, o-PhH(C12H15N20)2), 7.08 (1H, t, J = 7.61, m-PhH(C¢H10NO)NPh ), 7.19 (1H, s, o-
PhH(C12H15N20)2), 7.40 (1H, t, J = 7.92, m-PhH(C12H15N20)2), 7.77 (1H, d, J = 8.07, m-
PhH(C12H1sN20),)."*C NMR (125.8 MHz; CDCls; 298 K): 5.18 (N(SiMes),), 21.93
(CH2CH(CHs)2), 24.0 (CH2CH(CHs)2), 25.94(CH2CH(CHa;)2), 45.32 (CH2CH(CHs)»),
63.64 (NCH(R)CH20), 71.81 (NCH(R)CH20), 104.51, 113.28, 117. 90, 118.02, 122.54,
123.81 (CHarom), 131.39, 133.39, 157.86, 169.38 (Cquart). Anal. Calcd. for
C44H72N6O»2S1aZny: C, 55.04; H, 7.56; N, 8.75. Found: C, 55.06; H, 6.26; N, 7.41.

Synthesis of zinc complex 2¢. Complex 2¢: Complex 2¢ was synthesized similarly as 2a:
Ligand 2¢ (88 mg, 0.153 mmol), Zn[N(SiMe3)2]2 ( 0.13 mL, 0.307 mmol), and toluene (4
mL) were used. Pure product was isolated as yellow powder in good yield (128 mg, 82 %).
'H NMR (500.1 MHz; CDCl3,298 K) -0.23 (18H, br, N(Si(Me)3)>), 0.89 (3H, d, J = 6.75,
CH(CH3)2), 1.03 (3H, d, J = 7.11, CH(CH3)2), 2.48 (1H, m, CH(CH3),), 4.04 (1H, s,
CH>(Ph).), 437 (1H, t, J = 6.91, NCH(R)CH-0), 4.43 (1H, t, J = 8.75, NCH(R)CH-0),
4.51 (1H, m, NCH(R)CH20), 6.41 (1H, t, J = 7.34, p-PhH(C¢H10NO)NHPh), 6.75 (1H,
d, J=8.80, 0-PhH(C¢H10NO)NHPh ), 6.96 (2H, d, /= 8.07, 0-PhHCH>), 7.07 (1H, t, J =
7.98, m-PhH(CsH10NO)NHPh), 7.14 (2H, d, J = 8.42, m-PhHCH>), 7.80 (1H, d, J = 8.25,
m-PhH(CsHioNO)NHPh ) *C NMR (125.8 MHz; CDCl3, 298 K): 4.93 (N(SiMes),), 5.18

(N(SiMes),), 14.89 ((CH)Me,), 19.45 ((CH)Me,), 30.89 ((CH)Mey), 41.08 (CHa(Ph)y),
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67.87 (NCH(R)CH:0), 69.76 (NCH(R)CH20), 104.24, 113.19, 117.28, 125.54, 126.77,
130.48 (CHarom), 131.52, 134.11,148.24, 157.35, 168.10 (Cquat).

Synthesis of zinc complex 2d. This complex was prepared according to the procedure
described for complex 2a. Ligand 2d (19 mg, 0.033 mmol), Zn[N(SiMes)2]2 (27 uL, 0.066
mmol), and toluene (3 mL) were used and 2d was obtained in a good yield as a yellow
powder (30 mg, 87 %). 'H NMR (500.1 MHz; CsDs; 298 K) -0.30 (9H, br, N(Si(Me)s3)2), -
0.29 (9H, s, N(Si(Me)3)2), 0.67 (6H, d, J = 6.83, CH(CH3)2), 2.45 (1H, m, CH(CHs)2), 3.90
(1H, t, J = 7.84, NCH(R)CH:0), 4.04 (1H, t, J = 9.27, NCH(R)CH20), 4.19 (1H, m,
NCH(R)CH:0), 6.20 (1H, t, J=7.17, ArH), 6.67 (1H, d, J = 8.75, ArH), 6.82 (1H, t, J =
7.10, ArH), 7.32 (1H, s, ArH), 7.40 (1H, d, J = 6.67, ArH), 7.44 (1H, t, J = 8.53, ArH),
7.73 (1H, d, J = 8.43, ArH), 7.83 (1H, d, J = 8.52, ArH), 8.31 (1H, s, ArH). °C NMR
(125.8 MHz; CDCl3;298 K): 3.73 (N(SiMes)2), 16.35 ((CH)Mez), 17.55 ((CH)Me»), 28.97
((CH)Me»), 69.76 (NCH(R)CH:0), 69.31 (NCH(R)CH:0), 107.33, 110.62, 118.20,
119.50, 120.06, 124.83, 126.44, 126.63, 126.92 (CHarom), 129.23, 131.73, 133.26, 134.40,
145.16, 168.10 (Cquart).

Synthesis of zinc complex 3b. A solution of ligand 1b (180 mg, 0.352 mmol) and
Zn[N(SiMes)2]2 (0.14 mL, 0.360 mmol) in dry toluene was stirred for 8 hr at RT. All
volatiles were removed in vacuo to afford yellow solid (153 mg, 76 %). 'H NMR (500.1
MHz; CDCl;; 298 K) 0.58 (6H, d, J = 6.23, CH.CH(CHs)2), 0.65 (6H, d, J = 6.23,
CH2CH(CHs3)2), 0.94 (1H, br, CH.CH(CHa)2), 1.29 (1H, br, CH.CH(CH3)2), 1.39 (1H, br,
CH>CH(CHj3)2), 1.63(2H, br , CH.CH(CH3)2), 1.86 (1H, br, CH.CH(CH3)2), 3.85 (1H, t, J
= 9.11, NCH(R)CH:0), 391 (1H, t, J = 8.81, NCH(R)CH:0), 4.11 (1H, br,

NCH(R)CH:0), 4.38 (1H, br, NCH(R)CH:0), 4.53 (1H, t, J = 8.64, NCH(R)CH-0), 4.59
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(1H, t, J = 8.39, NCH(R)CH:0), 6.05 (1H, m, p-PhH(CsH10NO)NPh), 6.14 (3H, br, o-
PhH(CsHioNO)NPh), 6.27 (1H, m, o-PhH(Ci2H15sN2O),), 6.73 (1H, d, J = 8.96, m-
PhH(CsH1oNO)NPh ), 6.80 (1H, d, J = 8.97, m-PhH(C¢H10NO)NPh ), 6.89 (3H, m, m-
PhH(CsH1oNO)NPh ), 7.14 (1H, d, J = 6.56, m-PhH(C¢H10NO)NPh ), 7.59 (1H, t, J = 8.90,
m-PhH(CsH1oNO)NPh ). 3C NMR (125.8 MHz; CDCl3; 298 K): 21.70 (CH2CH(CHj3),),
22.47,22.49, 22.56, 22.66 25.52, 25.72, 45.45, 45.54, 63.47, 63.98, 71.78, 72.71, 104.39,
14.97, 117.71, 118.09, 119.08, 122.75, 125.53, 128.46, 129.29, 129.88, 131.18, 133.04,
138.10, 158.12, 158.32, 168.35, 168.42. Anal. Calcd. for C32H36N402Zn.CH2Cl2: C, 60.14;
H, 5.81; N, 8.50. Found: C, 60.18; H, 5.81; N, 8.52.

Copolymerization of cyclohexene oxide/CO:. In a Glovebox, a 60 mL Teflon-lined Parr
high-pressure reactor vessel that was previously dried in an oven was charged with a zinc
catalyst (1 mol %) and CHO (1 equiv). The vessel was sealed, taken out of the Glovebox,
and brought to desired temperature and CO> pressure. After the mixture was stirred for the
allotted time, it was cooled and a small aliquot of reaction mixture was taken for 'H NMR
spectroscopy to determine the conversion. When no further conversion was noted, the
polymerization mixture was transferred into a round-bottom flask with CH>Cl» (3—5 mL)
and the polymer was precipitated from addition of methanol (18—30 mL). After separation,
the polymer was dried in vacuo to constant weight to determine the yield.

Hydrolysis of polymers and chiral GC analysis. In a typical procedure, a small round-
bottom flask was loaded with polycarbonate (20 mg, 0.141 mmol) and NaOH (11 mg,
0.281 mmol) in MeOH (4 mL). The mixture was refluxed for 4 h and then neutralized with
HCl(ag) (1 M). The crude mixture was then extracted with ether. After drying over

anhydrous MgSQOs, a small aliquot was injected into a GC equipped with a Cyclodex-B
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column to determine the enantiomeric excess of the 1,2-trans-cyclohexanediol (tr = 14.32
min  for (§,5)-1,2-trans-cyclohexanediol, @® = 14.75 min for (RR)-1,2-

transcyclohexanediol).
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CHAPTER 5

RING OPENING POLYMERIZATION OF LACTIDES WITH ZINC COMPLEXES OF
AMIDO-OXAZOLINATES: GENERATION OF HIGHLY ISOTACTIC
POLY(LACTIDE)

5.1. Introduction

Poly(lactide) (PLA) is a linear aliphatic polyester, derived from ring opening
polymerization (ROP) of a cyclic dimer of lactic acid, i.e., lactide, which is produced by
fermentation of biomass followed by chemical depolymerization.!*** The most commonly
used biomass-feedstock for the production of PLA are corn, tapioca roots, sugarcane, sugar
beets, wheat, and other starch-enriched products.>>® Nowadays, PLA is becoming a
promising bio-derived polymer that can be used in variety of applications ranging from
bulk commodity materials to bio-medicinal products such as fibers, staples, sutures, drug
delivery agents, and artificial tissue matrices.”®%!%!! The plausible micro structures of PLA
via ROP process will depend on catalyst, monomer, and reaction conditions. ROP of
racemic or meso lactides can provide different microstructures as they are associated with
two different chiral centers (Scheme 7). The control of tacticity or microstructures of the
poly(lactide) via stereoselective ROP of rac-lactides has received significant attention, as
microstructures of the PLA have profound influence on their physical, thermal, mechanical
as well as their degradation properties.!>!31415:16 For instance, pure isotactic PLA has a
melting point (7m) of 180 °C and glass transition temperature (7g) of 50°C, whereas

heterotactic PLA, a semicrystalline polymer, possesses a Tm of 130 °C and insignificant
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glass transition temperature. Interestingly, a stereoblock PLA that is a 50:50 mixture of
PLLA and PDLA is a highly crystalline material than heterotactic and isotactic PLLA or
PDLA and displays T and T of up to 230°C and 58°C respectively.'"!” Stereoblock PLAs
accommodating poly(ethylene glycol) are found with faster degradation as well as shorter
erosion times than corresponding isoenriched PLAs.!8!3 Several metal alkoxides, such as
Sn(R-CO0),,!*?21 A](OR); 222 are well-known for ROP of racemic or meso-lactides,
however, they yielded amorphous atactic PLAs with random arrangements of
stereosequences (-RSSRSRSRSR- for meso lactide and RRSSSSRR- for rac-lactides)
(Scheme 7). To achieve the desired control in stereoselective ROP, a single site catalyst
with well-defined chiral pocket is required.

Over the past three decades, a wide variety of single-site catalysts, using different
metal centers including Zn,>* A1,> In,® Mg,?’ and rare earth metals®® have been developed
for stereoselective ROP of rac-lactides. Many studies confirmed that ROP of rac-lactides
followed coordination-insertion chain growth mechanism; polymerization proceeds with

retention of configuration of the lactide monomer by cleavage of its acyl-oxygen bond.'*#?

Atactic

Heterotactic

Isotactic stereoblock

rac- lactide

Scheme 7. Microstructures derived from ROP of rac-lactides
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Spassky and co-workers first reported a chiral salen complex [(R)-(SalBinap)-AIOCH3] for
ROP of rac-lactide that exhibited a kinetic preference for (R,R)-enantiomer than (S,S)-
enantiomer (20:1), yielding a stereoblock PLA with Ty of 187 °C (Scheme 17).3° In another
study, Duda er al employed chiral Schiff’s base/aluminum alkoxide catalytic system for
ROP of rac-lactides to produce stereo block PLA that has very high melting point (7w) of
210 °C.’!

Later on, Coates and co-workers have shown that zinc complexes of f-diketiminate
ligands are active initiators for ROP of rac-lactides, producing highly stereoregular
heteotactic PLA (P; = 0.94) via chain-end control mechanism *2. Subsequently, Chisholm
and co-workers showed that zinc complexes of [-diketiminate ligands with
monosubstituted aryl N-substituents can polymerize rac-lactides and generate the highly
selective heterotactic PLA (P; = 0.90).%* Schaper and co-workers have reported that zinc
complexes of chiral diketiminate ligands with aliphatic substituents are effective initiators
for ROP of rac-lactides, yielding heterotactic PLA (P: = 0.84-0.87).>* More recently,
Rodriguez and co-workers reported the synthesis of isotactic PLA (Pm = 0.77) from ROP
of  rac-lactide using an alkylzinc complex of enantiopure  hybrid
scorpionate/cyclopentadiene ligand, controls the stereochemistry by enantiomorphic site
control mechanism.* Although zinc-based catalysts are among the most active initiators
for ROP of rac-lactides, generation of highly selective stereoblock PLA using zinc based
initiators is still a significant scientific goal.

Recently, we reported the synthesis of a family of mononuclear zinc complexes of

amido-oxazolinate ligands for asymmetric alternating copolymerization of CO» and
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cyclohexene oxide, yielding a moderate isotactic PCHC.*® We hypothesized that our
present system controls the stereochemistry of the polymeric chain by an enantiomorphic
site control mechanism; however, this mechanism may be competitive with a chain-end
control mechanism, since the obtained poly(cyclohexene carbonates)s are moderately
isotactic. These results intrigued us to investigate the efficiency and stereo selectivity of
our catalytic systems for ROP of rac-lactides. Herein, we expand our initial discoveries in
ROP of rac-lactides using zinc complexes of amido-oxazolinate ligands.
5.2. Results and Discussion
5.2.1. Synthesis of Zinc Amide Complexes

Our previous results showed that the monomeric zinc complexes of amido-
oxazolinate ligands were viable catalysts for the asymmetric alternating copolymerization
of CO, and CHO, affording moderate isotactic PCHC with 90 % carbonate linkages.*® The
monomeric zinc complexes of amido-oxazolinate ligands have been synthesized via
deprotonation of ligands with Zn[N(SiMes)2]> in dry toluene. A series of seven zinc
complexes of amido-oxazolinate ligands, with different geometrical parameters, were

assessed for their ROP efficiency of rac-lactides (Scheme 9).

yas

/N‘ -
R1 Zn
N R
Me3Si™" “siMes
1

R4 R
2,6-DMP  (S)-Pr
2,6-DMP  (R)-Ph
2,6-DMP  (S)-°Bu

2,6-D'PP  (S)-Pr
(R)-CHMeNaph (S)-Pr
(S)-SOBu  (R)-Bu
3,5-BTP  (R)-Ph

Q 0o Q0 T 9o

Scheme 9. A series of zinc amide complexes
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5.2.2. Synthesis of Zinc Alkyl Complexes
Due to the promising catalytic activity of zinc alkyl complexes in polymerization
reactions,’” we explored the complexation chemistry of Ci-symmetric amido-oxazolinate
ligands with diethyl zinc and examine the ability of resulting diethyl zinc complexes as
potential catalysts for ROP of rac-lactides. The synthesis of zinc ethyl complexes was
carried out as reported in the literature.’® The corresponding amido-oxazolinate ligands
were treated with excess of diethyl zinc in dry toluene and stirred for 1.5 hr at RT. The
volatile impurities were removed in vacuum, complexes 2a and 2b were isolated as yellow
solids in 76 % and 69 % yields respectively (Scheme 10). The formation of diethyl zinc
complexes was confirmed by "H NMR spectroscopy. Both complexes exhibit similar type
of 'H NMR spectra; a quartet around 0.17-0.21 ppm (2a), -0.35 ppm (2b) for ZnCH,CH3
and a triplet around 1.25-1.40 ppm (2a), 0.53 ppm (2b) for ZnCH>CH3 were observed. Due
to the restricted N-aryl bond rotation, there are two different singlets (6=2.09 and 2.13

ppm) were found for methyl protons of the side arm (-ArCHs3) in both complexes 2a and

@YO R @YO
\\z toluene, RT \N\Z

R1/NH N -Ethane R(N‘Zn’

R, k Ry

2b.

2
R, R,

a 26-DMP  (S)Pr

b 26-DMP (R)-Ph

Scheme 10. Synthesis of zinc alkyl complexes
5.2.3. Polymerization Studies
The polymerization activity of the zinc complexes of amido-oxazolinate ligands

(1a-1g, 2a, and 2b) for ROP was examined with rac-lactide. All ROP of rac-lactides
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reactions were carried out in toluene unless otherwise mentioned. Preliminary studies were
conducted using 1a in the presence of benzyl alcohol as it is known that benzyl alcohol is
a good chain transfer agent.

Table 8. Screening of the conditions for ring opening polymerization of rac-lactide

O
HO 5 0
\)J\O + \ toluene *AO%(O *
071)\ ' NN -
R1 In R2 O
PLA

o) R
R = N(SiMe3), (1a)

R4=2,6-DMP, R, = (S)-Pr’

rac-lactide

entry temp.(°C) time(min) con.(%)® Mn caca(g/mol)®

1 RT 1200 71 10234
2 50 600 93 13405
3 75 120 82 11819
4 100 20 82 11819
5° 50 30 98 14125

All polymerization reactions were carried out using 1 mol % of catalyst and benzyl alcohol
combination. “Determined by '"H NMR spectroscopy. “Calculated by 144.14x(LA/I) x
conversion of monomer. ‘Reaction was performed without BnOH

Complex la gave decent conversion at room temperature (Table 8, entry 1). Not
surprisingly, a rise in reaction temperature is accompanied by increase in catalytic activity
of 1a (Table 8). Interestingly, pure zinc amide complex 1a, without benzyl alcohol, was
also proven as active catalyst at 50°C with moderate TOFs 196 h™!.

Further, to observe the influence of ligand architecture on catalytic behavior, the
remaining complexes (1b-1g) were examined for polymerization of rac-lactide without
adding benzyl alcohol (Table 9). Except catalyst 1e (Table 9, entry 6), the remaining
catalysts have similar activity, gave 95-98% conversion at 50 °C within 30 min. It implied
that influence of substituents of ligand framework is less profound on polymerization

activity of catalyst. The low activity of catalyst 1e might be attributed to its geometrical
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features; the less bulky chiral substituent on amido nitrogen might have free rotation, which
might block the monomer entrance to the active site.’®3? It could be also possible that the
aliphatic N-substituents decrease the Lewis acidity of the metal center than the N-aromatic
substituents, lead to lessening the polymerization activity of the catalyst. A similar

phenomenon was also observed when zinc complexes of B-diketiminate ligands were

employed for ROP of rac-lactides at identical reaction conditions.>**

Table 9. Ring opening polymerization of rac-lactide using zinc complexes (1a-1g)
entry cat. time  con. M, Mucaca  PDI T P/ pe
(min) (%)* (g/mol)® (g/mol) com

la 30 98 30006 14125 1.30  176.0  0.23/0.77
1b 30 96 17950 13837 1.07 184.3  0.24/0.76
lc 30 96 30152 13837 .10 195.0  0.20/0.80
1d 30 97 26145 13981 1.12 202.0 0.31/0.69
le 30 80 29371 11531 1.05 1941  0.28/0.72
1f 30 95 21160 13693 1.37  195.8 0.22/0.78

7 1g 30 93 37423 13405 .12 204.0 0.14/0.86

8f la 30 95 40060 13693 1.13  208.3 0.20/0.80

9 la 125 91 34455 13116 1.12 167.5  isotactic

10" la 8 91 45463 13116 1.15 0.23/0.77
All polymerization reactions were carried out using 1 mol % of catalyst at 50°C.
“Determined by 'H NMR spectroscopy. “Measured by GPC using polystyrene standards
and molecular weights were corrected by equation: 0.58xM,(GPC). “Calculated by
144.14x(LA/T)xconversion of monomer. “Determined by DSC. ¢P (Probability of forming
a new m-dyad) is determined by the integration of methine region of the homonuclear
decoupled 'H NMR spectrum of the polymer. /1:200 eq. of catalyst and monomer were
used. é(cis)-Lactide was used. "Performed using bulk conditions without solvent

AN AW —

The catalyst 1a displayed high TOFs (392 h'') at the same temperature (Table 9,
entry 8). At bulk conditions, catalyst 1a exhibited very high TOFs 700 h! (Table 9, entry
9). The resultant polymers were analyzed by gel permeation chromatography (GPC) and it
is revealed that, in most cases, experimentally found number-average molecular weight of
polymers has large difference from theoretically derived values. This large disparity most
likely due to participation of different initiating groups derived from a reaction between
impurities in the system (such as adventitious water and lactic acid) and —N(SiMe3)> group.
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Subsequently, it leads to propagation of polymeric chain much faster than the initiation of
the chain. Overall, these zinc amide initiators are highly active and produced better
molecular weight distributions than their isoelectronic analogues such as zinc amide
complexes of B-diketiminate ligands.*® We did not observe any catalyst decomposition to
bis-ligated complexes and it is evidenced by short polymerization reaction times.?* The
ROP polymerization reaction with L-lactide gave isotactic PLA without any additional
products, which are usually derived from either epimerization or transesterifications (Table
9, entry 9). High isotacticity of the PLLA is confirmed by the homonuclear decoupled 'H
NMR spectrum as it is showed a single peak at 6 5.17 ppm for methinee proton of the PLA.
The obtained PLLA is crystalline, highly isotactic in nature, and possess a melting point of

167.5 °C, which is consistent with observed temperature (167-178 °C) in the literature.*!*?

To further screen the effect of initiating group, ROP of rac-lactides was performed
using zinc ethyl complexes 2a and 2b (Table 10). Zinc ethyl complex 2a was shown with
low activity than 1a (Table 10, entry 2). Catalyst 2a showed significant higher activity
(TOF = 38 h') than the corresponding traditional zinc complexes of B-diketiminate
complexes (TOF = 10 h'").** From the analysis of the GPC data, it is confirmed that
polymers, generated by catalysts 1a and 2a, have similar distribution of molecular weights.
It suggested that irrespective of initiating group, the propagation step of polymerization
would be same. In contrast to this, long polymerization times were observed if catalyst 1a
was used with the combination of benzyl alcohol (Table 10, entry 3). This resulted from
either slow initiation process or catalyst decomposition to bis(ligated) complexes in the

presence of BnOH.
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Table 10. Influence of initiating group in ROP of rac-lactide

O
0]
\Hko . Q\\(O toluene, 50 °C o v
O\[H\ \Z > *Aeko E/)
O

N._ _N
R 7 Zn
o) ol Re
rac-lactide g - N(SiMe;), (1a), Et (2a), PLA

N(SiMej3), (1a) + HOBN,
R,=2,6-DMP, R, = (S)-Pr/

entry catlyst time (hr) con.(%)? Mncaca(g/mol)® P/ P

1 la 0.5 98 14125 0.23/0.77
2 2a 2.5 96 13837 0.15/0.85
3° la 10 93 13405 0.39/0.61

All polymerization reactions were carried out using 1 mol % of catalyst. “Determined by
'"H NMR spectroscopy. “Calculated by 144.14x(LA/I)xconversion of monomer. °Pm
(probability of forming a new m-dyad) is determined by the integration of methine region
of the homonuclear decoupled '"H NMR spectrum of the polymer

The performance of la for ROP of rac-lacides was also compared in three
differentsolvents, such as toluene, DCM, and THF at 50 °C (Table 11). The activity of
catalyst 1a in different solvents is found in the following order; toluene > DCM > THF.
The lower activity of 1a in THF might be attributed to strong competition between THF

and lactide units for coordination to the metal center.*’ The rather moderate activity of the

Table 11. Influence of solvent on ROP of rac-lactide

entry solvent time con.(%)®  Mhncaled)® Tw® Py/P®
(min)
1 toluene 30 98 14125 176.0 0.23/0.77
2 THF 30 84 12108 171.5 0.29/0.71
3 DCM 30 89 12828 174.6  0.22/0.78

All polymerization reactions were carried out using 1 mol % of catalyst at 50 °C.
“Determined by 'H NMR spectroscopy. “Calculated by 144.14x(LA/I)xconversion of
monomer. ‘Determined by DSC. “P,,, (probability of forming a new m-dyad) is determined
by the integration of methine region of the homonuclear decoupled 'H NMR spectrum of
the polymer
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catalyst 1a in DCM is probably due to its slightly higher polarity of DCM than that of
toluene.

Reaction temperature also has a dramatic influence on the polymerization behavior
of the catalysts. The effect of temperature on catalytic activity is significant; prolonged
reaction times were observed as the reaction temperature was decreased (Table 12).
Interestingly, catalyst 1a showed decent activity even at 0 °C (Table 12, entry 4).

Table 12. Influence of temperature on ROP of rac-lactide
entry temp.(°C) time(hr) con.(%)?  Mucaled) T’ Pi/Pn’

1 75 0.25 93 13405 179.0  0.24/0.76
2 50 0.50 98 14125 176.0  0.23/0.77
3 RT 24 66 9513 188.9  0.20/0.80
4 0 72 13549 214.0  0.10/0.90

All polymerization reactions were carried out using 1 mol % of catalyst 1a at 50 °C.
aDetermined by 'H NMR spectroscopy.®Calculated by 144.14x(LA/I) xconversion of
monomer. “Determined by DSC. YPm (probability of forming a new m-dyad) is determined
by the integration of methine region of the homonuclear decoupled '"H NMR spectrum of
the polymer
5.2.4. Analysis of Microstructures

Physical, mechanical, and degradation properties of the polymers are intensively
dependent on tacticity of the polymer backbone. Determination of tacticity of PLA was
carried out by measuring the integrals of methine region of polymers in the homonuclear
decoupled 'H NMR spectra. Five different stereo errors for PLA, rmr, mmr/rmm,
mmr/rmm, mmm, and mrm, are observed in between 5.15-5.25 ppm on homonuclear
decoupled "H NMR spectrum after decoupling the methane protons of the PLA. Py, values
of the PLAs are determined by Pm =1 — Pr, where Py = 2 [(rmr, mmr/rmm)]/(rmr, mmr/rmm
+ mmr/rmm, mmm, mrm). It is known that zinc-based initiators are highly selective toward

hetrotactic PLA.¥>-3* In contrast to this, all zinc initiators (1a-1g, 2a) showed very high

selectivity toward isotactic dyad (Table 8). The analysis of microstructures revealed that
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PLAs are obtained by ROP of rac-lactides using catalysts (1la-1g) displayed significant
high Py, values of 0.72-0.86. To date, this is the highest P, value (Pm = 0.86) obtained
using chiral zinc complex, 1g (Table 9, entry 7 and Figure 42, a). The electron withdrawing
group (3, 5-BTP) and phenyl group combination provide the suitable geometry that might
induce the high isoselectivity of 1g. The high selectivity (Pm) of 1g is further confirmed by
its high melting point (7m) of 204 °C (Table 9, entry 7). This is far different from melting
point of pure isotactic PLA that displayed 167.5 °C in our case. It is known that stereoblock
isotactic polymer, which is a stereo complex of pure enantiomeric isotactic polylactic acids,
has higher melting points than pure isotactic PLAs.***%¢47 The high melting point,

presumably, is due to high crystallinity of the PLAs that is aroused by highly ordered

arrangement of stereogenic centers.

// mrm
mmr/rmm /']

\ A
rmm/mmr BT
| "l

rmr X..I | \ \/_\_/ \
3""-..-'" I'\_r/j : II"\_ - b li"‘-_“_

Figure 42. Homonuclear decoupled 'H NMR spectra: (a) derived by catalyst 1g, (b)
derived by catalyst 1a at 0 °C

From the obtained data, substitution on oxazoline ring (R2 position) has notable influence
on steteroselectivity. It is observed that in our earlier results, the ‘Bu group attached at R»
position of the zinc complex of amido-oxazolinate ligand is oriented approximately
perpendicular to the plane of the six membered chelate ring and pointing toward metal

center.*®® We presume, similar geometrical features in catalyst 1¢ may lead to better
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selectivity and allowing monomer units more selectively to the metal center (Table 9, entry
3). In catalyst le, the less bulky group on amido nitrogen might cause for its low
isoselectivity (Table 9, entry 5). In contrast to this, additional interactions between
sulfinamido side arm and metal center in 1f might provide better shielding and this helped
in obtaining high isoselectivity (Table 9, entry 6). Surprisingly, even at bulk conditions,
catalyst 1a displayed remarkably high isoselectivity, Pm = 0.77 (Table 9, entry 10).

A point worthwhile noting is that, at identical reaction conditions, isoselectivity
(Pm) of the zinc complex with ethyl initiating group, 2a, was improved to 0.85 (Table 10,
entry 2). It is also noteworthy that reaction temperature has prominent influence on the
level of stereoselectivity. Diminution of the reaction temperature to 0 °C led to remarkable
increase in Pm value to 0.90 (Table 12, entry 4 and Figure 42b). This might be due to more
kinetic preference of either (R,R) or (S,S)-lactide units.*” The other confirmation for high
isoselectivity of PLA is its high melting point; it was determined by differential scanning

calorimetry (DSC), illustrated in Figure 43.

DSC curve
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Figure 43. DSC curve of PLA generated by 1a at 0 °C
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Even at high temperature 75 °C, the catalyst 1a displayed high Py, value 0.76 (Table 12,
entry 1). The role of solvent is also influential on ROP polymerization activity of catalysts.
The polymerization behavior of 1a in THF is different from non-coordinating solvents,
such as toluene or DCM. Electronic factors may have a role here as Lewis acidity of the
metal center is decreased in the case of coordinating solvents.
5.2.5. Kinetics of Polymerization
In order to understand the mechanistic details of ROP of rac-lactides, kinetic
studies of ROP have been systematically examined. The kinetics of ROP of rac-lactide
reaction were investigated at different temperatures (23 °C, 35 °C, 45 °C, and 55 °C) and
monomer/initiator ratios using catalyst 1la in toluene. In all cases, the semi logarithmic
conversion-time plots demonstrate the polymerization reactions followed approximately

first-order kinetics in lactide concentration (up to 80% monomer conversion) (Figure 44).

1
0.8 - e 1
Conditions:
[rac-LA] = 0.118 M
1 mol% 2a

45 °C, in toluene

y =m1 + m2 * exp(-m3*MO0)

Value Error
m1 | 0.90432| 0.025769
m2 | -0.89062| 0.040018
m3 [0.080001 | 0.0083406

Conversion of rac-LA

Chisq | 0.024894 NA
r2| 0.9764 NA
| | |
40 60 80 100
time/min

Figure 44. Plot of rac-LA conversion vs time (Exponential fitting gives a first order rate
constant of kobs = 0.080 = 0.008 min!)
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The observed rate constant (kobs) was found to be 0.080 + 0.008 min™ for ROP of rac-
lactides, in which [monomer]/[cat.] was 100 in toluene at 45 °C. Since, the rate of
polymerization reaction of rac-lactide can be expressed as -d/dtfmonomer] =
kobs[monomer]*, in which kobs = kp[initiator]’, where k;, is the propagation rate constant. To
determine the dependence of order of the reaction in terms of initiator concentration, we
explored the relationship between kobs and concentration of zinc complex 1a in toluene at
35 °C (Figure 45). The linear relationship between In(kobs) vs [1a] indicates the order of

the reaction in terms of 1a initiator is 0.93 + 0.14.

y = 0.93 (0.14) x + 3.07 (0.97)

obs)
)
n

I

In(k

_42 | | | | | | |
-78 -76 -74 -72 -7 -6.8 -6.6 64 -6.2

In[Zn-23a]

Figure 45. Dependence of PLA formation on catalyst (1a) concentration

Thus the overall rate law can be written as rate = k[cat.][monomer]. Activation parameters
of the polymerization were obtained from the Eyring plot at 23-55 °C: AH” = 54 (£7) kJ
mol! and AS* = -112 (£ 21) J mol! K'!. These values are comparable with the literature
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reports and in agreement with coordination-insertion mechanism with an ordered transition

state,20¢48

Hence, our catalytic systems showed high isotactic selectivity, we examined the
kinetics of ROP of both rac-and (S, S)-lactides. It revealed that polymerization rate of rac-
lactide will be almost 1.6 times higher than that of cis-lactide (Figure 46). We assume that
our catalytic systems might prefer the (R, R) entiomeric face rather than the (S, S) chiral
face. However, further experimentation is required to confirm this selectivity and they are

under progress.

kps(rac-lactide) = 6.0429 min-!
R>=0.9636
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Conversion of lactide(%)
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()
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time (min)

Figure 46. Plots of rac, cis-lactide conversion vs time
5.2.6. MALDI-TOF Analysis

The PLA samples were inspected by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) in order to determine the structural
composition and end groups of the oligomers. MALDI-TOF spectrum was run using o-

cyano-4-hydroxycinnamic acid as a matrix and 5 mM sodium acetate as an ionization
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agent. MALDI-TOF analysis of oligomeric fractions of the PLA generated by 1a with the
combination of benzyl alcohol (Table 8, entry 1) revealed that MALDI spectrum has both
odd-numbered and even-numbered oligomers (Figure 47). The even-numbered oligomers
are formed due to the ring-opening polymerization of rac-lactide, whereas the formation
odd-numbered oligomers can be explained on the basis of ester-exchange reactions
(transesterification) that do occur along the polymerization process.* It is also known that
either high catalyst loadings or prolonged polymer separation procedures might account
for transesterification reactions that can be occurred parallel to polymerization reactions.
04% In our case, the high catalyst loadings might be a plausible source for

transesterification reactions as catalyst (40-50 mg) was used for ROP of rac-lactides and

most of the oligomer samples were prepared immediately right after the completion of the

reaction.
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Figure 47. MALDI-TOF spectrum of PLA sample, obtained with 1a+BnOH, with three
different distributions (* indicates the distribution A, ° indicates the distribution B, x
indicates the distribution C). Theoretical molecular weights were calculated by following
equation: My, theo = (DPpXMwt of half-lactide unit)¥XMwt of Na, Where, DP, 1s the degree of
polymerization, Myt ofNa= 23.09 g/mol, M of half-lactide unit = 72.06 g/mol

Three distinct mass distributions were observed in the spectrum with three different end
groups and the consecutive peaks in all three series were separated by increments of 72 Da.

mass units corresponding to exactly half-lactide unit (-CH(CH3)C(O)O-).
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The series A has a set of peaks (n = 9-40) with the mass ratio (m/z) of n.72+ 23
(M.Wt of Na) (Figure 48). This series corresponds to cycli oligomers of the PLA. The
second series has B a set of peaks (n = 10-38) with the mass ratio of (m/z) of n.72+23(M.Wt
of Na) +90, indicates that this oligomer was capped both H and alcohol (-
OCH(CH3)C(O)OH) (Figure 48). The formation of the carboxylic acid end group can be
explained by the hydrolysis of ester group in the presence of small traces of water in the
polymerization process. The third series C has a set of peaks (n = 11-38) with the mass
ratio of (m/z) of n.72+23(M.Wt. of Na) +108, indicates that this oligomer was capped both
H and —OC7H30 end groups (Figure 48). The formation of this end group provides the
strong evidence for ring opening polymerization of lactides that proceeds via coordination-
insertion mechanism; coordination of carbonyl group to the metal center followed by
insertion of benzoxy group to the nucleophilic carbon center.’!

Distribution A (*): /KJ}(O]\
/ n\‘l

| O

Distribution B (°): HO i o
\Hko ]}'}"
(0]
Distribution C (x): \/@
oo
n
(@]

Figure 48. Three plausible distributions with different end groups

The first two distributions (A, B) are repeated for the PLA that is generated by 2a
(Supporting Information S26,). Interestingly, only one type distribution (B) was observed
for PLA that is obtained by 1la (n = 10-30), oligomer was capped both H and-—

OC(O)CH(CH3)COH end groups (Figure 49).
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5.3. Conclusions

Herein, we have explored a series of zinc complexes of amido-oxazolinate ligands
for the ring opening polymerization of rac-lactides at mild reaction conditions. These
catalysts deliver a viable synthetic route to produce highly selective steroblock PLA (Pm =
0.90), an unprecedented selectivity in the case of zinc-based catalysts. The ligand
geometrical parameters strongly influence the polymerization behavior of the catalytic
systems. Our future directions will be focused toward understanding mechanistic
complexity of this polymerization process and physical and mechanical properties of these
polymeric architectures.

5.4. Experimental Conditions

General Conditions: All reactions with air- and/or moisture sensitive compounds were
carried out under dry nitrogen using a glove box or standard Schlenk line techniques. All
chemicals were purchased from Aldrich unless otherwise noted. (L, L)-lactide was
recrystallized using ethyl acetate and sublimed four times. Rac-lactide was also purified by
sublimation. CDCI3 was distilled over CaH; and degassed prior to use. Toluene, THF, and
DCM were distilled under nitrogen from Na/benzophenone. Carbon dioxide ( high purity,

99.995%) was purchased from Airgas and used as received. Zinc bis(trimethylsilyl)amide
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was prepared according to the literature.’> NMR spectra were recorded on a Bruker
AVANCE-500 NMR spectrometer (‘H, '*C, and homonuclear decoupled '"H NMR). The
base line corrections in homonuclear decoupled NMR spectrum were performed using
cubic spline fitting. Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) spectra were run using a-cyano-4-hydroxycinnamic acid
as a matrix and 5 mM sodium acetate as a ionization agent. Gel permeation
chromatography (GPC) analysis was performed on a Varian Prostar, using a PLgel 5 um
Mixed-D column, a Prostar 355 RI detector, and THF as eluent at a flow rate of 1 mL/min
(20 °C). Polystyrene standards were used for calibration.

Synthesis of Zinc alkyl complexes

General Procedure: To a solution of ligand in toluene (6-10 mL), excess of diethyl zinc
(3.5 eq) was added in a glove box. The resulting solution was stirred until complete
conversion of ligand

into complex was observed 'H NMR.

Complex 2a. Yield: 76 %. "H NMR (500.1 MHz; CDCl3; 298 K): 0.17 (2H, g, J = 8.1,-
CH>CH3), 0.95 (3H, d, /= 6.34, -CH(CH>)2), 1.05 (3H, d, J = 6.70, -CH(CH3)2), 1.30 (3H,
t, J=7.65, - CH.CH3), 2.18 (3H, s, ArMe), 2.20 (3H, s, ArMe), 2.42 (1H, m, -CH(CH3)2),
4.38 (1H, m, NCH(R)CH20), 4.47 (2H, m, NCH(R)CH-0), 6.25 (1H, d, J = 8.82, ArH),
6.45 (1H, t, J = 7.31, ArH), 7.05-7.11 (2H, m, ArH), 7.24 (1H, m, ArH), 7.32 (1H, t, J =
7.96, ArH), 7.90 (1H, d, J = 8.10, ArH). '*C NMR(125.8 MHz; CDCls; 298 K): -1.36
(ZnCH,CH3), 11.84 (CH(CHs)2), 1590 (CH(CH3)2), 18.61 (CH(CH3)2), 21.65

(ZnCH,2CHs), 32.10 (CH(CHa)y), 67.34 (NCH(R)CH,0), 69.71 (NCH(R)CH,0), 103.81,
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112.13,114.95,123.84,125.48, 126.13, 128.41 (CHarom), 133.26, 134.18, 138.03, 148.40,
156.38, 168.90 (Cquat).

Complex 2b.Yield: 69 %. '"H NMR (500.1 MHz; CDCls; 298 K): -0.32 (2H, m, -CH>CH3),
0.53 (3H, t, J = 8.57, -CH2CH3), 2.07 (3H, s, AtMe), 2.09 (3H, s, ArMe), 4.40 (1H, t, J =
8.10, NCH(R)CH20), 4.88 (1H, t, J = 8.68, NCH(R)CH20), 5.53 (1H, t, J = 8.24,
NCH(R)CH:0), 6.20 (1H, d, J =9.01, ArH), 6.44 (1H, t, J = 8.10, ArH), 6.97 2H, t, J =
8.20, ArH), 7.09-7.20 (4H, m, ArH), 7.36 (1H, m, ArH) 7.39 (2H, m, ArH), 7.90 (1H, d, J
= 8.16, ArH). °C NMR(125.8 MHz; CDCls; 298 K): -2.41 (ZnCH,CH3), 11.50 (ArMe),
18.65 (ArMe), 21.65 (ZnCH2CH3), 68.72 (NCH(R)CH20), 73.82 (NCH(R)CH:0),
103.44, 112.33, 115.23, 123.86, 125.50, 126.88, 128.44, 128.58, 128.80, 129.24, 129.37,
131.07 (CHarom), 133.91, 134.48, 141.47, 148.31, 156.57, 169.57 (Cquat).

General procedure for ROP of rac-lactides. A flame-dried Schlenk flask was charged
with a mixture of catalyst (1 mol%) and rac-lactide in toluene (30-45 mL) in a glove box.
The flask was heated to desired temperature and stirring was continued until complete
conversion was observed by "H NMR spectroscopy. The same procedure was used for ROP
of cis-lactide.

General Procedure for Kinetic Experiments. A flame dried Schlenk flask was equipped
with catalyst (1 mol%) and rac-lactide in toluene (30-45 mL) in a glove box. The flask was

heated to the desired temperature and small aliquots were collected at regular intervals.
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CHAPTER-6

RING OPENING COPOLYMERIZATION OF CYCLIC ANHYDRIDES AND
STYRENE OXIDE

6.1. Introduction

Until today, the most commonly consumed polymers are derived from oil-based
feedstocks and this production causes many severe problems i.e. dwindling of fossil fuel
resources as well as other environmental issues.!” To overcome the issues with the
conventional polymers, spectacular improvements during the last three decades have been
made in synthesis of biodegradable and environmentally adaptable polymers using
renewable resources.>*> Among the explored polymers, polyesters are an important class
of polymers as they are widely used ina variety of applications, including drug delivery
systems, artificial tissues, and commodity materials. Moreover, most of the polyesters are
biodegradable and biocompatible.®”® In general, most of the polyesters can be
synthesized from either polycondensation of diols and diacids or by ring-opening
polymerization (ROP) of cyclic esters. Although these methods have been used for quite
some time, they have suffered from several problems, such as drastic reaction conditions,
side reactions, and limited choices of monomer units.'%!'!1%13

To establish a more efficient synthetic route for the generation of polyesters
(ABABABAB type), more attention turned into ring opening copolymerization of epoxides

14,15,16,17,18

with cyclic anhydrides since the ring opening copolymerization is became a

popular route for the synthesis of polycarbonates via copolymerization of CO> and
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epoxides.! The initial discovery by Inoue and coworkers showed that (porphyrin)Al(III)
catalysts can copolymerize cyclic anhydrides with epoxides and CO»; however, activity of
these catalysts is very low (TOFs ~2 h™).2%152 Sybsequent reports by Inoue et al'>® and
Maeda et al'* also described the copolymerization of anhydrides with epoxides, but these
systems suffered with obtaining low molecular weight copolymers and
homopolymerization of epoxides. The major breakthrough was reported by Coates and co-
workers who illustrate that zinc complexes of B-diketiminate ligands are active for
copolymerization of aliphatic anhydrides and variety of epoxides, yielding copolymers
with high molecular weight (up to 55 000 gm/mol) and narrow molecular weight
distributions.?!?? Later on, Duchateau and co-workers more vigorously studied ring
opening copolymerization of variety epoxides and anhydrides using salen based metal (Co,
Cr, Al, and Mn) complexes.'>?

We have previously reported zinc complexes of amido-oxazilinate ligands as viable
initiators for asymmetric alternating copolymerization of epoxides and CO.?* In addition
to this, we have also confirmed that the same zinc complexes can also act as catalysts for
ring opening polymerization of rac-lactides.”® On the basis of these initial results, we
anticipated that our catalytic systems might serve as active catalytic systems for the ring-
opening copolymerization of oxianes and cyclic anhydrides. Herein, we report the highly
active catalytic systems, zinc complexes of amido-oxazolinate ligands, for the synthesis of
polyesters via alternating copolymerization of styrene oxide (SO) and cyclic anhydrides
(succinic anhydride (SA), maleic anhydride (MA), and phthalic anhydride (PA)) and its

mechanistic aspects.
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6.2. Results and Discussions
6.2.1 Screening of the Polymerization Reaction Conditions

Initially, to screen the ring copolymerization reaction conditions, polymerization of
styrene oxide (SO) with maleic anhydride (MA) was carried out at 100°C using zinc
complex 1 (Scheme 11) in toluene. These zinc-based catalysts previously were shown to
be active for cyclohexene oxide /CO> copolymerization and ROP of rac-lactides. This
copolymerization reaction did not produce any copolymer even at prolonged reaction times
without catalyst (Scheme 11, entry 1). This emphasizes the need of catalyst for this
copolymerization reaction. Catalyst 1a produced moderate TOFs at 303 h'! at 100 °C in
toluene, generating alternating copolymers (Scheme 11, entry 2). The formation of polymer
was confirmed by NMR spectroscopy (‘H and '*C). The olefinic protons in the polymer
are observed at 6.27 ppm and the protons from the styrene oxide are found at 6.25 and
4.40-4.60 ppm. The formation of side product, phenyl acetaldehyde, was confirmed by
proton resonances at 3.80 and 9.80-9.85 ppm on '"H NMR spectrum.

Later on, at similar conditions, polymerization reactions were performed involving
SO to [Zn] ratios of 250:1, 500:1, 1000:1, 2500:1, and 4000:1. Catalyst 1a showed very
high TOFs 8000 h™' at 100 °C (Scheme 11, entry 6). As far as we know, catalyst 1a showed
the highest TOFs for ring opening copolymerization of maleic anhydride and styrene oxide.
In all cases, phenyl ethanol was observed in significant amounts. This formation of phenyl
ethanol, an isomerized product of styrene oxide, is reported in the literature. Chisholm and
co-workers studied the formation of PE and its influence on copolymerization process.?
We also believed that adventitious water that is trapped in anhydrides might help the

formation of PE. Even after careful sublimation of anhydrides, the moisture was not
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eliminated completely. The trace amounts water produce corresponding acids that can help
the transformation of styrene oxide into phenyl ethanol.

Scheme 11. Screening of the reaction conditions of ring opening co-polymerization of
styrene oxide and maleic anhydride®

° O\V>i<v/0 catalyst . R Q o
+ >
E>/u R R toluene, 100 °C ©

Anhydrides: s/\—/v/ s/\—/v/ H

catalysts:
SiM Pr . /\ N(SiM
N(Si 93)2 R: N(SiMea), iMe3), R: N(SiMe3),
1 2 3 4
entry epoxide anhydride [cat]/[monomer] time ratio of
(min) polyester/PE®

1° SO MA - 1440 -
2 SO MA 1:100 20 76/24
3 SO MA 1:200 20 76/24
4 SO MA 1:500 20 76/24
5 SO MA 1:1000 20 76/24
6 SO MA 1:2500 30 75/25
7 SO MA 1:4000 30 76/24

PE: Phenyl ethanol, MA: Maleic anhydride, SO: styrene oxide. “All reaction were
performed using catalyst 1 in toluene (1-4 mL) at 100 °C. *Performed without catalyst.
“Determined by measuring the intensities of peaks on 'H NMR spectroscopy. In all cases,
100 % conversion was achieved with respective of SO

6.2.2. Effect of Catalyst Structure on Catalytic Behavior
To study the influence of the steric and electronic features of the catalyst on their
polymerization behavior, we decided to use the catalysts (1-4) for ring opening

polymerization of SO with different anhydrides (MA, PA, SA) with an
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oxirane:anhydride:catalyst ratio of 200:200:1 in toluene at 100 °C (Table 13). Evidently,
catalyst 1, with ‘Pr group and 2,6-DMP on amido-oxazolinate ligand framework, afforded
perfectly alternating polymer chains with a significantly higher degree of polymerization
than the remaining catalysts (2-4). Catalyst 3, with (R)-Ph group and 2,6-DMP on amido-
oxazolinate ligand framework, showed low TOFs for all conversions except the conversion
of SO and SA (Table 13). From the data, it can be believed that the substitution on amido
nitrogen can alter the activity of the catalyst. In case of catalysts 2 and 4, the conversion of
MA and SO is faster than SO and PA while catalysts 1 and 3 gave faster degree of
polymerization for SO and PA. Except the coupling of SO and SA, catalysts (1-4) exhibit
the following order 1>2>4>3 for all remaining polymerization reactions.

Table 13. Results of copolymerization of SO with different anhydrides®

entry catalyst anhydride time ratio of polyester/PE®

1 1 PA 30 76/24

2 1 MA 35 78/22

3 1 SA 240 85/15

4 2 PA 90 79/12

5 2 MA 60 80/20

6 2 SA 720 87/13

7 3 PA 150 76/24

8 3 MA 195 76/24

9 3 SA 570 82/18

10 4 PA 120 80/20

11 4 MA 105 77/23

12 4 SA 660 79/21
PE: Phenyl ethanol, MA: Maleic anhydride, SA: Succinic anhydride. PA: Phthalic
anhydride. “All reaction were performed using 0.5 mol% of catalyst in toluene (2 mL)

at 100 °C. *Determined by measuring the intensities of peaks in the 'H NMR spectroscopy.
In all cases, 100 % conversion was achieved with respective SO, determined by 'H NMR
spectroscopy

Polystyrene succinate (PSS), obtained from ring opening of copolymerization of
SO and SA ((SO-SA).), possesses three different types of microstructures (Figure 50). The

microstructures of the PSS (HT, HH, and TT junctions) can be easily identified by *C
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NMR spectroscopy. As per previous assignments, the peaks at 171.82 and 171.28 ppm
correspond to HT junctions.?® The two chemical shifts at 171.60 and 171.20, respectively,
relate to TT and HH junctions. The split in HH junction relates iso, syn diads of the HH
junctions of the PSS. '3C NMR spectrum of the carbonyl region of PSS, obtained by
catalyst 3, is shown in Figure 51 and it clearly indicates the presence of four resonances
that correlate to four microstructures of PSS. The peaks at 171.20 ppm and 171.16 ppm

correspond to i and s HH-junctions.

[Ph 1 O [ )
olp TT
) o) L Ph
i . o T -
0 N I _OfP HT
ihg oY
Ph O L Ph
] 0] Ph ]
(0] Oo+P HH
P NO
Ph "O ’

Figure 50. Regiostructures of poly(styrene succinate): Tail-Tail (TT), Head-Tail (HT), and
Head-Head (HH) junctions

1720 171.8 171.6 171.4 171.2 171.0

Figure 51. Carbonate region of the *C NMR spectrum of PSS generated from SO and SA
by catalyst 3

170



6.2.3. Effect of Anhydride

To investigate the influence of anhydride on copolymerization process, three
anhydrides (PA, MA, and SA) were chosen. All polymerization reactions catalyzed by
complexes (1-4) yielded 100% conversions in terms styrene oxide concentration and gave
perfectly alternating copolymers without any ether bonds. The ring strain can dramatically
influence the polymerization behavior. In general, for a given epoxide, styrene oxide, the
relative rate of hetero coupling with anhydride was found in the following order,
PA>MA>SA (Figure 51). The conversion of SA and SO with all catalysts (1-4) was rather

low. This can be explained by low ring strain of anhydride.
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Figure 52. Ring opening copolymerization of SO and anhydrides catalyzed by 1-4
6.3. Conclusions
In conclusion, we have demonstrated the catalytic activity of zinc complexes of
amido-oxazolinate ligands for ring-opening copolymerization of anhydrides and styrene
oxide. Among the four catalysts, catalyst 1 proved to be the most active catalyst. A study

on the copolymerization of styrene oxide and anhydrides, different anhydrides exhibited a
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trend following in the order of PA>MA>SA. The catalytic system appeared to be well
suited for stereoselective ring opening copolymerization of anhydrides and styrene oxide.
Further studies are in progress.
6.4. Experimental Section

General Conditions. All reactions with air- and/or moisture sensitive compounds were
carried out under dry nitrogen using a glove box or standard Schlenk line techniques. All
chemicals were purchased from Aldrich unless otherwise noted. Styrene oxide was distilled
over CaH; and degassed prior to use. All anhydrides were sublimed before use for
polymerization reactions. CDCl3 was distilled over CaH, and degassed prior to use.
Toluene was distilled under nitrogen from Na/benzophenone. Synthesis of catalysts (1-4)**
and zinc bis(trimethylsilyl)amide** were prepared according to the reported literature
methods. All NMR spectra ("H and '*C) were recorded on a Bruker AVANCE-500 NMR
spectrometer). Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) spectra were run using trans-2-[3-(4-tertbutylphenyl)-2-
methyl-2-propenylidene]malononitrile (DCTB) as a matrix agent and 5 mM sodium acetate
as a ionization agent. Gel permeation chromatography (GPC) analysis was performed on a
Varian Prostar, using a PLgel 5 um Mixed-D column, a Prostar 355 RI detector, and THF
as eluent at a flow rate 1 ml/min (20 °C). Polystyrene standards were used for calibration.
General procedure for copolymerization reactions. An oven dried 50 mL round bottom
side neck flask was charged with a mixture of anhydride (1 eq), SO (1 eq) and catalyst (0.5
mol%) in toluene (1-2 mL) in Glove box. The flask was heated at 100 °C until complete

conversion was observed by 'H NMR spectroscopy. The unreacted monomers and catalyst
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were separated from polymers by dissolving the crude reaction mixture in methanol (4-5
mL) and IM HCI (0.25 mL) and followed by filtration.

Characterization of compounds in Table 13.

Copolymer of styrene oxide and phthalic anhydride (entry 5). '"H NMR (500MHz,
CDCl3): 4.10-4.60 (br, -PhCHCH>COO-, 2H), 5.90-6.50 (br, -PhCHCH>COO, 1H), 5.90-
6.50 (br, -COOHC=CHCOO, 2H).

Copolymer of styrene oxide and phthalic anhydride (entry 10). '"H NMR (500MHz,
CDCl3): 4.30-4.65 (br, -PhCHCH>COO-, 2H), 6.10-6.40 (br, -PhCHCH>COO, 1H), 6.10-
6.40 (br, -COOPhHCOO-, 4H).

Copolymer of styrene oxide and phthalic anhydride (entry 12). '"H NMR (500MHz,
CDCl3): 2.50-2.80 (br, -COOCH2CH2COO-, 4H), 4.29 (br, -PhCHCH>COO, 2H), 6.08

(br, -PhCHCH,COO, 1H).
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APPENDIX I

UNEXPECTED FORMATION OF CHIRAL PINCER CNN NICKEL COMPLEXES
WITH B-DIKETIMINATO TYPE LIGANDS VIA C-H ACTIVATION: SYNTHESIS,
PROPERTIES, STRUCTURE AND COMPUTATIONAL STUDIES

7.1. Introduction

Ligands play an essential role in catalysis, especially when regio, stereco, and
enantioselectivities are concerned, as they can provide appropriate stereochemical and electronic
environments around the active metal centers. Among the various chelating ligands available in the
literature, tridentate pincer ligands are one of the most widely applied systems.! The prototypical
DXD-type pincer ligands feature two donor atoms (D) such as tertiary phosphine or amine linked
through an aromatic or aliphatic skeleton encompassing a carbon- or nitrogen-bound anionic anchor
(X) (Figure 53). In particular, NCN and PCP pincer complexes with overall C, symmetry are
widespread, and this design, with the carbon-metal bond located between two lateral arms, leads to
stabilization of the C-M bond and could improve the robustness of catalytic systems.? It is also
important that such framework can be fine-tuned to allow rational design of catalysts. Variations
of donor and anchor atoms have greatly expanded the range of pincer ligands, in which D can be
N, P, S, O, C, etc., and X can be C, Si, N, P, B, etc.'?

) )

D,D'=N,P, S, 0O, C,etc

X=C,N,P, Si, B, etc
Figure 53. General representation of pincer ligands

Among these variations, the unsymmetric pincer ligands of the DXD’ type have received
increasing attention. *° The two donor groups (D and D’) can be markedly different, which may
result in unique and novel properties in the pincer complexes. Transition metal complexes based
on the CNN pincer have been synthesized and employed in the catalytic cross coupling, °
hydrogenation of esters,*® and transfer hydrogenation of ketones.” The carbon donors in these
systems are typically based on aryl (1a-b) or N-heterocyclic carbene (1c-f) carbons (Figure 54).
The introduction of chiral substituents in the pincer framework constitutes of a common strategy
for enantioselective catalysis.®® However, pincer complexes with both unsymmetric and chiral
ligands have been relatively less developed,'” presumably because of lack of a general synthetic
strategy, and only a few complexes incorporating chiral CNN pincer ligands, derived from 1a and
1e, have been reported.'!

Nickel is one of the first metals incorporated in the pincer complexes'> and numerous
pincer nickel complexes have appeared in the literature.!® Their applications in bond activation and

Reproduced with the permission of Lu et al. Inorg.chem. 2013, 52, 1454-1465. Copyright 2013
American Chemical Society.
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catalysis such as C-C coupling, dehydrogenation, and hydroamination have been extensively
studied.®*®!415 The potential exhibited by these complexes has encouraged further development of
ligand precursors bearing analogous chelating systems and isoelectronic features.'® In this report
we describe the synthesis and characterization of a series of rare chiral CNN pincer nickel
complexes with C;-symmetry f-diketiminato type ligands, in which the carbon donor arm is formed
via an intramolecular C-H activation. Besides the unexpected C-H activation for both sp*- and sp*-
hybridized carbon atoms, these complexes are of interest in catalysis given that the chiral ligand
precursors are readily available and tunable. The Ci-symmetric systems have received increasing

Figure 54. Some examples of CNN pincer ligands. (Donor atoms are in bold)
attention in recent years'” and the unsymmetric donor sets could be advantageous when two donor
groups influence the reactivity and selectivity in different manners.'® The presence of sp*-C in the
pincer framework may also lead to structural and electronic versatilities that can open up new
opportunities in catalysis.!

7.2. Results and Discussion
7.2.1. Synthesis of Ligands
The chiral, unsymmetric anilido-imine ligands, 2a-e, have been obtained as analogues of
conventional S-diketiminato framework, via a palladium catalyzed Buchwald-Hartwig amination
reaction (Scheme 12).2° In the case of 2e, because of the low and inconsistent yields, an alternative,
Cu-catalyzed amination reaction protocol?! was employed. This protocol seems to be more

o) o)

\ j\* \ j\*

N Pd(OAC),/BINAP Ng
Br NH

ArNH,
Cul J RNH,
o 2a, R = (S)-Pr
| -Z 2b, R = (S)-**°Bu
NH N T? 2¢,R = (R)-Bu
/ 2d, R = (R)-Ph
- 2e,R=(R)-Bu

Scheme 12. Synthesis of ligands 2a—2e via amination reaction
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consistent and reliable for alkyl amines, although yields are still generally moderate (~40%).
These ligands can be deprotonated with a strong base such as "BuLi at low temperature.
Thus, the lithium salt of ligand 2d was prepared by lithiation with stoichiometric amount of "BuLi
and isolated as a yellow crystalline solid in good yields. The '"H NMR indicates that the
coordination environment of the lithium center is completed with two THF solvent molecules. It
was further noted that isolation of lithium salts was not necessary and the subsequent metallation
reactions were carried out using in-situ generated lithium compounds without further purification.

7.2.2. Preparation of Pincer Nickel Complexes 3a-3d

Treatment of lithium salts of ligand 2a-d with trans-NiCIl(Ph)(PPhs), at room temperature
resulted in an immediate color change and dark-red crystals 3a-d were consistently formed after
allowing solutions standing for 2-5 days. The isolated compounds appeared rather sensitive to air,
as the color blackened within minutes upon exposure to the air, but could be stored under an inert
atmosphere for months. They are quite soluble in THF and toluene and have been characterized by
various spectroscopic and analytic techniques including 'H, '3C, and *'P NMR spectroscopy. In the
"H NMR of 3a in benzene-ds (Figure 55), the most striking features include the six-proton dimethyl
group of the free ligands becoming a three-proton singlet, and the appearance of two new 1-proton
multiplets at 2.76 and 1.38 ppm. The two multiplets are coupled with each other and connected to
the same carbon atom, as indicated by 2D NMR analysis.??> These observations suggest the
metallation of one methyl group of the aniline moiety, leading to a coordinated methylene group
(NiCH,) with two diastereotopic protons riding on the same carbon (Scheme 13). Because of
coupling with the phosphorus nuclei, the methylene protons are both multiplets, and this is further
supported by a doublet of NiCH> at 26.43 ppm (3Jcp = 25.3 Hz) in the *C NMR.? The 'H NMR
spectra for 3b-d reveal the similar features that coordinated methylene protons exhibit two signals
at 2.66 and 1.45 ppm for 3b, 2.47 and 1.64 ppm for 3¢, and 2.48 and 1.56 ppm for 3d, respectively;
the NiCH, signals appear as doublets at 26.38 ppm for 3b, 26.61 for 3¢, and 26.52 for 3d,
respectively, in *C NMR (3Jcp= 25.2 -26.5 Hz) due to coupling with the phosphorus nuclei.

H.
Q—<O d/d'
< Je
e g H/H,
N\N| b e
“PPh, 8/
/£
He Hf/Hp
U U Ho/Hg ‘ Hf/Hf l
SI I I I BI I I I i I [ppl'n]

Figure 55."H NMR of complex 3a in CsDs w1th partial assignment
The proposed structures of the Ni complexes were further verified by single-crystal X-ray
diffraction experiments. The X-ray crystal data, data collection, and refinement parameters are
summarized in Table 14. A single crystal X-ray structure of 3a is presented in Figure 56. In
agreement with the NMR data, one of the aniline methyl substituents is metallated with nickel,
forming a five-membered metallacycle. This, along with the imine nitrogen atom, resulted in an
unsymmetric, CNN pincer type coordination mode of the supposedly bidentate ligand.
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Scheme 13. Synthesis of pincer complexes 3a-d
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Figure 56. Molecular structure of compound 3a with thermal ellipsoids drawn at the 50%
probability level

The triphenylphosphine ligand completed the distorted square-planar environment around the
nickel center. The Ni-P bond length of 2.1336(6) A is in the typical range for similar compounds,*
while the Ni-C bond distance of 1.930(2) A is considerably shorter than the Ni-C(sp®) bond (1.97
A) in a PCP pincer complex,? but longer than the Ni-C(sp?) bonds (1.88 A) seen in the other pincer
complexes.?

Complexes 3a-3c are isomorphic with similar structural parameters; selected bond lengths
and bond angles are listed in Table 15. The bond distances of Ni-Nimino (1.920-1.935 A) are slightly
longer than that of Ni-Namigo (1.908-1.920 A), presumably because of the stronger interaction with
anionic amido nitrogens. Both of them are in the normal range compared with other reported nickel
compounds.?’ The coordination plane around nickel, however, appears to be severely distorted.
While the Nimino-Ni-C bond angles of ~163° are not unusual for the trans angles involving the lateral
donors in pincer systems, the Namido-Ni-P bond angles of ~153° are much smaller than the typical
linear arrangement for the trans angles involving the central atom of the pincer ligand.?®
Presumably, this reflects a rather strong steric strain of the nickel coordination environment.
Consistent with this, the two adjacent chelating rings deviate significantly from coplanarity, with
dihedral angles of 22.7(1)° (3a), 23.9(2)° (3b), and 23.6(1)° (3c¢), respectively. The six-membered
ring adopts an envelope-like conformation with the Ni atom in the flap position. The Ni atoms are
displaced by 0.6571(2) (3a), 0.6650(6) (3b), and 0.6984(3) (3c) A from the plane through other
five atoms of the six-membered rings. The dihedral angles between the aniline phenyl ring and the
central phenyl skeleton ring are in the range 46.9(1)° (3a), 48.6(2)° (3b), and 50.0(1)° (3c).
Comparison of structural features of complexes 3b and 3¢ suggests that the absolute configuration
at the 4-oxazoline position has a profound influence on the overall configuration of the complexes.
A side-by-side comparison of structures of 3b and 3¢, roughly along the C-Ni-Nimino, is shown in
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Figure 57. The 2,6-disubstituted aniline phenyl moiety bends towards the same direction of the
substituent at the oxazoline chiral center, while the backbone aromatic ring, as well as the PPh;
group, points towards the opposite direction, in order to minimize the steric interactions.

7.2.3. Racemization and Structure of 3d

When ligand 2d, with a phenyl substituent at the 4-oxazoline position, was employed,
similar benzylic C-H activation occurred and CNN pincer complex was readily obtained. However,
the chiral center at the 4-oxazoline position somehow racemized. The compound crystallized in a
different crystal system (triclinic for 3d vs orthorhombic for 3a-c and 3e) that contains a pair of
enantiomers in the unit cell related by an inversion center.?? The geometrical parameters are similar
to those in 3a-c, but the distortion appears to be less severe. The racemization of 3d is further
supported by the CD measurement, which showed no observable signals. In comparison, the CD
spectrum of ligand 2d showed distinctive features. Moreover, the single crystal X-ray structure of
2d was determined, which is in accordance with the ligand chirality with the same absolute
configuration (R) at the 4-oxazoline position as the starting (R)-2-phenylglycinol. Additionally, the
free ligand itself takes on a planar configuration with the N-H proton located between amido and
imino nitrogens, forming an inner N-H--‘N hydrogen bond. The dimethyl phenyl unit resides nearly
perpendicular to the above-mentioned plane. Comparison with the ligand parameters in the nickel
complex further confirmed the distortion upon coordination (Figure 58). Particularly, the nearly
coplanar oxazoline ring and the central phenyl ring in the free ligand are now twisted at 25.20(5)°,
and the dihedral angle between the aniline phenyl ring and the central phenyl skeleton ring is
59.01(5)° in the complex.

7.2.4. Synthesis and Structure of 3e

Inspired by the formation of complexes 3a-d, we were interested to see if C-H bonds other
than the benzylic one can be activated and form pincer complexes within this type of ligands. Thus,
ligand 2e, in which a chiral alkyl moiety was introduced adjacent to the amine nitrogen, was
examined. Following a similar procedure, a dark red crystal was obtained from reaction of trans-
NiCI(Ph)(PPhs), and in-situ generated lithium salt of ligand 2e. The "H NMR spectrum in benzene-
ds showed the absence of the N-H signal of the free ligand. The benzylic proton, however, is still
observed at 4.99 ppm as a quartet, shifted downfield compared with free ligand (4.55 ppm). These
observations are consistent with a proposed structure with C; symmetry (Scheme 14).

oar el

NH iy 1. "Buli N/ Yigy
Ni
2. NiCI(Ph)(PPhs), cl
3e

Scheme 14. Synthesis of pincer complex 3e
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Table 14. X-ray Crystal Data, Data Collection Parameters, and Refinement Parameters

3a 3b 3c 3d 3e 2d 4
formula C3gH37N2NiO C39H39N2Ni C39H39N2Nio C41H35N2Ni C93H84C1LiN2 C23H22N20 C75H73Ni2
P OP P OP NiOsP4 Ps
FW 627.41 641.43 641.43 661.39 1534.70 34243 1366.74
crystal |Orthorhombi-|Orthorhomb-|Orthorhombic| Triclinic |Orthorhombic |Orthorhommbic| Triclinic
system -C -ic
Space group P212121 P212121 P212121 P-1 P212121 P212121 P-1
a, A 9.7830(2) 9.7903(2) | 9.84280(10) | 9.2807(2) 11.4071(3) 10.7615 12.7404(4)
(€8))
b, A 15.0674(2) | 15.3617(4) 15.0952 11.2227(3) | 20.7893(7) 10.8922 12.8703(4)
3) (€8))
c, A 21.6014 |21.5085(15)| 21.8779 17.2906(4) | 33.113(2) 15.7770 24.2765(7)
(15) 15) (16)
o, deg 108.2600 77.185(2)
(10)
B, deg 92.2040(10) 88.302(2)
v, deg 103.0970 61.962(2)
(10)
v, A3 3184.1(2) 3234.8(2) 3250.6(2) | 1654.02(7) | 7852.6(6) 1849.3(3) 3413.08
(18)
Z 4 4 4 2 4 4 2
deate, g cm’ 1.309 1.317 1.311 1.328 1.298 1.230 1.330
T/K 123 123 123 173 123 173 173
4, mm’! 0.692 0.683 0.680 0.670 0.418 0.076 0.716
20 range, |3.118-27.4843.111-27.482/3.094-27.484| 1.25-33.09 | 3.003-24.710 | 2.29-28.22 |0.86-28.30
deg
data 22147 11925 23395 25654 32597 15880 86941
collected
unique data 7309 7097 7369 10575 13331 4274 16805
Rint 0.025 0.036 0.021 0.0215 0.101 0.0249 0.1086
Data in 7294 7083 7355 10575 13292 4274 16805
Refinement
data with 6875 5413 6970 8835 8596 4021 9748
1>2.00(1)
variables 389 398 398 415 965 237 813
R(F,)* 0.0246 0.0456 0.0276 0.0351 0.0596 0.0381 0.0561
Ry(Fo2)? 0.0438 0.0748 0.0553 0.0951 0.0818 0.1014 0.1373
GOF 0.9425 0.9724 0.9765 1.047 0.9568 1.038 0.933
Flack -0.002(7) -0.01(2) 0.004(9) -0.036(16)

2R =X ||Fo| - |Fe|l/ Z|Fo| for Fo>>2 Z(Fo2); ® Ry = [Z W ([Fo?| - |[F2)% = w [Fo2)]"?
Table 15. Selected Bond Distances (A) and Bond Angles (deg) in Complexes 3a—e Determined
by X-ray crystallography.

3a 3b 3c 3d 3e
Ni—C 1.9320 (15) 1.934(4) 1.9303(18) 1.9308(15) 1.887(5)
Ni—Namido 1.9197 (14) 1.914(4) 1.9177(16) 1.9081(11) 1.887(4)
Ni—Nimino 1.9199 (14) 1.926 (4) 1.9343(17) 1.9358(12) 1.942(4)
Ni—P/Cl 2.1335(4) 2.1327(12) 2.1333(5) 2.1631(4) 2.2100(15)
Nimino—Ni—C 162.77(7) 164.05(19) 162.74(8) 171.60(6) 176.1(2)
Namido—Ni—P/C 152.69(4) 153.91(12) 152.84(5) 167.39(4) 174.92(12)
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Figure 58. Molecular structure of ligand 2d (left) and its nickel complex 3d (right)

X-ray crystal structure analysis confirmed the pincer coordination mode of the ligand, in
which the cyclometallation takes place on the ortho-phenyl position of the amine arm to form a
five-membered chelation ring (Figure 59). Selected bond lengths and bond angels are listed in Table
15. Unlike complexes 3a-d, one Cl atom is coordinated to nickel atom instead of PPh;. The nickel
atom resides in a distorted square planar geometry constructed by N3, N14, C17, and CI2 with the
bond distances of N3-Nil = 1.942(4), N14-Nil = 1.887(4), C17-Ni = 1.887(5), and Ni-CI2 =
2.210(2). Clearly the Ni-C17 bond distance is much shorter than those in complexes 3a-d.
Presumably, this is because the PPh; group was replaced by a smaller Cl atom, which reduces steric
crowdedness around the metal center. In addition, PPhs has a much stronger trans influence than
chloride, further reducing the Ni-C distance in 3a-d. Absence of PPhs ligand makes the nickel
coordination environment more planar, and the deviation of Ni from the coordination plane is only
0.0354(6) A. Li(OPPh;)4"is found as the counter cation in the crystal structure; presumably oxygen
comes from adventitious air during the reaction process.

7.2.5. UV-vis and CD Spectroscopy of Ni Complexes 3a—3d
UV-vis and CD spectra of Ni complexes 3a-3d are presented in Figure 60 and are
summarized in the Experimental Section. In general, all complexes exhibit four features in their
UV-vis spectra. The first low intensity band (¢ ~ 200 M cm™) is located at ~650 nm, which is
followed by two intense bands at ~440 (g ~ 2500 M cm™) and ~320 (¢ ~ 9000 M™! cm™") nm, with
one low-intensity broad shoulder observed at ~500 nm. The CD spectra of the Ni complexes 3a—
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3d are shown in Figure 60 and agree well with the UV-vis spectra. All (R)-isomers have a strong
negative signal, which corresponds to the low-energy transition observed in the UV-vis spectra at
~650 nm. This band follows the low-intensity negative signal at ~510 nm, which correlates with
the position of shoulder observed in UV-vis spectra of corresponding complexes. Absorption band
at ~440 nm has a positive amplitude for all (R)-isomers and fits well with a position of intense band
observed in UV-vis spectra of the target nickel complexes. Finally, one low intensity (~380 nm)
and one high-intensity negative CD signal dominate in the UV region of CD spectra of complexes
3a-3d. In agreement with the expectations, the CD spectrum of (S)-isomer of complex 3c is a
mirror image of the CD spectrum of (R)-isomer. As it has already been mentioned above, complex
3d has no signals in CD spectrum, which confirms its racemization during a metal-insertion
reaction.
Lo
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Figure 59. X-ray crystal structure of compound 3e. Cationic counter ion is omitted for clarity

7.2.6. DFT-PCM and TDDFT-PCM Calculations

A tentative interpretation of the UV-vis and CD spectra of nickel (II) complexes 3a—3d is
quite challenging. In particular, the following questions should be addressed: (i) Taking into
consideration the "soft base" character of new CNN pincer ligand, is the highest occupied molecular
orbital (HOMO) predominantly nickel- or CNN rn-centered MO? (ii) Is the lowest occupied
molecular orbital (LUMO) n* MO centered on pincer CNN ligand or soft PPh; fragment? (iii) Are
low-intensity band at~665 nm and a shoulder at ~510 nm classic nickel (II) d-d transitions? (iv) Is
the intense band observed at ~440 nm charge-transfer or n-n* in nature? Thus, the further insight
into the electronic structure and UV-vis as well as CD spectroscopy of the target nickel complexes
3a-3d was gained on the basis of DFT-PCM and TDDFT-PCM calculations which have been
shown to provide accurate energetic and spectroscopic parameters for a large variety of transition-
metal complexes® including nickel-containing compounds.*® Since UV-vis and CD spectra of all
investigated nickel complexes are very close to each other, we have only calculated electronic
structure, UV-vis, and CD spectra of (R)- and (S)-isomers of complex 3¢. As shown in Supporting
Information, Table S1, the predicted geometries from DFT-PCM calculations are in good agreement
with the X-ray experimental parameters. The DFT-PCM predicted MO energy diagram for 3¢ is
presented in Figure 61, while an analysis of the orbital compositions is provided in Figure 62. and
Supporting Information, Table S2. In addition, the frontier orbitals of the complex 3¢ are also
pictured in Figure 61.

The X3LYP/6-31G(d) DFT-PCM calculations predict that the HOMO in the complex 3¢ is
a predominantly m-orbital with an electron density delocalized over diphenylamide fragment of the
ligand with the metal contribution of ~10%. This orbital is energetically well-separated (~0.8 eV)
from the closely spaced predominantly nickel-centered HOMO-1 to HOMO-3 MOs. HOMO-1 is
dominated by nickel d,» AO contribution, while HOMO-2 and HOMO-3 have prominent nickel d,
and dy, characters, respectively. The other set of MOs, which is important for understanding of the
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UV-vis and CD spectra of 3¢ (HOMO-4 to HOMO-9), is predominantly localized over PPh; and
chiral pincer ligands (Figures 61 and 62 and Supporting Information, Table S2). For instance,
HOMO-4 has distinct [I-character and is localized over C¢H3CH, fragment. Similarly, HOMO-5
and HOMO-6 are II -orbitals delocalized over the pincer ligand, while HOMO-7 and HOMO-8
have distinct PPhs localization. Except LUMO+2, which has ~10% of nickel dx».y» character,
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Figure 60. UV-vis and CD spectra of 3a—3d in CH,Cl,

167

Figure 61. Molecular energy diagram and frontier orbitals of complex 3¢ calculated using DFT-
PCM approach and X3LYP exchange-correlation functional. HOMO-LUMO energy gap is
indicated by the dotted line
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Figure 62. Molecular orbitals contribution analysis of complex 3¢ calculated at DFT-PCM level
using X3LYP exchange-correlation functional. Black bars are contribution of Ni ion, red bars are
contribution of PPh; ligand, blue bars are contribution of oxazoline part of the pincer ligand, blue-
gray bars are contribution of PhNPh part of the pincer ligand

LUMO to LUMO+10 MOs are dominated either by PPh; (LUMO+1 to LUMO-+6) or pincer ligand
(LUMO, LUMO+7 to LUMO-9) contributions and could be characterized as ©* MOs.

The further interpretation of the UV-vis and CD spectra of complex 3¢ was solidified on
the basis of TDDFT-PCM calculations (Figure 63 and Supporting Information). TDDFT-PCM
predicted vertical excitation energies, oscillator strengths, and rotary strengths of 3¢ calculated with
and without solvent equilibration are virtually identical. UV-vis and CD spectra in the 400 - 900
nm range could be described using first six low-energy excitations. The first low-intensity band
experimentally observed as a weak band at ~665 nm in UV-vis spectrum and as a strong positive
signal in CD spectrum of 3c is associated with the first transition predicted by TDDFT-PCM
method. This excited state consists of ten significant single-electron contributions, has ~74% of
intra- and inter-ligand n-n* character and ~26% of MLCT character, and dominated by HOMO —
LUMO (~47%) and HOMO — LUMO+2 (~14%) transitions. The first transition has intra (pincer)-
ligand character, while the second one can be described as the charge-transfer transition from the
pincer ligand to PPh; fragment. In agreement with experimental data, the oscillator strength of this
transition is small, while rotary strength is positive and large. The second and third excited states
are responsible for the broad, low intensity shoulder observed in UV-Vis spectrum of 3¢ between
500 and 600 nm and weak positive CD signal observed in the same region. These transitions have
pure MLCT character and dominated by HOMO-1 (Ni d») — LUMO (~40%, pincer * MO),
LUMO+2 (~25%, PPh; * MO) for excited state 2 or HOMO-2 (Ni dy,) — LUMO, LUMO+2
(~25%, pincer n* MO), LUMO+2 (~20%, PPh; * MO) for excited state 3 transitions. In addition,
~22% of excited state 3 could be described as HOMO-3 (Ni dy,) - LUMO, LUMO+1, LUMO+7,
and LUMO+S single-electron excitations. Again, in agreement with experimental data, TDDFT-
PCM predicted rotary strengths of the excited states 2 and 3 are positive and significantly smaller
compared to that in the first excited state. According to TDDFT-PCM calculations, excited state 4
is the main contributor to the 440 nm band observed in UV-vis spectrum of 3¢. This excited state
consists of five major single-electron contributions, has ~90% of m-n* character, and dominated by
HOMO —LUMO (~64%) and HOMO — LUMO+2 (~26%) transitions. In agreement with
experimental CD spectrum, TDDFT-PCM calculations predict strong negative signal associated
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with this excited state. Excited state 5 could be associated with the higher-energy shoulder of the
440 nm band, a positive signal in CD spectrum observed at ~375 nm. This excited state has 17
single-electron contributions, has ~83% of n-n* and ~17% of MLCT character, and has no
dominant contribution (the largest single-electron contribution is ~11% for HOMO —LUMO+2
transition). Again, TDDFT-PCM calculations predict positive amplitude for CD signal associated
with this excited state. Finally, the shoulder at ~350 nm observed in UV-vis and CD spectra of 3¢
and a weak negative signal observed in its CD spectrum in this region can be assigned to the excited
state 6. This excited state has pure n-n* character and could be described as almost pure HOMO —
LUMO+I1 (PPh;, m* MO) single electron transition (~96%). TDDFT-PCM calculations predict that
the higher energy regions of UV-vis and CD spectra of 3¢ consist of numerous overlapping excited
states and thus it is impossible to provide a clear assignment for intense 320 nm and higher energy
bands.

Overall, TDDFT-PCM calculations are in good agreement with the experimental UV-vis
and CD data and allow us to assign the observed spectra in 400-900 nm region to four excited states
with predominantly n-n* character and two excited states with predominantly MLCT character.
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Figure 63. Experimental UV-vis and CD data (top) and TDDFT-PCM predicted UV-vis and CD

spectra (bottom) of complex 3c. Blue lines represent (S)-isomer and red lined represent (R)-isomer

of chiral complex.

7.2.7. Discussions
A few anilido imine complexes of nickel have been reported as analogues of conventional
B-diketimine or a-diimine based complexes, mostly for applications in catalystic olefin
polymerization.?! Usually they are obtained as mono- or dinuclear Ni(Il) species by reaction of free
or deprotonated ligands with a nickel precursor such as Ni(OAc),, NiCl,, NiBr,, NiClo(THF); 5,
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NiClx(py)s, and Ni(acac),, with or without the presence of a base. When trans-NiCI(Ph)(PPhs), was
employed as the precursor, formation of a three coordinate Ni(I) complex (NN)Ni'(PPhs) was
observed.?’*3? Analogous results were obtained for the conventional B-diketiminato ligand, leading
to reduction of Ni(II) and formation of three coordinate Ni(I) complexes.’> However, when less
bulky ketiminato and salicylaldiminato ligands were allowed to react with trans-NiCl(Ph)(PPhs),,
square planar Ni(II) complexes from simple metathesis were obtained as the main products.®*>* It
should be emphasized that in none of these reactions C-H activation of ligands has been observed.
Therefore, it is surprising to note that in the present system, one of the benzylic or aryl C-H bonds
on the aniline side arm was cyclometallated, and the ligand functioned as a tridentate, dianionic
chelate and led to the formation of unsymmetric CNN pincer type complexes.

A large number of pincer complexes with a C backbone or arm have been prepared; vast
majority of them is introduced through direct metallation, transmetallation, or cyclometallation of
C(sp?)-H bonds.8 In comparison, examples with C(sp®)-H bonds, either benzylic or aliphatic, are
relatively less common,'>% although the coordination-assisted C(sp®)-H bond activation by
palladium is well-documented.* It also appears that the metallation occurs only when the metal
center is easily accessible to the CH bond so that substitution at the sp* carbon is feasible.>” Thus,
results here are even more striking, considering the typical orientation the ortho-dimethyphenyl
group adopts and the strong distortion the ligand would have to go through to form the observed
complexes. We have described the distorted coordination environment around the Ni center. The
sensitivity of these complexes towards air may also be a reflection of the strain in the system.

Another puzzling yet important aspect is the observation of racemization of chiral
oxazolines in compound 3d, apparently during the complex formation. Oxazoline and its
derivatives have been employed extensively in transition metal asymmetric catalysis,*® but
racemization of chiral oxazolines upon metal coordination or during catalysis is rarely reported.
Gabbai and coworkers noted that a chiral oxazoline palladium complex, (S,S)-di-z-(acetate)-bis[2-
[2-(4-carbomethoxy) oxazolinyl]phenyl-C,N]-dipalladium(II), underwent racemization reaction
when serving as a catalyst for the hydrolysis of organophosphorus.** However, the mechanism of
racemization is not well-understood. One possibility is that deprotonation of hydrogen at 4-
oxazoline may occur due to the enhanced acidity when a phenyl (as in 3d) or carbomethoxy (as in
the dipalladium complex) group is attached. Isomerization to 3-oxazoline or non-selective
recombination of proton and carbanion resulted in racemization (Scheme 15). It is unclear what
could serve as a base to deprotonate the 4-H. Fortunately, no racemization is observed when
aliphatic substituents are present at the 4-oxazoline position, as seen in 3a-c in our study.
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Scheme 15. Possijble pathways for rz;cemization of 3d
It has been suggested that the steric bulk of the chelating NN ligands in combination of the
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bulky PPh; played a key role in the reduction of Ni(II) and the formation of three-coordinated
Ni(I).2* We suspect that unexpected formation of CNN pincer complexes via C-H activation may
have a similar steric origin. Presumably, the ligand is first coordinated to nickel(Il) in an N, N-
bidentate fashion, with PPhs in the less congested side and phenyl group adjacent to aniline moiety.
Because of the proper steric interaction with the environment, particularly the chiral oxazoline
quadrant, the dimethylphenyl group was forced out of its normal perpendicular position, with one
methyl leaning close towards the Ni center. This may lead to an agostic interaction or a o-complex
that eventually resulted in the elimination of benzene and the formation of the carbon nickel bond,
possibly through a conventional concerted c-bond metathesis or a -complex assisted metathesis
pathway (Scheme 16). Such mechanisms are common for electrophilic early transition metal
systems,*’ but it can occur with late transition metals as well.*! The observation of the nickel
product in the same oxidation state and the absence of biphenyl from phenyl coupling in the
products are in agreement with this mechanism. An oxidative addition pathway involving a high
valent nickel, formally Ni'V, seems less likely, but could not be ruled out.*? Further studies are
required to elucidate the reaction mechanism and to utilize this C-H activation chemistry.
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Scheme 16. A possible pathway for complexes 3a-d

One of our initial goals is to prepare nickel (II) complexes incorporating chiral,
monoanionic f-diketimine type ligands. Therefore, we explored a number of commonly used nickel
precursors listed above in the synthesis. Though signs of reactions were noted in several occasions,
only the procedure with trans-NiCl(Ph)(PPhs), afforded the isolable and identifiable nickel
complexes, leading to the formation of pincer complexes via unexpected C-H activation. However,
the yields are generally low; and the highest so far obtained is ~35% with 3a, despite numerous
attempts to improve the reactions.

Efforts were also made to isolate and characterize other Ni-containing products formed in
the reaction. The paramagnetic species were often observed in the crude reaction mixture, as
indicated by the appearance of '"H NMR signals in the +50 and -50 ppm range. Another type of
byproducts features two nickel centers without incorporation of the anilido imine ligands. One of
them was isolated as a dark-green crystals and characterized by X-ray diffraction crystallography,
which revealed a dinuclear structure of (PPh;),Ni(u-PPh,),Ni(PPhs), 4.22 These observations may
explain, at least in part, the low yields generally obtained, and they also indicate the complexity of
the process.

7.3. Conclusions
In summary, we have synthesized and characterized a series of chiral and unsymmetrical
CNN pincer nickel complexes with C; symmetry ligands via a coordination assisted
cyclometallation process. Both C(sp*)-H and C(sp?)-H bonds may be activated, showing the
diversity it may bring. The absolute configuration of chiral groups exerts considerable influence on
the overall structural arrangement. The fact that both benzylic and aryl C-H bonds are activated
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with similar ease suggests that the geometries of the intermediates favor activation, regardless of
the energetics of the process. These findings open new possibility for a pincer ligand design based
on the anilido imine framework and appear promising for further investigations. Current efforts
aim to establish the general applicability of the synthetic approach, further probe the origin of the
observed activity by varying substituent groups on both arms, and explore if the activity can be
harnessed for practical C-H activations. In addition, these nickel complexes are chiral with easily
tunable substituents and their potential applications in asymmetric catalysis will be investigated.

7.4. Experimental Section

General. All air- or moisture-sensitive reactions were carried out under a dry nitrogen atmosphere,
employing standard Schlenk line and drybox techniques. Tetrahydrofuran, toluene, and diethyl
ether were dried over potassium hydroxide and distilled over Na/benzophenone prior to use. DMF
was distilled over CaH». Deuterated solvents were purchased from Cambridge Isotope Laboratory,
dried over sodium or calcium hydride, degassed, and distilled by vacuum transfer. trans-
NiCI(Ph)(PPhs), was prepared according to a literature procedure.®

All 'H and '*C NMR spectra were recorded on a Bruker AVANCE-500 NMR spectrometer
and referenced to TMS or the residue peaks in CDCls or C¢Dg. *'P NMR was referenced to P(OEt);
at 137 ppm. The elemental analyses were performed by Midwest Microlab, Indianapolis, IN. UV-
Vis data were obtained on Jasco-720 or Cary 17 spectrophotometers. Circular Dichroism (CD) data
were recorded using OLIS DCM 17 CD spectropolarimeter. GC-MS analyses were performed on
an HP 5890 GC/HP 5971/B MSD system with electron impact ionization (70 eV).
Ligand 2e by Cu-Catalyzed Amination.”! An oven-dried Schlenk flask was charged with a
magnetic stir bar, Cul (10 mg, 0.05 mmol, 5 mol%) and K3;PO4 (2 mmol, 425 mg), then evacuated
and backfilled with nitrogen three times. Under a counter-flow of nitrogen, R-(+)-a-
methylbenzylamine (181 mg, 1.5 mol), oxazoline derivative (302 mg, 1 mmol), and DMF (0.5 mL)
were added by syringe. Finally, 2-isobutyrylcyclohexanone (34 mg, 0.2 mmol, 20 mol%) was
added via syringe, the flask was sealed and the mixture was heated at the 110 °C for 24 hours. Upon
completion of the reaction, the mixture was allowed to cool to room temperature, diluted with ethyl
acetate, and passed through a fritted glass filter to remove the inorganic salts. The solvent was
removed with the aid of rotary evaporator. The residue was purified by column chromatography on
silica gel and the product was dried under vacuum for at least 1 h. Colorless crystals of the product
could be obtained in ethyl acetate by slow evaporation. The typical yield was ~40%. The identity
of 2e was compared with literature?® and confirmed by "H NMR and GC-MS.
Lithium Salt L>*Li(THF).: Ligand 2d (1 mmol) was dissolved in 10 mL of THF and cooled to -
78°C. To it was added an n-butyl lithium solution in hexane (0.625 mL, 1.6 M) at low temperature.
The solution changed from colorless to dark-green and then orange. It was allowed to stir for 2
hours at -78°C and then warm to room temperature with stirring. THF was then removed under
vacuum and the yellow residue was washed with hexane. Light yellow needle-like crystals could
be obtained by diffusion of hexane into a THF solution of the lithium salt. The yield is 0.39 g
(80%). '"HNMR (500 MHz, C¢Ds): 8 8.40 (d, 1 H, J =8.41 Hz), 7.21 (m, 3 H), 7.13 (m, 1 H), 6.99
(m, 5 H), 6.58 (d, 1 H, ] =6.55Hz), 6.48 (t, 1 H, ] =6.47 Hz), 4.78 (t, 1 H, ] =4.78 Hz), 4.16 (t, 1
H,J=4.15Hz),3.72 (t, 1 H,J =3.70 Hz), 3.11 (m, 8 H, THF), 2.36 (s, 3 H), 2.31 (s, 3 H), 1.13
(m, 8 H, THF) ppm. *C NMR (126 MHz, C¢Ds): 6 170.32, 158.76, 153.66, 144.70, 133.88, 133.28,
133.21, 133.17, 129.23, 128.87, 127.27, 121.59, 115.68, 109.10, 105.69, 73.27, 70.09, 68.13
(THF), 25.68 (THF), 19.31, 19.23.
Synthesis of 3a. The following procedure is typical: 2a (30.8 mg, 0.1 mmol) was dissolved in 5
mL of THF which was cooled to -78°C. At this temperature 50 uL. of BuLi (0.1 mmol) was added
and the resulting yellow solution was stirred at low temperature for 1 hour and then was allowed to
warm to room temperature. All volatiles were removed under vacuum. The yellow residue was
dissolved in 5 mL of toluene, and then mixed with the orange solution of NiCIl(Ph)(PPhs), (0.1
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mmol) in 5 mL of toluene. The red to dark-red solution was stirred overnight at ambient
temperature. After filtration and removal of solvent, the residue was dissolved in small amount of
toluene and layered up with hexanes. After a few days, the red crystals formed and were collected.
The yield is 22 mg (35%)."H NMR (500 MHz, C¢Ds): 8 7.92 (d, J = 7.9 Hz, 1H), 7.79 — 7.65 (m,
6H, 0-PPh3), 7.12 — 7.06 (m, 1H), 7.06-6.99 (m, 3H), 6.99-6.89 (m, 9H, m,p-PPhs), 6.76 (t,J = 7.3
Hz, 1H), 6.52 (t, /= 7.2 Hz, 1H), 3.57 (dd, J = 8.6, 2.2 Hz, 1H, NCH(R)CH-0), 3.31 (t, /= 8.6 Hz,
1H, NCH(R)CH-0), 2.76 (dd, J = 13.5, 5.0 Hz, 1H, NiCH,), 2.54 — 2.42 (m, 1H, NCH(R)CH0),
2.19 (s, 3H, ArCH3), 2.04-1.96 (m, 1H, CHMe»), 1.38 (dd, J=14.3, 14.3 Hz, 1H, NiCH>), 0.74 (d,
J = 6.7 Hz, 3H, CHMe>), 0.28 (d, J = 6.9 Hz, 3H, CHMe,). *C NMR (126 MHz, CsDs): 8 163.57,
156.54, 155.37, 145.66, 134.66, 133.79, 133.48, 133.15, 130.34, 129.53 — 128.08, 126.92, 124.68,
120.53, 119.87, 112.90, 111.24, 69.81 (NCH(R)CH:0), 67.73 (NCH(R)CH,0), 33.44 (CHMe),
26.43 (d, 2Jcp= 25.3 Hz, NiCH,), 21.05 (ArCH3), 18.56 (CHMe»), 15.40 (CHMe,). *'P NMR (202
MHz, C¢D¢): & 32.04. UV-vis (DCM, e M em™): 319 (8010), 437 (3310), 514sh (622), 665 (220).
Synthesis of 3b.The procedure is the same as 3a while ligand 2b (32.2 mg, 0.1 mmol) was used.
The yield is 15.2 mg (24%). Elemental analysis: Calc. C30H39NoNiOP, C, 73.03; H, 6.13; N, 4.37.
Found: C, 72.74; H, 5.99; N, 4.26. '"H NMR (500 MHz, CsDs): & 7.93 (dd, J = 7.9, 1.6 Hz, 1H),
7.75 — 7.66 (m, 6H, 0-PPhs), 7.16 (s, 2H), 7.12 — 7.01 (m, 3H), 6.94 (m, 9H, m,p-PPhs), 6.77 (t, J
=17.3 Hz, 1H), 6.53 (ddd, /= 7.9, 6.7, 1.2 Hz, 1H), 3.58 (dd, J = 8.7, 2.9 Hz, 1H, NCH(R)CH0),
3.27 (t, J = 8.7 Hz, 1H, NCH(R)CH0), 2.66 (dd, J = 13.8, 5.5 Hz, 1H, NiCH>), 2.60 (dt, J = 8.6,
2.9 Hz, 1H, NCH(R)CH,0), 2.20 (s, 3H, ArCH3), 1.96 — 1.90 (m, 1H, CHCH3(Et)), 1.45 (dd, J =
14.2, 14.2 Hz, 1H, NiCH>), 0.70 (d, J = 6.8 Hz, 1H, CHCH3(Et)), 0.49 (t, ] = 6.0 Hz, 3H,
CHCH3(CH2CH3)), 0.47 — 0.40 (m, 2H, CHCH3(CH>CHa)). *C NMR (126 MHz, C¢Ds): 8 163.62,
156.48, 155.31, 145.55, 145.50, 134.69, 134.61, 133.58, 133.26, 133.11, 130.37, 130.23, 126.91,
124.83, 120.47, 119.86, 112.88, 111.10, 69.23 (NCH(R)CH-0), 67.63 (NCH(R)CH-0), 40.47
(CHCH3(Ev)), 26.38 (d, 2Jcp= 25.3 Hz, NiCH>), 26.29 (CHCH;3(CH,CH3)), 21.08 (ArCHs), 12.41
(CHCH3(CH2CH3)), 11.85 (CHCH3(CHCHs)). *'P NMR (202 MHz, CsDs): & 33.02. UV-vis
(DCM, e M cm): 441 (3490), 510sh (390), 647 (210).

Synthesis of 3c. The procedure is the same as 3a. 2¢ (32.2 mg, 0.1 mmol) was used. Yield: ~15%.
"H NMR (500 MHz, C¢Ds): 6 7.99 (d, J = 8.5 Hz, 1H), 7.74 (dd, J = 9.4, 7.7 Hz, 6H, 0-PPh3), 7.12
—7.07 (m, 3H), 6.99 — 6.89 (m, 10H, m,p-PPhs+ArH), 6.79 (t, J = 7.3 Hz, 1H), 6.56 (ddd, J=17.9,
5.5, 2.3 Hz, 1H), 3.50 (dd, J = 8.2, 2.7 Hz, 1H, NCH(R)CH-0), 3.23 (t, J = 8.1 Hz, 1H,
NCH(R)CH:0), 2.52 — 2.44 (m, 2H, NCH(R)CH,O + NiCH,), 2.21 (s, 3H, ArCH3), 1.89 — 1.80
(m, 1H, CH,CHMe,), 1.64 (dd, J = 13.8, 13.8 Hz, 1H, NiCH), 1.18 (ddd, J = 13.8, 11.1, 4.9 Hz,
1H, CH.CHMey), 1.03 — 0.94 (m, 1H, CH,CHMe), 0.61 (d, J = 6.6 Hz, 3H, CH,CHMe>), 0.28 (d,
J=6.6 Hz, 3H, CH,CHMe,). *C NMR (126 MHz, C¢Ds): 8 163.96, 156.19, 155.27, 145.13, 134.92,
134.83, 133.37, 133.09, 132.99, 130.40, 130.06, 128.89, 128.79, 127.01, 124.94, 120.35, 120.01,
112.91, 110.95, 71.35 (NCH(R)CH-0), 63.89 (NCH(R)CH,0), 45.83 (CH.CHMe»), 26.61 (d, *Jc.
p=26.5 Hz, NiCH>), 25.69 (CH,CHMe,), 24.08 (ArCH3), 22.02 (CH,CHMe,), 21.38 (CH.CHMe,).
3P NMR (202 MHz, C¢D¢): 8 34.20. UV-vis (DCM, ¢ M! cm™): 320 (8620), 440 (3620), 516sh
(673), 663 (240). The complex 3¢’ was prepared analogously, starting from ligand 2¢” with a (S)-
‘Bu substituent at the 4-oxazoline position. The 'H NMR data are virtually identical with 3c.
Synthesis of 3d.The procedure is the same as 3a. 2d (34.2 mg, 0.1 mmol) was used. Yield: ~20%.
"H NMR (500 MHz, CsDs): 8 7.94 (d, J = 8.5 Hz, 1H), 7.53 (m, 6H, 0-PPh3), 7.20 — 7.12 (m, 4H),
7.01-6.96 (m, SH), 6.95 (m, 3H), 6.86 (td, J = 7.9, 5.0 Hz, 6H), 6.76 (t, ] = 7.5 Hz, 1H), 6.55 (m,
1H), 3.58 (m, 1H, NCH(R)CH:0), 3.50 (m, 2H, NCH(R)CH-0), 2.48 (dd, J = 13.8, 5.5 Hz, 1H,
NiCH,), 2.29 (s, 3H, ArCHs), 1.56 (m, 1H, NiCH,). *C NMR (126 MHz, C¢Dg): & 165.71, 156.11,
155.66, 145.13, 145.07, 143.01, 134.88, 134.79, 133.33, 133.28, 133.02, 130.29, 129.32, 126.97,
126.80, 124.90, 124.88, 120.47, 120.22, 120.21, 113.05, 110.55, 74.99 (NCH(R)CH,0), 68.50
(NCH(R)CH:0), 26.52 (d, *Jcp = 25.2 Hz, NiCH>), 21.43 (ArCH3).>'P NMR (202 MHz, CsDs): &
34.27. UV-vis (DCM, e M em™): 441 (3590), 515sh (550), 656 (200).
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Synthesis of 3e. The procedure is the same as 3a. 2e (0.1 mmol) was used. Yield: ~10%. '"H NMR
(500 MHz, C¢Dg¢) 6 8.16 (t, J = 8.4 Hz, 2H), 7.82 — 7.56 (m, 24H), 7.20-6.96 (m, 40H), 6.48 (t, J =
7.2 Hz, 1H), 6.44 (t, J = 6.7 Hz, 1H), 4.99 (q, J = 5.8 Hz, 1H, NCH(Ar)CH3), 4.85 (t, 1H,
NCH(R)CH;0), 3.73 (dd, J = 7.5, 2.5 Hz, 1H, NCH(R)CH:0), 3.60 (t, / = 8.0 Hz, 1H,
NCH(R)CH:0), 2.38 (t, / = 10.6 Hz, 1H, CH.CHMe), 1.63 (d, J = 6.1 Hz, 3H, NCH(Ar)CHs),
1.45-1.39 (m, 1H, CH,CHMe), 1.00 (m, 1H, CH.CHMe>), 0.97 (d, J = 6.4 Hz, 3H, CH,CHMe»),
0.65 (d, J = 6.5 Hz, 3H, CH,CHMe>). *'P NMR (202 MHz, C¢D¢): § 25.35. *C NMR was not
obtained due to its low solubility.

X-ray Crystallography. Single crystal X-ray diffraction of compounds 2d, 3d, and 4 were
collected on a Bruker Apex diffractometer equipped with an Oxford Cryosystems 700 Series
Cryostream cooler, and that of compounds 3a-c and 3e were collected on a Rigaku RAPID II
diffractometer equipped with XStream Cryosystem. Mo K, radiation (A = 0.71073 A) was used on
both instruments. X-ray crystal data, data collection parameters, and refinement parameters are
summarized in Table 14 and more crystallographic details can be found in Supporting Information.
DFT-PCM and TDDFT-PCM Calculations. The initial geometry of complex 3¢ was taken from
the X-ray data and optimized at the DFT level, using a hybrid X3LYP exchange-correlation
functional. We choose this exchange-correlation functional after 12 exchange-correlation
functional were compared for CD intensities calculations on chiral model nickel (IT) complexes
(full comparison on all tested exchange-correlation functional will be published elsewhere).
Equilibrium geometries were confirmed by frequency calculations and specifically by the absence
of the imaginary frequencies. Solvation effects were modeled using the polarized continuum model
(PCM) approach.** DCM was used as the solvent in all calculations to match with experimental
data. All single-point DFT-PCM and TDDFT-PCM calculations were conducted using a X3LYP
functional.*® The first 70 states were considered in all PCM-TDDFT calculations in order to cover
UV and visible range of the spectrum. In all cases, 6-31G(d) basis set was used for all atoms.*® All
calculations were performed using Gaussian03 or 09 software. Molecular orbital analysis was
conducted using the QMForge program.*’

191



7.5. References

1. (a) van Koten, Top. Organomet. Chem. 2013, 40, 1-20 and references therein. (b) Schneider, S.;
Meiners, J.; Askevold, B. Eur. J. Inorg. Chem. 2012, 412-429. (c) Nishiyama, H.; Ito, J.-1. Chem.
Commun. 2010, 46, 203-212. (d) Pugh, D.; Danopoulos, A. A. Coord. Chem. Rev. 2007, 251, 610-
641. (e) Dupont, J.; Consorti, C. S.; Spencer, J. Chem. Rev. 2005, 105, 2527-2572. (f) Peris, E.;
Crabtree, R. H. Coord. Chem. Rev. 2004, 248, 2239-2246. (g) Albrecht, M.; van Koten, G. Angew.
Chem., Int. Ed. 2001, 40, 3750-3781.
2. (a) Bonnet, S; Li, J.; Siegler, M. A.; von Chrzanowski, L. S.; Spek, A. L.; van Koten, G.; Klein
Gebbink, R. J. M. K. Chem. Eur. J. 2009, 15, 3340-3343. (b) Benito-Garagorri, D.; Kirchner, K.
Acc. Chem. Res. 2008, 41,201-213.
3. Niu, J.-L.; Hao, X.-Q.; Gong, J. —=F.; Song, M.-P. Dalton Trans. 2011, 40, 5135-5150.
4. Moreno, I.; SanMartin, R.; Ines, B.; Herrero, M. T.; Dominguez, E. Curr. Org. Chem. 2009, 13, 878—
895.
5. (a) Balaraman, E.; Fogler, E.; Milstein, D. Chem. Commun. 2012, 48, 1111-1113. (b) Bossi, G.;
Putignano, E.; Rigo, P.; Baratta, W. Dalton Trans. 2011, 8986—-8995. (c) Sun, Y.; Koehler, C.; Tan,
R.; Annibale, V. T.; Song, D. Chem. Commun. 2011, 47, 8349-8351. (d) Fogler, E.; Balaraman, E.;
Ben-David, Y.; Leitus, G.; Shimon, L. J. W.; Milstein, D. Organometallics, 2011, 30, 3826-3833.
(e) Kozlov, V. A.; Aleksanyan, D. V.; Nelyubina, Y. V.; Lyssenko, K. A.; Vasil'ev, A. A.; Petrovskii,
P. V.; Odinets, 1. L. Organometallics 2010, 29, 2054-2062. (f) Hao, X.-Q.; Wang, Y.-N.; Liu, J.-R.;
Wang, K.-L.; Gong, J.-F.; Song, M.-P. J. Organomet. Chem. 2010, 695, 82-89. (g) Jones, G. D.;
Martin, J. L.; McFarland, C.; Allen, O. R.; Hall, R. E.; Haley, A. D.; Brandon, J. R.; Konovalova,
T.; Desrochers, P. J.; Pulay, P.; Vicic, D. A. J. Am. Chem. Soc. 2006, 12, 13175-13183. (h)
Poverenov, E.; Gandelman, M.; Shimon, L. J. W.; Rozenberg, H.; Ben-David, Y.; Milstein, D. Chem.
Eur. J. 2004, 10, 4673-4684.
6. (a) Gu, S.; Chen, W. Organometallics, 2009, 28, 909-914. (b) Zhang, C.; Wang, Z.-X.
Organometallics 2009, 28, 6507-6514. (c) Broring, M.; Kleeberg, C.; Kohler, S. Inorg. Chem. 2008,
47, 6404-6412.
7. (a) Baratta, W.; Bosco, M.; Chelucci, G.; Del Zotto, A.; Siega, K.; Toniutti, M.; Zangrando, E.; Rigo,
P. Organometallics, 2006, 25, 4611-4620. (b) Baratta, W.; Ballico, M.; Del Zotto, A.; Herdtweck,
E.; Magnolia, S.; Peloso, R.; Siega, K.; Toniutti, M.; Zangrando, E.; Rigo, P. Organometallics
2009, 28, 4421-4430.
8. Selander, N.; Szabo, K. J. Chem. Rev. 2011, 111, 2048-2076.
9. (a) Feng, J.-J.; Chen, X.-F.; Shi, M.; Duan, W.-L. J. Am. Chem. Soc. 2010, 132, 5562-5563. (b) Li,J.;
Lutz, M.; Spek, A. L.; van Klink, G. P. M.; van Koten, G.; Gebbink, R. J. M. K. Organometallics
2010, 29, 1379-1387. (c) Iglesias-Sigueenza, J.; Ros, A.; Diez, E.; Magriz, A.; Vazquez, A.; Alvarez,
E.; Fernandez, R.; Lassaletta, J. M. Dalton Trans. 2009, 8485-8488. (d) Gosiewska, S.; Herreras, S.
M.; Lutz, M.; Spek, A. L.; Havenith, R. W. A_; van Klink, G. P. M.; van Koten, G.; Gebbink, R. J.
M. K. Organometallics 2008, 27, 2549-2559. (e) Fossey, J. S.; Russell, M. L.; Abdul Malik, K. M.;
Richards, C. J. J. Organomet. Chem. 2007, 692, 4843—4848. (f) Gosiewska, S.; Martinez, S. H.;
Lutz, M.; Spek, A. L.; van Koten, G.; Gebbink, R. J. M. K. Eur. J. Inorg. Chem. 2006, 4600—4607.
(g) Wallner, O. A.; Olsson, V. J.; Eriksson, L.; Szabo, K. J. Inorg. Chim. Acta 2006, 359, 1767—
1772.
10. (a) Zhang, B.-S.; Wang, W.; Shao, D.-D.; Hao, X.-Q.; Gong, J.-F.; Song, M. P. Organometallics
2010, 29, 2579-2587. (b) Felluga, F.; Baratta, W.; Fanfoni, L.; Pitacco, G.; Rigo, P.; Benedetti, F.
J. Org. Chem. 2009, 74, 3547-3550.

11. (a) Boronat, M.; Corma, A.; Gonzalez-Arellano, C.; Iglesias, M.; Sanchez, F. Organometallics
2010, 29, 134-141. (b) Baratta, W.; Chelucci, G.; Magnolia, S.; Siega, K.; Rigo, P. Chem. Eur. J.
2009, 15, 726-732. (c) Baratta, W.; Benedetti, F.; Del Zotto, A.; Fanfoni, L.; Felluga, F.; Magnolia,

192



12.
13.
14.
15.

16.
17.
18.
19.
20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

S.; Putignano, E.; Rigo, P. Organometallics 2010, 29, 3563-3570. (d) Baratta, W.; Ballico, M.;
Chelucci, G.; Siega, K.; Rigo, P. Angew. Chem., Int. Ed. 2008, 47, 4362 —4365.

Moulton, C. J.; Shaw, B. L. Dalton Trans. 1976, 1020-1024.

Zargarian, D.; Castonguay, A.; Spasyuk, D. M. Top. Organomet. Chem. 2013, 40, 131-174.
Wang, Z.-X.; Liu, N. Eur. J. Inorg. Chem. 2012, 901-911.

(a) Scok, Z.; Vechorkin, O.; Harkins, S. B.; Scopelliti, R.; Hu, X. L. J. Am. Chem. Soc. 2008, 130,
8156-8157. (b) Liang, L.-C.; Chien, P.-S.; Huang, Y.-L. J. Am. Chem. Soc. 2006, 128, 15562—
15563; (c) Zhang, C.; Wang, Z.-X. Organometallics 2009, 28, 6507-6514; (d) Phapale, V. B.;
Buiuel, E.; Garcia-Iglesias, M.; Cardenas, D. J. Angew. Chem. Int. Ed. 2007, 46, 8790—-8795.
Nishiyama, H. Chem. Soc. Rev. 2007, 36, 1133-1141.
Monfette, S.; Turner, Z. R.; Semproni, S. P.; Chirik, P.J. J. Am. Chem. Soc. 2012, 134,4561-4564.
Pfaltz, A.; Drury, W. J., lll Proc. Natl. Acad. Sci. USA 2004, 101, 5723-5726.

Gelman, D.; Musa, S. ACS Catal. 2012, 2, 2456—2466.

(a) Binda, P. I.; Abbina, S.; Du, G. Synthesis 2011, 2609-2618. (b) Abbina, S.; Du, G.
Organometallics 2012, 31, 7394-7403.

(a) Shafir, A.; Buchwald, S. L. J. Am. Chem. Soc. 2006, 128, 8742-8743. (b) Kwong, F. Y ;
Buchwald, S. L. Org. Lett. 2003, 5, 793-796.

See Supporting Information for more details.

(a) Langer, J.; Gorls, H.; Fischer, R.; Walter, D. Organometallics 2005, 24, 272-279; (b) Liang,
L.-C.; Chien, P.-S.; Lee, P.-Y. Organometallics 2008, 27, 3082—3093.

Carmona, E.; Gonzalez, F.; Poveda, M. L.; Atwood, J. L.; Rogers, R. D., J. Chem. Soc., Dalton
Trans. 1980, 2108-2116.

Gwynne, E. A.; Stephan, D. W. Organometallics 2011, 30, 4128-4135.

(a) Ito, J.-L.; Ujiie, S.; Nishiyama, H. Chem. Commun. 2008, 1923-1925. (b) Spasyuk, D. M.;
Zargarian, D.; van der Est, A. Organometallics 2009, 28, 6531-6540. (c) Zhang, B.-S.; Wang, W.;
Shao, D.-D.; Hao, X.-Q.; Gong, J.-F.; Song, M. P. Organometallics 2010, 29, 2579-2587.

(a) Wang, H.-Y.; Meng, X.; Jin, G. —X. Dalton Trans. 2006, 2579-2585. (b) Eckert, N. A.; Bones,
E. M.; Lachicotte, R. J.; Holland, P. L. Inorg. Chem. 2003, 42, 1720-1725.

Pandarus, V.; Zargarian, D. Chem. Commun. 2007, 978-980.

(a) Firme, C. L.; Pontes, D. de L.; Antunes, O. A. C. Chem. Phys. Lett. 2010, 499, 193—198. (b)
Kalamse, V.; Wadnerkar, N.; Chaudhari, A. J. Phys. Chem. C 2010, 114, 4704-4709. (c)
Meylemans, H. A.; Damrauer, N. H. Inorg. Chem. 2009, 48, 11161-11175. (d) Alparone, A.; Reis,
H.; Papadopoulos, M. G. J. Phys. Chem. A 2006, 110, 5909-5918. (e) Solntsev, P. V.; Dudkin, S.
V.; Sabin, J. R.; Nemykin, V. N. Organometallics, 2011, 30, 3037-3046. (f) Solntsev P. V.;
Spurgin, K. L.; Sabin, J. R.; Heikal, A. A.; Nemykin, V. N. Inorg. Chem. 2012, 51, 6537-6547. (g)
Solntsev, P. V.; Sabin, J. R.; Dammer, S. J.; Gerasimchuk, N. N.; Nemykin, V. N. Chem. Commun.
2010, 6581-6583. (h) Nemykin, V. N.; Rohde, G. T.; Barrett, C. D.; Hadt, R. G.; Sabin, J. R.;
Reina, G.; Galloni, P.; Floris, B. Inorg. Chem. 2010, 49, 7497-7509. (i) Nemykin, V. N.; Hadt, R.
G. J. Phys. Chem. A 2010, 114, 12062—12066. (j) Nemykin, V. N.; Kobayashi, N.; Chernii, V. Y.;
Belsky, V. K. Eur. J. Inorg. Chem. 2001, 733-743. (k) Nemykin, V. N.; Makarova, E. A.; Grosland,
J. O.; Hadt, R. G.; Koposov, A. Y. Inorg. Chem. 2007, 46, 9591-9601. (1) Nemykin, V. N.;
Maximov, A. Y.; Koposov, A. Y. Organometallics 2007, 26, 3138-3148. (m) Sabin, J. R.;
Varzatskii, O. A.; Voloshin, Y. Z.; Starikova, Z. A.; Novikov, V. V.; Nemykin, V. N. Inorg. Chem.
2012, 51, 8362-8372. (n) Nitta, H.; Kawata, 1. Chem. Phys. 2012, 405, 93-99. (o) Jacquemin, D.;
Mennucci, B.; Adamo, C. Phys. Chem. Chem. Phys. 2011, 13, 16987—16998. (p) Solomon, E. L;
Hadt, R. G. Coord. Chem. Rev. 2011, 255, 774-789. (q) Mitsopoulou, C. A. Coord. Chem. Rev.
2010, 254, 1448—-1456. (r) Moore, E. G.; Samuel, A. P. S.; Raymond, K. N. Acc. Chem. Res. 2009,
42,542-552. (s) Vlcek, A.; Zalis, S. Coord. Chem. Rev. 2007, 251, 258-287. (t) Decker, A.; Clay,
M. D.; Solomon, E. L. J. Inorg. Biochem. 2006, 100, 697-706. (u) Petrenko, T.; Kossmann, S.;
Neese, F. J. Chem. Phys. 2011, 134, 054116/1-054116/14. (v) Ray, K.; DeBeer G. S.; Solomon,

193



30.

31.
32.

33.
34.

35.

36.

37.
38.

39.
40.
41.
42.
43.
44.
45.

46.

E. I; Wieghardt, K.; Neese, F. Chem. Eur. J. 2007, 13,2783-2797. (w) Gennari, M.; Retegan, M.;
DeBeer, S.; Pecaut, J.; Neese, F.; Collomb, M.-N.; Duboc, C. Inorg. Chem. 2011, 50, 10047-10055.
(x) Gennari, M.; Orio, M.; Pecaut, J.; Bothe, E.; Neese, F.; Collomb, M.-N.; Duboc, C. Inorg.
Chem. 2011, 50, 3707-3716. (y) Lehnert, N.; Cornelissen, U.; Neese, F.; Ono, T.; Noguchi, Y.;
Okamoto, K.-I.; Fujisawa, K. Inorg. Chem. 2007, 46, 3916-3933.

(a) Chmielewski, P. J.; Szterenberg, L.; Siczek, M. Chem. Eur. J. 2011, 17, 1009—1020. (b)
Bridgeman, A. J.; Courcot, B.; Nguyen, T. Dalton Trans. 2012, 41, 5362-5367. (c¢) Nemykin, V.
N.; Polshyna, A. E.; Makarova, E. A.; Kobayashi, N.; Lukyanets, E. A. Chem. Commun. 2012, 48,
3650-3652. (d) Yamazaki, A.; Akitsu, T. RSC Advances 2012, 2, 2975-2980. (e¢) Dumas, A.;
Luedtke, N. W. Chem. Eur. J. 2012, 18, 245-254. (f) Sripothongnak, S.; Ziegler, C. J.; Dahlby, M.
R.; Nemykin, V. N. Inorg. Chem. 2011, 50, 6902—6909. (g) Yoshinari, N.; Igashira-Kamiyama,
A.; Konno, T. Chem.Eur. J. 2010, 16, 14247-14251. (h) Soloshonok, V. A.; Ono, T.; Ueki, H.;
Vanthuyne, N.; Balaban, T. S.; Burck, J.; Fliegl, H.; Klopper, W.; Naubron, J.-V.; Bui, T. T. T. J.
Am. Chem. Soc. 2010, 132, 10477-10483. (i) Van Heuvelen, K. M.; Cho, J.; Dingee, T.; Riordan,
C. G.; Brunold, T. C. Inorg. Chem. 2010, 49, 6535—6544. (j) Wu, T.; Li, C.-H.; Li, Y.-Z.; Zhang,
Z.-G.; You, X.-Z. Dalton Trans. 2010, 39, 3227-3232. (k) Van Heuvelen, K. M.; Kieber-Emmons,
M. T.; Riordan, C. G.; Brunold, T.C. Inorg. Chem. 2010, 49, 3104—3112. (1) Kieber-Emmons, M.
T.; VanHeuvelen, K. M.; Brunold, T. C.; Riordan, C. G. J. Am. Chem. Soc. 2009, 131, 440—441.
(m) Peralta, G. A.; Seth, M.; Ziegler, T. Inorg.Chem. 2007, 46, 9111-9125. (n) Armstrong, D. W_;
Cotton, F. A.; Petrovic, A. G.; Polavarapu, P. L.; Warnke, M. M. Inorg. Chem. 2007, 46,
1535-1537. (o) Basu, P.; Nigam, A.; Mogesa, B.; Denti, S.; Nemykin, V. N. Inorg. Chim. Acta
2010, 363, 2857—-2864.

Hu, H. ; Gao, H.; Zhu, F.; Wu, Q. Zhongguo Kexue: Huaxue 2012, 42, 628—635.

Li, J.; Tian, D.; Song, H.; Wang, C.; Zhu, X.; Cui, C.; Cheng, J.-P. Organometallics 2008, 27,
1605-1611.

Zhang, D.; Jin, G. —X.; Weng, L.-H.; Wang, F. Organometallics 2004, 23, 3270-3275.

(a) Wang, C.; Friedrich, S.; Younkin, T. R.; Li, R. T.; Grubbs, R. H.; Bansleben, D. A.; Day, M.W.
Organometallics 1998, 17, 3149-3151. (b) Connor, E. F.; Younkin, T. R.; Henderson, J. L;
Waltman, A. W.; Grubbs, R. H. Chem. Commun. 2003, 2272-2273.

(a) Julia-Hernandez, F.; Arcas, A.; Bautista, D.; Vicente, J. Organometallics 2012, 31, 3736-3744.
(b) Vicente, J.; Arcas, A.; Julia-Hernandez, F.; Bautista, D.; Jones, P. G. Organometallics 2010,
29, 3066-3076. (c) Pandarus, V.; Zargarian, D. Organometallics 2007, 26, 4321-4334.

(a) Giri, R.; Maugel, N.; Foxman, B. M.; Yu, J.-Q. Organometallics 2008, 27, 1667-1670. (b)
Mawo, R. Y.; Mustakim, S.; Young, V. G., Jr.; Hoffmann, M. R.; Smoliakova, 1. P.
Organometallics 2007, 267, 1801-10. (c) Song, G.; Li, X.; Song, Z.; Zhao, J.; Zhang, H. Chem.
Eur. J. 2009, 15, 5535-5544. (d) Herrmann, W. A.; Brossmer, C.; Ofele, K. Angew. Chem., Int.
Ed. 1995, 34, 1844.

Deeming, A. J.; Rothwell, L. P. J. Orgnomat. Chem. 1981, 205, 117.

(a) Desimoni, G.; Faita, G.; Jergensen, K. A. Chem. Rev. 2011, 111, PR284-PR437. (b) Desimoni,
G.; Faita, G.; Jargensen, K. A. Chem. Rev. 2006, 106, 3561-3651. (c) Hargaden, G. C.; Patrick J.
Guiry, P. J. Chem. Rev. 2009, 109, 2505-2550.

Kim, M.; Liu, Q.; Gabbai, F. P. Organometallics 2004, 23, 5560-5564.

Rothwell, I. P. Acc. Chem. Res. 1988, 21, 153—159.

Perutz, R. N.; Sabo-Etienne, S. Angew. Chem. Int. Ed., 2007, 46, 2578-2592.

Higgs, A. T.; Zinn, P. J.; Simmons, S. J.; Sanford, M. S. Organometallics 2009, 28, 6142—6144.
Zeller, A.; Herdtweck, E.; Strassner, T. Eur. J. Inorg. Chem. 2003, 1802—1806.

Tomasi, J.; Mennucci, B.; Cammi, R. Chem. Rev. 2005, 105, 2999-3093.

(a) Xu, X.; Goddard, W. A., TIl. Proc. Natl. Acad. Sci. USA 2004, 101, 2673-2677. (b) Lee, C.;
Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785-7809.

McLean, A. D.; Chandler, G. S. J. Chem. Phys. 1980, 72, 5639-5648.

194



47. Tenderholt, A. L. QMForge, Version 2.1. Stanford University, Stanford, CA, USA.

195



APPENDIX I

SCOPE AND MECHANISTIC STUDIES OF CATALYTIC HYDROSILYLATION WITH A
HIGH VALENT NITRIDORUTHENIUM(VI)

8.1. Introduction

Reduction of unsaturated organic compounds is an important transformation in academic
and industrial research. Particularly, catalytic hydrosilylation of carbonyl compounds, the addition
of a Si-H bond across a C=0 double bond, has been extensively studied.! Because of the mild
nature and ease of handling of hydrosilanes, they are often used as a convenient alternative to
hydrogenation,” especially in asymmetric synthesis.® The field has been traditionally dominated by
catalysts based on low-valent precious metals platinum, rhodium, and iridiumm.>* Oxidative
addition of Si-H to low-oxidation-state, late transition metals is believed to be a key step in the
reaction.*

Therefore, it is noteworthy that a high-valent cis-dioxo rhenium(V) compound,
Re(O)21(PPhs),, was found to effectively catalyze the hydrosilylation of aldehydes and ketones.’
This represents a new reactivity mode for high-valent transition metals in reduction catalysis®
because such complexes are typically involved in catalytic oxidation and oxygen atom transfer
reactions.”®? Significant progress has been made in the use of high-valent complexes in catalytic
reductions and the understanding of their reaction mechanisms.'®!" A number of catalysts have
been identified, mostly high valent rhenium (V, VII)'*!3 and molybdenum (IV, VI)!4!31¢ complexes
bearing terminal oxo or imido groups. They have proved effective in a variety of reduction
reactions, such as hydrosilylation of ketones and aldehydes,'”!® reduction of imines," esters,*
amides,?! azides,?? nitriles,? nitro compounds,?* and sulfoxides.”® Asymmetric reduction of ketones
and imines has been achieved with good to excellent enantioselectivity.?®?’ Furthermore, other
sigma bonds such as H-H and B-H can be activated by high valent transition metals, as
hydrogenation of alkynes,?* and reduction with boranes*’3!233 have been demonstrated. Because
of their high oxidation state, these complexes are usually moisture- and air-stable, allowing the
reaction to be carried out conveniently on the bench top under air. In addition to the synthetic utility
of these reactions, the high valent transition metal catalysts also provide a new paradigm in which
important mechanistic questions can be addressed as related to 6-bond activation.>**

Several mechanisms have been proposed for the high-valent, transition metal catalyzed
hydrosilylation. For the cis-dioxo ReO:I(PPh;); catalyst, the Si-H bond adds across one of the two
Re=0 bonds to afford a siloxy rhenium hydride, followed by carbonyl insertion and silylether
elimination (Scheme 17, path A).**37 Depending on the substrates, the resting state of the catalyst
may vary. Related MoO-Cl, catalyst likely follows a similar mechanism.*®* However, this
unconventional pathway seem to be unique to catalysts bearing cis-dioxo groups, as Si-H addition
to Re=0 is not observed for the monooxorhenium catalysts such as ReOCl3(PPh;),.% In these
systems, silane activation is believed to proceed via n’-silane c-adduct, followed by heterolytic

Reproduced with the permission of abbina ef al. ACS Catal. 2013, 3, 678—684. Copyright 2013

American Chemical Society.
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cleavage at the electrophilic rhenium center (Scheme 17, path B). The rhenium hydride formation
step may not be needed if the reaction proceeds in a more concerted manner,**? resembling the
situation in catalytic silane alcoholysis reactions.* As in the ionic hydrogenation mechanism, a
carbonyl coordination step is not required.** Indeed, a non-hydride ionic hydrogenation mechanism
is supported by a computational study.* On the ground of a stoichiometric labeling experiment, an
alternative mechanism, in which the metal center simply activates the carbonyls as a Lewis acid, is
suggested for imido-molybdenum catalysts, as well as the rthenium catalysts mentioned above.***’
In another study, expected Si-O elimination (the last step of path A in Scheme 17) from
intermediate is not observed.*® The disparity in mechanistic understanding is perhaps not too
surprising because hydrosilylation is often complicated and a universal mechanism is not expected
for different catalysts and substrates. In any event, the roles of the multiply bonded terminal ligands
and hydrides in silane activation remain unclear in catalysis.

o >|</S‘R3 HSIR, X H
M_
Pie M-H SiR, o
RT R; )L
X [ RTR
A M B
R f
—~SiR X 2 s
X . i v L
o SiRs M—\ O 'R,
M—OCHR R, )\ Si# 9
6+
R1 RZ

Scheme 17. Proposed mechanism of oxo and imido Re and Mo catalyzed hydrosilylation

Given the utility of this novel type of catalysts in reductions, we became interested in
related transition metal compounds. We have recently communicated the application of a cationic
nitride Ru(VI) complex, [Ru(VI)N(saldach)(MeOH)"][ClO47] (1, where saldach is the dianion of
racemic N,N’-cyclohexan-di-yl-bis(salicylideneimine), Figure 64),* which is isoelectronic with
rhenium (V) and Mo (IV) with a d? electron configuration, in catalytic hydrosilylation of aldehydes
and ketones.”® Herein, we describe a detailed study of 1/PhSiH; system in catalytic reduction of
various carbonyl compounds and imines. Furthermore, we present evidence that more than one
pathway, including a radical pathway, is at play for the current hydrosilylation.

+
O oo
=N III\{ N=
N (1%
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Figure 64. RuN catalyst

8.2. Results and Discussion
As mentioned previously, high valent transition metal catalysts can effectively reduce a
variety of unsaturated organic substrates. We have shown that RuN(saldach)” is an effective
catalyst for the reduction of a few ketones and aldehydes by primary silane.*® To extend the scope
of the reaction, we have examined a number of different substrates, with particular attention on the
hydrosilylation of carbonyl and imine compounds.
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8.2.1. Reduction of Carbonyl Compounds

Using the standard conditions (~0.5 mmol substrate, 1.5 equivalents of PhSiH3, 1 mol%
catalyst 1, ~120 °C in benzene), we carried out the hydrosilylation of a diverse set of representative
aliphatic and aryl carbonyl compounds, including acyclic, cyclic, aryl, acyclic conjugated enone,
and cyclic conjugated enone, etc. ! The selected results are summarized in Table 16. As noted
before, reduction of aldehydes was efficient, typically complete within two hours, except for p-
nitro benzaldehyde, which is surprisingly sluggish (Table 16, entry 3). Substituents such as halo,
hydroxyl, and nitro groups are tolerated, although there is evidence that the nitro group may be
reduced further after the carbonyl reduction. The o,-unsaturated cinnamaldehyde underwent 1,2-
addition reaction of silane, leading to corresponding alcohol in 74% yield (entry 6), and 1,4 addition
product is not observed.

In comparison with aldehydes, the reduction of ketones was relatively slow, taking ~20 h
to completion. In most of the cases, the corresponding alcohols are successfully isolated by column
chromatography in good yields. Sometimes, deoxygenation of carbonyl to corresponding alkyl
compounds can be observed. For example, 4-ethyl-anisole is isolated in 27% yield along with the
desired alcohol in the reduction of 4-methoxy acetophenone (entry 8). On the other hand, a,[3-
unsaturated enones seem to be challenging substrates in the reaction. The acyclic trans-chalcone
gave rise to a complex mixture, from which only ~16% expected 1,2-reduction product is isolated
(entry 12). Other isolated products include 16% 1,4 reduction product and the deoxygenation
product (18%). In the case of a cyclic enone, 3-methyl, 2-cyclohexenone, no 1,4-addition product
was observed and the desired unsaturated alcohol was identified by both GC-MS data and '"H NMR
spectroscopy, although the conversion is low (entry 13).

8.2.2. Reduction of Imines

Synthesis of amines from imines is an important transformation in pharmaceutical and
agricultural chemistry that can be achieved with a stoichiometric reducing agent or catalytic
hydrogenation.* Alternatively, this can be done via catalytic hydrosilylation and a number of high-
valent Re- and Mo-based systems have been shown to effect the reduction of imines. To expand
the substrate scope of the RuY'N-PhSiH; system, we examined a number of imines under the
standard reaction conditions employed for carbonyl compounds. The results are summarized in
Table 17.

It is evident that the C=N double bonds in imine react readily under these conditions,
leading to the formation of corresponding amines upon workup. The reactivity is comparable with
that of ketones and slower than aldehydes. The imines derived from anilines are generally slower
than imines derived from alkyl amines (Table 17, entries 1-4 vs 5-6). As expected, similar level of
functional group tolerance is observed. The reduction of imine derived from isopropyl amine,
PhCH=N'Pr, seems to stop after ~33% conversion, and prolonged reaction time failed to improve
the conversion (entry 3). Similar reactivity was seen with an imine derived from 2,6-dimethyl
aniline (entry 6). Apparently, the steric bulk near the imino nitrogen plays a significant role in the
reduction reaction.

8.2.3. Product Profile

Although the desired reduction products, alcohols and amines, can generally be isolated in
good yields, it has been noted that the initial reaction products are rather complex. For example, in
the crude reaction mixture of an imine and PhSiH3, various products can be detected by GC-MS
(Scheme 18). In the case of aldehydes and ketones, mono-, di-, and trialkoxy silanes are observed
among the products, with the dialkoxysilane being dominant. The preference for dialkoxy silane
formation has been observed in other catalytic hydrosilylations.'>>* This suggests that
PhSiH»(OR) is more active than PhSiHs3 in the reaction. Further reduction to deoxygenation
products are typically noted for ketones when longer reaction time is needed for complete
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Table 16. Hydrosilylation of Carbonyl Compounds Catalyzed by RuN“
entry substrate product time  conversion”’ % yield”

1 : O 40 100 73
H

min

2h 100 76
26h 100 78
1.5h 100 73

2h 100 84

18h 100 67
13h 100 364
20h 100 86

10 &h &3 65

: OH
o—( "
on— "
%}
6 ph/\gio ph/\/\OH 1.5h 100 74
(O~
&
/\)\

11 20 h 100 89
0
12 OH 20 h 100 16°
Ph Ph )\/\Ph
13 20 h 54 -

)J\/\
“Reaction conditions: 0.3-0.8 mmol substrate, 1.5 equivalent of PhSiH3 and catalyst 1 (1 mol%) in
heated toluene or benzene (~120 °C). “Based on NMR integration. “Isolated yields. “p-Ethylanisole

was isolated in 27% yield. “Other products isolated include 1, 3-diphenylpropan-1-ol (15%) and 1,
3-diphenylpropan-1-one (16%).

conversion. After acidic workup, however, the majority of the species isolated are the orresponding
alcohols or amines. In comparison, the ReVYO-catalyzed hydrosilylation of acetophenone was
accompanied mostly with the formation of ethylbenzene and dl, meso-di(1-phenyl-ethyl)ethers."
The different product profiles suggest that these catalysts may have different features in the
reaction.
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8.2.4. Redistribution at Silicon
Very notable is the presence of silane redistribution products, mostly Ph,SiH», with a small
amount of Ph3SiH (Scheme 19). SiHy, the other possible redistribution product, has not been
Table 17. Hydrosilylation of Imines Catalyzed by RuN“
entry substrate product time  conversion % yield”

1 : /\\N/\/O\ N/\/O\ 12h 100 85
H
\N/\/O\ N/\/O\ 24 h 100 58
H
Br Br
J\ 24 h 33 -
48 h 33 -

J\ /l\ 18 h 65 60

NS

N N

MeO MeO

5 18 h 50 -
46 h 97 85

™
N

6 24 h 40 -
72 h 63 60

N N

©/\ N

“Reaction conditions: 0.4-0.8 mmol imine, 1.5 equivalent of PhSiH; and catalyst (1 mol%) in heated
toluene or benzene. “Isolated yields.

N IN * ”
N PhH,Si

7 I8

m/z 211
+ -, miz 407
PhSiH iH, + PhsSiH + @
3 thSIHZ 3 N + etc
i

m/z 393
Scheme 18. Products in hydrosilylation of an imine (The top two species are the major products).

detected, supposedly due to its high volatility and reactivity. Sometimes, hydrosilylation products
derived from Ph,SiH, can be detected (see Scheme 18). In the literature, silane redistribution
reactions have been observed in the presence of low valent, late transition metal complexes, such
as Ru, Rh,% Ir,’ or others.”” However, in high-valent transition-metal-catalyzed hydrosilylations
with PhSiH;, silane redistribution has been rarely reported.'*!>?! To further probe this
reactivitywith the present ruthenium catalyst, reaction in the absence of carbonyl substrate was
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carried out under similar conditions with catalytic amount of 1. The conversion of PhSiH3 reached
a plateau of ~25% after 24 h. Among the products, Ph,SiH, can be easily identified by both 'H
NMR (5.1 ppm) and GC-MS (m/z 184; r = 13.55 min). A small amount of Ph3SiH can be detected
by GC/MS (m/z 260) in the crude mixture, along with silane dehydrocoupling product
PhH,SiSiH,Ph (m/z 214). It is unclear how the redistribution occurs. One obvious choice is
catalysis by low valent Ru resulting from reduction by PhSiH3; However, the observation that the
redistribution stops before completion seems to suggest that high-valent Ru is important in the
present redistribution.

2 PhSiH; === Ph,SiH, + SiH,

2 Ph,SiH, === Ph,SiH + PhSiH,
Scheme 19. Redistribution of PhSiH;

8.2.5. Mechanistic Consideration

To probe the mode of activation with the RuN catalyst, stoichiometric reactions of 1 and
substrates were studied. Treatment of 1 with a carbonyl substrate, PhCHO, showed no observable
change in the NMR or UV-vis spectra. On the other hand, reaction between 1 and PhSiH3 in CH3CN
is indicated by the facile color change from reddish brown to green. Although the reaction product
was not isolated, ESI-MS analysis revealed predominantly a peak at m/z 422, in agreement with a
Ru'"(saldach)® species.”® These observations do not support a Lewis acid catalyzed carbonyl
activation pathway;* rather, a silane activation pathway is more likely, though it should be noted
that the observation of Ru(VI) reduction by silane is not necessarily related to a silane activation
pathway, and the possibility of Lewis acid catalysis can not be completely ruled out.

The question is then how silane is activated in the reaction, as diverse pathways have been
proposed for high-valent catalysts.!®!! Compared with isoelectronic Re(V) and Mo(IV), Ru(VI) is
certainly more oxidizing, because complex 1 can abstract hydrogen from relatively weak C-H
bonds via a hydrogen atom transfer mechanism.” It is thus conceivable that RuN abstracts
hydrogen from silane in the initial step, generating a silyl radical, PhH,Si®. This could explain the
formation of disilane via combination of two silyl radicals. Radical pathway in catalytic
hydrosilylation has been indicated for a titanium(IV)/silane system via single electron transfer
process.’ In a high-valent Mo catalyzed hydrosilylation, radical mechanism could provide a
feasible pathway based on the computational studies.®!

To investigate the possibility of radical involvement, the catalytic reduction of Ph\CHO (1
equivalent) by PhSiH; (1.5 equivlents) was carried out in the presence of one equivalent of a silyl
radical scavenger, 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO).%? The hydrosilylation reaction
slowed down, as shown in Figure 65, but still was able to finish. At the end of the reaction, 2,2,6,6-
tetramethyl-1-piperidine, the reduction product derived from TEMPO, was detected in ~ 0.5
equivalent (relative to PhCHO). Control experiment shows that TEMPO reacts with PhSiH3 under
similar conditions, but takes much longer (>48h). These observations are suggestive of the
involvement of a silyl radical in the catalytic reaction.®

In addition, cyclopropyl phenyl ketone was employed in catalytic hydrosilylation as a
mechanistic probe; formation of cyclopropyl ring-opening products indicates a radical
mechanism.®* Analysis of the crude reaction products showed again a complex mixture, but both
direct hydrosilylation and ring-opening products were detected (Scheme 20). After hydrolysis,
mono and dialkoxy silanes (E and F) disappeared, and the major components are identified in a
ratio of A:B:C:D = 2.4:1.0:1.7:5.2. The reappearance of the starting ketone (such as A) upon
workup has been noted previously,” presumably through a silyl enol ether intermediate. The
presence of cyclopropyl ring-opening products B (and C) clearly suggests the involvement of a
radical pathway, but perhaps not as a principal contributor. As to the major pathway or pathways,
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a heterolytic cleavage of the SiH bond activated by coordination to the highly electrophilic RuN
unit* can be surmised, similar to that of monooxo Re" based systems in Scheme 17B. However, a
more detailed conclusion can not be reached at this point.

The effect of electronic factors was further studied with a series of substituted
benzaldehydes in competition reactions with PhCHO. Both electronic-donating (4-OMe) and
electron-withdrawing groups (4-Cl, 4-NO») seem to accelerate the reaction, lending further support
for a radical contribution.®> However, a linear free energy relationship between relative rates and
o or other Hammet constants (¢ and 6*) could not be established, which may be a reflection of the
presence of multiple pathways. Curiously, at competition conditions, reduction of p-nitro
benzaldehyde is much faster, even faster than benzaldehyde.
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Figure 65. Time profile for the catalytic hydrosilylation of PhCHO in the absence (circle) and
presence (square) of 1 equiv of TEMPO
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Scheme 20. Hydrosilylation products derived from cyclopropyl phenyl ketone
8.2.6. Involvement of Ru'

Low valent Ru species have been studied extensively as hydrosilylation/hydrogenation
catalysts.% In the present system, RuY'N can be easily reduced in the presence of PhSiH;. Ru"V'N
complexes could also undergo N-N coupling reactions to afford Ru"™.#’ A recent work has called
attention to low-valent rhenium, which may be responsible for hydrosilylation with oxorhenium(V)
catalysts.®” It is also worth mentioning that the Brookhart's [(POCOP)Ir'™H]* system has been
proposed to catalyze hydrosilylation of carbonyl compounds through an ionic mechanism featuring
an 1 '-silane intermediate.®® Thus, we investigated the possibility of Ru(IlI) as the actual catalyst.
An independently prepared Ru(IlI)-saldach complex, [Ru(saldach)(H>0),"][PF¢]%, did not exhibit
much reactivity at similar conditions, but in situ generation for Ru(Ill) from Ru(VI)N and PhSiH;
in C¢Ds seem to lead to decomposition. In additiona, under catalytic conditions, the reaction

mixture maintained an orange-brown color throughout, not the green color, characteristic of Ru'",
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observed in the absence of carbonyl substrates. Furthermore, ESI-MS analysis of the reaction
mixture under catalytic conditions reveals the absence of mononuclear [RuY'N]" or [Ru'']"; instead,
the majority of the Ru-containing species is observed at m/z 858 and 892, with correct isotopic
patterns for a dinuclear form, possibly [(saldach)Ru],N, though its nature remains uncertain. These
observations do not support Ru'! as the primary active catalyst, but it may still be involved in a
minor pathway.

8.2.7. Reduction of Other Unsaturated Substrates

A wide variety of unsaturated substrates has been subjected to high-valent rhenium- and
molybdenum-catalyzed reductions. To further examine the scope of the present RuY'N system, we
tested a few less active, unsaturated groups, including ester, amide, nitro, and alkyne. In these
reactions, the desired reduction products can be observed (Scheme 21), but the conversions are low
(10-35%). It is also noted the consumption of PhSiH3 is considerably larger than the unsaturated
substrates, though the products were not always tractable. In addition to Ph,SiH, which is easily
detected by both NMR and GC-MS, we suspect that phenylsilane oligomers/polymers were formed
in these reactions, as indicated by the presence of broad but feartureless signals between 4-6 ppm
in '"H NMR.

(0] (0]
@O/ ©)LH . [j OH
N N
\[( ~
Y - OJ
e e
Ph _/Ph

Ph———Ph > g:< +
Ph SiH,Ph  Ph

Scheme 21. Catalytic reduction of some unsaturated substrates

8.3. Conclusion

In summary, we have demonstrated that a high-valent nitridoruthenium(VI) compound,
[RuN(saldach)(CH3;OH)][ClO4] (1), is an effective catalyst for hydrosilylation of unsaturated
organic substrates, particularly aldehydes, ketones, and imines. The reaction mixture contains
various species, including the redistribution products of PhSiHs. This and other mechanistic studies
indicate that the catalysis likely proceeds by silane activation via several pathways; in particular,
evidence for a radical pathway is presented. Efforts are underway to improve the performance of
this type of RuN-based catalysts and gain more insights of the mechanist aspects.

8.4. Experimental Section
General. The ruthenium catalyst was prepared according to the literature.* Imine substrates were
obtained by condensation of corresponding carbonyl compounds and amines. All other reagents
and reactants were obtained commercially and used as received. All "H and '*C NMR spectra were
recorded on a Bruker AVANCE-500 NMR spectrometer and referenced to the residue peaks in
CDCIs (7.26) or CsDs (7.16). UV-vis measurement was performed on a PerkinElmer Lamda 35
spectrophotometer. GC-MS analyses were performed on an HP 5890 GC/HP 5971/B MSD system
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with electron impact ionization (70 eV) and a DB5 column (30m x 0.53 mm ID, 0.25 um thick;
initial temperature 50 °C, initial time 1 min; ramp rate 10 °C/min; final temperature 310 °C, final
time 5 min). High resolution mass spectrometry (HRMS) was performed using high-resolution time
of flight G1969A instrumentation (Agilent, Santa Clara, CA, USA).

Catalytic hydrosilylation. In a typical procedure, RuN catalyst 1 (3-5 mg, 1 mol%), substrate (0.5
— 0.8 mmol, 1.0 equivalent), C¢Ds (0.30-0.35 mL), and PhSiH; (1.5 equiv) were charged into a J
Young NMR tube, usually in that order. Trimethylphenyl silane or hexamethyl benzene was used
as internal standard (5-20 %). This was then mixed and heated in an oil bath at ~120 °C. The
reaction progress was monitored by periodically taking 'H NMR. The reduction for ketones is
typically complete within 1 day, and aldehyde substrates take only 2 h or less. After the reaction
was complete or nearly complete, the reaction mixture was transferred to a round bottom flask with
diethylether, and hydrolyzed with aqueous HCI or tetrabutylammonium fluoride (TBAF). Before
and after the hydrolysis, a small sample was taken for GC-MS analysis. After hydrolysis, the
organic layer was extracted with ether and then subject to column chromatography on silica with
appropriate mixture of hexane-EtOAc as eluent. The reduction products were identified by 'H NMR
and GC-MS analysis in comparison with literature data or authentic samples.
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APENDIX III: LIST OF ABBREVIATIONS AND ACRONYMS

BDI
BINAP
BPA
BPA-PC
CDC
CHO
Co(OAc)2
CO2
Cs2COs3
DCM
DMAP
DMP
EO
MA
My
My
PA

PC

B-diketiminate

bis(diphenylphosphino)-1,1'-binaphthyl

bisphenol-A

poly(bisphenol-A carbonate)

centers for disease control and prevention

cyclohexene oxide
cobalt acetate
carbon dioxide
cesium carbonate
dichloromethane
4-dimethylaminopyridine
dimethylphenyl
ethylene oxide
maleic anhydride
number average molecular weight
weight average molecular weight
phthalic anhydride

poly(carbonate)
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PCC
PCHC
Pd(OAc)>
PDI
PDLA
PE
PLA
PLLA
PO
PPC
ROP
SA
Salcy
Salen
Sc

SO

THF
Ton
TOF
TPP
Zn(OAc)

ZnEt

poly(cyclohexene carbonate)
poly(cyclohexene carbonate)
palladium acetate
polydispersity index
D-poly(lactic acid)
phenyl ethanol
poly(lactic acid)
L-poly(lactic acid)
propylene oxide
poly(propylene carbonate)
ring opening polymerization
succinic anhydride

salicylidene

N,N-bis(salicylidene)-1,2-diaminoalkane

supercritical
styrene oxide
glass transition temperature
tetrahydrofuran
melting point

turnover frequency

5,10,15,20-tetraphenylporphinato

zinc acetate

diethylzinc

208



enantioselective parameter
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