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ABSTRACT
SOLUBLE POLYMER-SUPPORTED CATALYSTS AND INITIATORS
MAY 2005
UCHE K. ANYANWU, B.Sc., UNIVERSITY OF NIGERIA, NSUKKA (UNN)
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor D. Venkataraman

The development of polymer-supported chiral organic ligands for transition metal
asymmetric catalysis is an area of research that is continuously receiving a lot of
interest. This methodology addresses the major issue of recyclability and waste/product
stream contamination in conventional homogeneous catalysis. The use of soluble
polymers, as supports, couples the advantages of homogeneous and heterogeneous
catalysis and offers a means of recycling often expensive chiral ligands. The goal is to
recycle the catalysts over multiple runs without loss of its activity. A novel semi-
continuous technique for recycling soluble polymer-supported catalysts—“Soxhlet-
Dialysis"-has been developed whereby the catalyst’s activity and enantioselectivity is
maintained over multiple runs. It was also observed that the spacer that linked the
polymer to the catalyst had an unprecedented effect on the activity and enantioselectivity
of the catalyst. Electronic effects on enantioselectivity of chiral Zn-salen catalysts were
studied, and logical interpretation of the results provided the basis for a postulated
catalytic mechanism. “Living” Free Radical Polymerization using a soluble polymer
supported initiator was employed for the design of well-defined cleavable PS-b-PEG

diblock copolymers for the fabrication of nanoporous thin films.

Vi
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CHAPTER 1

PROLOGUE

1.1 Introduction:

The demand for chiral compounds, often as single enantiomers, has escalated
sharply in recent years, driven particularly by the demands of the pharmaceutical
industry, and also by other applications, including agricultural chemicals, flavors,
fragrances, and materials. Asymmetric catalysis is one of the most important methods to
prepare optically active organic molecules, and one that has seen tremendous research

activity over the past two decades.’?

in an asymmetric reaction, a chiral catalyst are
used to facilitate the selective transfer of chiral information to a substrate to furnish an
enantiomerically enriched product. However, a major problem associated with these
homogenous catalytic systems is the recovery and recycling of the chiral catalyst, which
is often expensive. For example, chiral phosphines range from US$ 5000/kg to US$
500,000/kg for industrial catalysts.> Recycling is also desirable from the downstream
processing point of view and the removal of traces of metal from the product. A
traditional solution to these problems has been to ‘heterogenize’ the homogeneous
catalysts by anchoring them onto inert, insoluble cross-linked polymers.*® the polymer-
supported catalyst can be easily separated by simple filtration. It is also amenable for
use in continuous flow reactor. Despite the advantage of facile catalyst separation of
polymer-supported catalysts, the catalyst often suffers from lowered catalytic activity and
enantioselectivity after it has been anchored onto a polymer.”"" this is often attributed to
limited accessibility of the catalysts active sites due to the heterogeneous nature of the
reaction. Also, the irregular achiral structure of the polymer-support, may create
microenvironments at the catalytic sites that are very different from that of the

homogeneous catalyst.



A way to circumvent this problem is to use low molecular weight soluble linear
polymers as supports.'?"® this is attractive since the soluble support ensures that the
catalyst is in the same phase as the reactants and reagents. Thus, the reactivity and
selectivity of the catalyst anchored on the soluble support can equal that of its
unsupported homogenous analog. Recovery of the polymer supported catalyst can then
be achieved by temperature-'"?' or solvent-induced precipitation followed by
filtration.”™™ In 1996, Janda and co-workers reported the use of poly(ethylene glycol)
monomethyl ether (PEG) bound hydroquinidine Cinchona alkaloid ligand, 1, for the
ligand-accelerated Sharpless asymmetric dihydroxylation of aliphatic monosubstituted
olefins.?? This was the first demonstration of the integration of a chiral ligand onto a
soluble polymeric species where the selectivity of the supported catalyst was the same
as that of its unsupported analog.. In 1997, Bolm and Gerlach also developed soluble

pyrimidine and diphenylpyrazinopyridazine ligands, 2 and 3 respectively, using both

DHQD and DHQ for the chiral ligand (Figure 1; only the DHQ derivative is shown).??

Figure 1.1: PEG-supported Cinchona ligands.



In 2000 Bengalia and co-workers reported a PEG-supported quaternary
ammonium salt phase transfer catalyst.24 It was the first example where a complete
catalytic system had been supported on a soluble polymer. Its catalytic efficiency in a
series of phase transfer reactions was examined and it was shown to be more reactive
than the insoluble 2% cross-linked polystyrene supported analog. It was also observed
that yields dropped with a shorter linker and that the PEG alone was not responsible for
the extent of the phase transfer reaction. Shortly after, in a comparative study between
soluble and insoluble matrices as supports for a chiral Mn salen catalyst, Janda reported
the use of PEG as a soluble support.?® The precipitated catalyst, in both cases, showed
substantially reduced enantioselectivity and poor recyclability after two runs. This drop
in selectivity appears to be the trend for most soluble polymer supported catalysts that
have been reported in the literature.”® There seems to be no general explanation for
these observations, and in most cases the origin of the drop in catalyst selectivity is
specific to the type of reaction as well as the reaction conditions.**?® As such, the
challenge is to design a robust polymer supported chiral catalyst that mimics the activity
and enantioselectivity of its unsupported analog and can be recovered and reused, over
multiple runs.

In chapter 2, the development of soluble polymer supported chiral catalysts, as
more effective alternatives to traditional heterogeneous catalysts, is discussed. We
synthesized recyclable PEG-supported asymmetric catalysts based on a soluble mono-
functional PEG support. A chiral salen ligand, attached at the terminus of the PEG
polymer chain, is used to prepare a well-defined Zn-salen catalyst, for the asymmetric
addition of Et,Zn to aldehydes. A spacer is required to position the polymer chain away
from the catalyst active site in order to achieve good enantioselectivities. The tethered

polymer is inert to the reaction environment and does not influence the selectivity of the



chiral catalyst. While studying different modes of attachment of the polymer onto the
catalyst, we observed an unprecedented effect of the spacers on the enantioselectivity
of the catalyst. This could not be correlated to the electronic effects that have been
reported to effect selectivity of unsupported metal-salen catalyst.

In chapter 3, we probe the effect that modification of the electronic structure of a
chiral salen ligand has on the enantioselectivity of the Zn-salen complex catalyzed
addition of Et,Zn to benzaldehyde. This electronic modulation was exploited to achieve
enhanced enantioselectivity. Hammett analysis of a series of Zn-salen complexes, with
the 5,5 positions substituted with EWG’s and ERG’s, revealed a linear correlation
between the electronic character of the catalyst and its enantioselectivity.

A novel method for recycling soluble polymer-supported catalysts—“Soxhlet-
Dialysis™-is discussed in chapter 4. A semi-continuous process which couples dialysis
and Soxhlet extraction is developed. Solvent resistant dialysis membranes of
appropriate molecular weight cut-off are used in a simple and straightforward technique.
Common problems associated with the physical isolation of polymer-supported catalysts
from their reaction solutions, during recycling, are avoided. A model system; a PEG
supported chiral Ti-salen catalyst for the asymmetric cyanosilylation of benzaldehyde;
was used to assess the viability of this technique. The enantioselectivity of the catalyst
was maintained, after recycling, over several runs, and essentially no leaching of the
catalyst was observed.

We are also interested in the synthesis of soluble polymer supported initiators for
the design of well-defined diblock copolymers. Using Living Free Radical Polymerization
(LFRP), a PS-b-PEG diblock copolymer is synthesized from a PEG-supported initiator.
The diblock copolymer, which contains a cleavable linker, can then used to fabricate
nanoporous materials. A variety of applications in microelectronics, molecular

recognition and catalysis can be envisaged. This is discussed in chapter 5.
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CHAPTER 2

DESIGN AND SYNTHESIS OF A PEG SUPPORTED CHIRAL SALEN CATALYST

2.1 Introduction:

The use of soluble polymers to recover catalysts and ligands has its origin in the
synthetic approaches to peptide and oligonucleotide synthesis that were developed by
Merrifield and Letsinger in the 1960s."? These discoveries revolutionalized the synthesis
of biomolecules.® They provided impetus for research in industrial and academic
laboratories that was directed toward developing immobilized or heterogenized
homogeneous catalysts. In most cases, these studies focused on the same insoluble
polymers Merrifield used—divinylbenzene (DVB)-cross-linked polystyrene.*” The first
example where a soluble polymer was used as an alternative to a cross-linked insoluble
polymeric resin to support a chiral ligand, was reported in 1976 by Bayer and Schurig.® A
DIOP  (4,5-bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3-dioxolane) ligand  was
attached to a linear polystyrene. The resulting polystyrene-bound version of DIOP was
allowed to react with HRh(CO)-(PPh3)s, and the resulting polymer-bound Rh complex
was used to hydroformylate styrene. Hydroformylation products were obtained, but the
ee was only 2%. The catalyst was isolated from the reaction products by membrane
filtration. Over two decades later, the development of recyclable soluble polymer
supported chiral catalysts for asymmetric transformations has now become the subject
of extensive research.®?

Soluble polymer-bound catalysts can be designed to have activity equivalent to
that of their low molecular weight analogues. There are essentially three main modes of
attachment of a ligand or catalysts onto a linear soluble polymer support; (a) a pendant-
chain-bound motif, where the catalyst/ligand is attached along the polymer chain as side

groups®™® (b) a main-chain bound motif, where the catalyst/ligand constitutes the

25,26

polymer backbone“*, and (c) a terminus-bound motif, where the catalyst/ligand is



tethered at one chain end of the polymer®?®%’. The later motif, (c), has been established

as the preferred mode of attachment of a chiral catalyst onto a linear soluble polymer.'

R S

b
@) —2_ = polymer D @ = catalytic site

Figure 2.1: Modes of attachment for linear soluble polymer supported catalysts.

For main-chain and pendant-chain-bound polymer supported chiral catalysts,
whereby, chiral ligands attached along the polymer chain are loaded with a metal
catalyst, unequivocal determination of the loading of all ligand binging sites is an issue.
As such, the possibility of vacant metal-free ligand binding sites exists. There is also an
increased likelihood of local site-site interactions and microenvironmental effects which
could be detrimental to the catalysts selectivity, especially when the sites are distributed
unevenly along the polymer backbone.?®?° Attaching a chiral catalyst to the terminus of a

linear soluble polymer isolates the catalyst’s active site, relative to the main chain.?"**%'

(a) (b) (c) (d)
Figure 2.2: Soluble linear polymers that have been used as supports for catalysts: (a)
LPS (b) PEG (c) PAA (d) PNIPAM
Various soluble polymers have been used in catalysis as well as other liquid

phase methodologies. PEG and LPS are two of the most frequently used soluble



polymers for supporting homogenous catalysts.'***3* PEG, poly(ethylene oxide) (PEO),
poly(oxyethylene) (POE), and polyoxirane all refer to the linear polymer formed from the
polymerization of ethylene oxide. By convention, PEG usually indicates the polyether of
molecular weights less than 20,000; PEO signifies polymers of higher molecular weights,
and POE and polyoxirane have been applied to polymers of a wide range of molecular
weights.*> PEGs of molecular weights ranging from 2000 to 20,000 are utilized as
supports in organic synthesis and 5000 molecular weight PEG is typically used as
supports for catalyst. These limits have been set by the physical properties of the
polymer. Within this molecular weight range, PEG is both crystalline and has an
acceptable loading capacity (1 — 0.1 mmol/g); lower molecular weight PEG exists as a
liquid or wax at room temperature, and higher molecular weight PEG has a considerably
lower loading capacity. Commercially available PEG does not exist as a singular
molecular weight species, but as a distribution of molecular weights, although the
polydispersity of commercial PEG is reasonably narrow.* Depending on polymerization
conditions, PEG termini may consist of hydroxyl groups or may be selectively
functionalized. Commercially available PEG is produced through anionic polymerization
of ethylene oxide to yield a polyether structure possessing either hydroxyl groups at both
ends or a methoxy group at one end and a hydroxyl group at the other (MeO-PEG). The
polymer MeO-PEG is considered monofunctional because the methoxy group of MeO-
PEG typically remains unchanged throughout chemical manipulations. PEG exhibits
solubility in a wide range of solvents including DMF, DMSO, benzene, dichloromethane,
toluene, acetonitrile, warm THF and water. PEG is insoluble in hexane, diethyl ether,

[, and cold ethanol. These solvents have been used to

tert-butyl ether, isopropyl alcoho
induce PEG precipitation for isolation and purification of PEG supported molecules.

Careful precipitation conditions or cooling of polymer solutions in alcoholic solvents



yields crystalline PEG due to the helical structure of the polymer that produces a strong
propensity to crystallize.®

We chose to use PEG for several reasons: (1) it is available commercially and is
relatively inexpensive; (2) it is available in a wide range of molecular weights as the
monomethyl ether, MeO-PEG, and the diol form; (3) Characterization of PEG bound
moieties is often straightforward as the polymer does not interfere with spectroscopic or
chemical methods of analysis. The singlet signal (& = 3.30 ppm) of the terminal
monomethoxy group of MeO-PEG provides an internal standard for easy monitoring of
reactions by 'H NMR spectroscopy (Figure 2.3). A change in the chemical shift of the
multiplet signal for the a-methylene protons (6 = 3.80 ppm) when MeO-PEG is
functionalized at the free hydroxyl terminus is a convenient means of monitoring
functionalization (Figure 2.4) and; (4) its solubility in a wide range of organic solvents,
including water, gives it inherent phase-transfer catalytic properties. Although the
characterization of soluble polymer supported catalysts is amenable to standard solution
phase spectroscopic techniques, there can be some issues. Polymers that require
elevated temperatures to achieve solubility in some solvents tend to pose a problem for
bound catalysts that display dynamic behavior. For example, ligand exchange in a
polyethylene oligomer bound Wilkinson’s catalyst whose solubility in toluene-d® was

limited at 100 °C, resulted in an averaged solution-state *'P NMR spectrum.?
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Figure 2.3: 'H NMR spectra of MeO-PEG (MW = 2000)
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Figure 2.4: '"H NMR of MeO-PEG-OMs; showing a change in chemical shift of the a-
methylene protons after functionalization.
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2.2 Chiral Metal Salen Complexes: Privileged Chiral Catalysts:

In 1864, Hugo Schiff described the condensation between an aldehyde and an
amine leading to a Schiff base.’” These Schiff bases are able to coordinate metals
through imine nitrogen and another atom or group, usually linked to the aldehyde. When
two equivalents of salicylaldehyde are condensed with a diamine, the so-called “Salen”
chelating ligand is produced. Salen ligands form stable complexes with metal ions in
various oxidation states via four coordinating sites, while leaving two axial sites open to
auxiliary ligands and this makes them markedly attractive for catalytic applications.*
This tetradentate binding motif is reminiscent of the porphyrin framework in heme-based

oxidative enzymes, which inspired the original design of chiral metal salen complexes.

HoN  NHy

L
CHO N N OHG
RQOH  C— R4C§:OH HO%}*R — HO@R

Figure 2.5: Typical salen ligand composed of two salicylaldehyde moieties and a chiral
diamine; and a metal salen complex.
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Following the success, in the early 1990’s, of the Jacobsen-Katsuki asymmetric
epoxidation of unfunctionalized olefins using chiral salen-type manganese (lll)
catalysts®®*“*%; there has been a growing interest in the application of these ligands as
scaffolds for asymmetric catalysts. Although stereogenic centers, typically located on the
diamine moiety, are believed to be primarily responsible for asymmetric induction, subtle
conformational changes in the ligand structure can affect the transfer of chiral
information.*’ Bulky substituents on the aromatic aldehyde restrict prochiral substrates to
preferential approach to the metal center, over the chiral diamine portion of the catalyst.
This tends to maximize stereochemical communication in the transition state of the
reaction. Typically best selectivities are obtained with ligands with tert-butyl groups at the
3,3' positions on the aromatic aldehydes. Metal complexes of chiral salen ligands are
known to catalyze a broad range of asymmetric transformations of major synthetic
importance to give reaction products with high enantiomeric excesses.*? Coupled with
the ability to systematically tune the steric environment and electronic structure (see
Chapter 3) of the salen ligand in a synthetically straightforward manner;**** they find

themselves in a distinguished class of “privileged” chiral ligand structures.*?

2.3 Asymmetric Addition of Et,Zn to Aldehydes by a Chiral Zn-Salen Catalyst:

j’\ Et,Zn Ho_ H
R 'H catalyst R

Scheme 2.1: The asymmetric addition of Et.Zn to a prochiral aldehyde.

Nucleophilic addition of organometallic reagents to carbonyl substrates
constitutes one of the most fundamental operations in organic synthesis.*® The use of

organozinc chemistry, in place of conventional organolithium or -magnesium chemistry,

13



has been developed into an ideal protocol for the catalytic enantioselective alkylation of
aldehydes, leading to a diverse array of optically pure secondary alcohols.*®*” The
asymmetric addition of dialkyl zinc reagents to benzaldehyde has become an
archetypical reaction for evaluating the activity of newly developed chiral catalysts. A
plethora of chiral ligands (mainly B-amino alcohols and similar ligands) have been
reported to be catalytically active towards this reaction, with selectivities ranging from
mediocre to excellent.® In the absence of a catalyst or promoter, the reaction proceeds
sluggishly with pure dialkyl zincs and often reduction of the aldehyde to the alcohol is
observed. Cozzi and co-workers first reported the use of the Zn-salen complex for the
asymmetric addition of Et,Zn to benzaldehyde.49 In 2001, Kozlowski reported a more
reactive bifunctional salen catalyst analog with a 3,3’ tethered tertiary amine Lewis
base.’® The amine was believed to activate the Et,Zn nucleophile, thus increasing the

reactivity of the catalyst.

2.4 A PEG Supported Chiral Zn-Salen Catalyst:

The only reported example of a PEG supported chiral salen complex was in a
comparative study between soluble and insoluble matrices for the Mn(lll)-salen
catalyzed epoxidation of olefins by Janda and coworkers in 2000.?” They reported the
PEG bound Mn(lll) salen catalyst to be inferior to the insoluble JandaJe/™ bound
analogue on the basis of poor recyclability due to depreciation in enantioselectivity upon
reuse. The drop in selectivity was attributed to leaching of the Mn due to oxidative
degradation of the salen ligand.?” Our interests in the design and synthesis of PEG
supported salen ligands began in 1999. Our initial attempt to synthesize the 5,5’- PEG
bound salen ligand was unsuccessful due to synthetic issues associated with the

characterization of the PEG salen dimer. We then turned to the synthesis of the
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unsymmetrical C-5 PEG bound salen ligand; the catalyst thus being attached to the

terminus of the PEG chain.

=N N= =N N=
Ho—CéiOH HO%D*OH ““““ X """ > R'4C§:0H HOi@*R'
tBu LB DMAP, DCC, CH,Cl,

PEG-OH = MeO-PEG 0 o

Scheme 2.2: Unsuccessful synthesis of 5,5’-supported PEG salen ligand.

2.5 Synthesis:

We synthesized the unsymmetrical salen ligand 1 starting from commercially
available TBHQ, following a previously reported procedure.’’ This was isolated in 40%
yield by column chromatography (gradient elution; ether/hexanes, 1:20 to 1:1) from side
products, 2 (9 eq) and 3 (1 eq) (scheme 2.1). PEG-OMs was prepared quantitatively by
treating PEG (MW = 5000) with and excess of MsCl in the presence of trioctylamine
(scheme 2.2). Reacting 1 with PEG-OMs, 4, in the presence of Cs,CO; gave the PEG
supported chiral salen ligand, 6, in 96% yield (scheme 2.4). In order to explore the
efficacy of the polymer-supported catalyst, 10 mol% of 6 (with respect to benzaldehyde)
was treated with an equivalent amount of Et,Zn in toluene to generate the Zn salen
complex (Zn-6) in situ. Additional Eto.Zn (2.3 mol equivalents) was then added, followed
by an equivalent of benzaldehyde (1 mol equivalent). After 18 h the product, 1-phenyl-1-
propanol, was obtained in 90% vyield and in 66:34 er. Under similar reaction conditions,
when we used the catalyst derived from the unsupported chiral salen ligand, 2 (Zn-2),

we obtained the product in 93% yield and in 91:9 er, after 18 h.
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t-Bu t-Bu CHO q
—ac —2 > R OH HO R
77% 40%
H OTIPS tBu  t-Bu
1: R = OH; R'=t-Bu
2:R=R'=tBu
3:R=R'= OH

Scheme 2.3: Synthesis of unsymmetrical salen ligand 1. Reaction conditions: (a)
imidazole, DMAP, TIPSCI, CH,Cl,, 15 h. (b) (i) SnCl,, 2,6-lutidine. (ii) (CH,O),, toluene,
reflux, 90 °C, 6 h.(c) TBAF, THF, 1 h. (d) 3,5-di-tert-butyl-salicylaldehyde (3 eq), (R,R)-
1,2-diaminocyclohexane (2 eq), CHxCly, 12 h.

MsCl, N(octyl
<\/\ %\/OH s /Oé/\o}\/OMS = PEG-OMs
CH,Cly n

4

Scheme 2.4: Synthesis of PEG-OMs, 4.

P pLe}
HO\@\/\/ : e OO\/\/ ° e \©\/\/
— —_—
OH 98% OH 99% OMs

5

Scheme 2.5: Synthesis of PEG supported spacer, 5. Reaction conditions: (a) Cs,COs,
4, DMF, 24 h. (b) MsClI, Et;N, CH,Cly, 24 h.
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_N: N_
a o
967 > PEG—OdOH HO%}*LBU
0
6 t-Bu t-Bu
—~ 192
b 0 0 N N
tBu OH HO oH F——— pea. I
77% G‘o 0 OH HO t-Bu
7 t-Bu t-Bu

_N\: N=
c PEG/O
93% (@] OH HO t-Bu
8 t-Bu t-Bu

Scheme 2.6: Synthesis of monomethoxy PEG supported salen ligands, 6, 7 and 8.
Reaction conditions: (a) PEG-OMs, Cs,CO;, DMF, 24 h. (b) (i) glutaric anhydride,
DMAP, CH,Cl,, 12 h. (ii) PEG, DCC, DMAP, CH,ClI,, 24 h. (c) Cs,CO3, 5, DMF, 24 h.

In order to explain the productivity and selectivity differences between Zn-6 and
Zn-2, we surmised that the PEG support might be sterically interfering with the active
site of the catalyst. Hence, as a control experiment, we carried out the reaction of Et,Zn
with benzaldehyde under the same conditions and with Zn-2, in the presence of a
catalytic amount (10 mol%) of PEG. The desired product was obtained in 88% yield and
91:9 er, after 18 h. This ruled out the initial suggestion that the PEG was responsible for
the lowered enantioselectivity of Zn-6 due to unfavorable steric interactions or interaction
of Et,Zn with the PEG ether backbone. Detrimental side reactions associated with the
polymer main-chain, such as metal coordination and solvation, have been reported to
reduce the activity of soluble polymer supported complexes relative to their unsupported

analogs.'*%?
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Table 2.1: Comparison of the selectivity and productivity of Zn-1 and Zn-2.

catalyst time (h) yield (%) er
d ; > 18 93 91:9
t-Bu t-B

o od i%} 18 90 66:34

2.6 Effect of Spacers on the Enantioselectivity and Productivity of the Catalyst:

We then hypothesized that the PEG support might be affecting the
microenvironment of the catalyst as a result of the covalent attachment of the polymer
directly onto the salen ligand to test our hypothesis. We then synthesized the PEG
supported ligand, 7, with a glutarate spacer between the ligand and the polymer. This
catalyst under the aforementioned reaction conditions, furnished the product, 1-phenyl-
1-propanol, in 91:9 er, but required 32 h for a 90% yield. This result showed that while
the spacer was effective in isolating the catalyst active site from the PEG, thus,
improving the enantioselectivity of Zn-7 over that of Zn-6, there was a decrease in its
productivity. In catalyst Zn-7, the salen ligand was tethered on the PEG through a
glutarate spacer with an electron-withdrawing ester functionality at the point of
attachment on the salen ligand. We then sought to explore the effect of introducing a
spacer with an electron donating ether bond at the point of attachment to the salen

ligand.
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_N:' N=
a b /O
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t-Bu t-Bu
10

HO MsO

1) o) _N: N= o 1) _I\I N=
HOJ\/\/U\O OH HO t-Bu—C>\O)J\A/U\O OH HO t-Bu
69%
t-Bu t-Bu t-Bu t-Bu

9

Scheme 2.7: Synthesis of 9 and 10. Reaction conditions: (a) MsCI, EtsN, CH.Cl,, 24 h.
(b) Cs,CO3, 1, DMF, 24 h. (c) MeOH, EDCI, DMAP, CH,Cl,, 24 h.

We synthesized the PEG supported spacer, 5, in near quantitative yield, from
commercially available 4-hydroxybenzyl alcohol and mesylate, 4 (scheme 2.2). The
salen ligand, 8, was then synthesized in 93% yield, by treating 5 with 1 in the presence
of Cs,CO;. The reaction of Et;Zn and benzaldehyde, in the presence of Zn-8, gave the
product in 91% yield in 18 h but the enantioselectivity dropped to 84:16 er. The results
indicated that Zn-8 was more productive than Zn-7 but not as selective. In order to
understand the role that the PEG may play in these observed changes in selectivity; we
synthesized unsupported analogs of 7 and 8-ligands 9 and 10 respectively. Zn-9 gave
the product in 91% vyield and in 91:9 er after 18 h, whereas, Zn-10 required 32 h to
achieve a 94% vyield and 81:19 er. Based on these results, we concluded that the
productivities and selectivities of Zn-7 and Zn-8 were similar to those of Zn-9 and Zn-10
respectively. Hence, these differences are clearly due to the presence of the spacer, and

not as a result of the PEG support.
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Table 2.2: Comparison of the selectivities and productivities of PEG supported catalysts,
Zn-7 and Zn-8 and their unsupported analogs, Zn-9 and Zn-10

catalyst time (h) yield (%) er

o 0 =N = 32 91 91:9
i :
\OJ\A/U\O—Céio/ n‘oi%D—t-Bu
t-Bu t-Bu
0 0 =N = 32 90 91:9
, :
PEG\OWOdO/ n\Oj%D*t-Bu
t-Bu t-Bu
el =N, N= 18 94 81:19
0] O/ \O t-Bu
t-Bu t-Bu
pec _N;Zn/\N— 18 91 84:16
o] (0] (0] t-Bu
t-Bu t-Bu

This raises the question; are the enantioselectivity changes due to the presence
of the spacer moieties or, are they due to perturbations in the electronic structure of the
catalyst as a result of the functionality of the linker at the 5,5' position on the salen
ligand. Jacobsen had established that substitution at the 5,5' positions on the aromatic
ring of the salen ligand affected the selectivity of the Mn(lll) salen catalyzed epoxidation
of olefins.*® Catalysts with EWG’s at the 5,5' gave lower selectivities than those bearing

ERG’s at the same position. A Linear correlation was observed between the logarithms

20



of the enantiomeric ratios and the Hammett substituent parameters,53 o,, of a series of
5,5-substituted catalysts suggested electronic control of stereoselectivity. However,
Janda reported that a chiral PEG supported Mn(lll) complex, of similar ligand structure to
7, with an EWG glutarate spacer (o, = 0.3) was as selective as the unsupported salen
complex with tert-butyl ERG’s at the 5,5 positions (o, = -0.20).%" If the effect of the
glutarate spacer was purely electronic, then based on Jacobsen’s correlation, the
enantioselectivity of the epoxidation should have been considerably lower. Therefore, we
concluded the effect of the spacer on the selectivity of the catalyst could not be

correlated to the electronic effects in the unsupported catalyst.

2.7 Conclusion:

Since 7 provided the highest selectivity, it was used in the addition of Et;Zn to a
series of aromatic aldehydes.’ The respective chiral secondary alcohols were obtained
in good isolated yields (75-90%) and enantiomeric ratios (76:24-91:9). In the absence
of the catalyst, the addition of Eto.Zn to benzaldehyde gave marginal conversion to the
product, 5%, even after 48 h. Quantitative recovery of the catalyst, at the end of the
reaction, was facilitated by precipitation from diethyl ether. The catalyst was used in a
second run to achieve a 91% yield and 91:9 er. The catalyst was recycled up to three

times without any significant loss in selectivity.
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Table 2.3: Synthesis of various aromatic aldehydes using PEG supported catalyst, Zn-7

0 0 =N N=
PEG_ )J\/\/U\
0 O—C§:OH Hoi@—t-su

t-Bu t-Bu

EtoZn| -2 CHQCH3

CHO A oA
(J ——
R// Et22n A
toluene, RT
aldehyde product yield (%) er
HO_ H
90 91:9

K

CHO o

\©>V 82 84:16
CHO HO( M

/@N 87 76:24

Q4

CHO HO H
Q @N 88 87:13
F F
CHO HO H
Q @/ 75 88:12
Cl cl
CHO o HO H

94:6

\
EO
\
©
o

H
S&CHO NN 92 91:9
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CHAPTER 3

STEREOELECTRONIC TUNING OF A CHIRAL CATALYST

3.1 Introduction:

It is well established in asymmetric catalysis that effective stereochemical
communication between the substrate and the chiral environment of the catalyst ligand
is crucial in obtaining high enantioselectivities." Nature achieves this, rather elegantly, in
biochemical reactions, through enzymatic processes. Enzymes are able to induce
substrate precoordination at the vicinity of the active site prior to the reaction, thereby,
effectively minimizing the degrees of freedom in the critical transition state of the
reaction, thus, maximizing the selectivity-determining interactions between the catalyst’s
chiral environment and the substrate.? Several archetypal nonenzymatic asymmetric
catalyst systems also operate on this substrate-directed principle.>* In contrast to these
systems, a number of practical and effective nonenzymatic asymmetric catalysts have
been developed, which do not require a specific pre-coordinating group on the substrate
in order to obtain high enantioselectivities.”® In these catalyst systems, enhanced
stereoselectivity is achieved by modifications in the reaction environment by either; (a)
changes in the catalyst’s ligand structure or (b) modifications of the reaction conditions;
or a combination of both. Steric interactions are generally perceived to play the
predominant role in determining the mechanism of asymmetric induction, however,
changes in the electronic structure of catalyst’s ligand have also been known to affect

the stereochemical outcome of some asymmetric reactions.'*"’

3.2 Stereoelectronic Tuning of a Chiral Metal-Salen Catalyst:

An attractive feature of chiral salen catalysts is the modular nature of the ligand;
being comprised of two salicylaldehyde molecules and a chiral diamine moiety (Figure

3.2). As such, steric and electronic tuning of the catalyst in a synthetically straightforward
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manner is readily achievable by altering the substitution on the aromatic ring of the
salicylaldehyde and/or changing the chiral diamine components. The effects of such
logical structural modifications may be exploited during ligand design for the optimization
of catalyst performance; the ultimate goal being, the de novo design of highly effective

and enantioselective chiral catalysts.

Early T.S. Late TS.

AE

v

Reaction Coordinate

Figure 3.1: Schematic energy diagram illustrating the proposed effect of ligand
substituents on the reaction coordinate of the Mn-salen catalyzed epoxidation reaction.
In 1991, Jacobsen and co-workers reported the observation of dramatic catalyst
electronic effects on the enantioselectivity of Mn(lll) salen catalyzed epoxidation of cis-
disubstituted olefins.”® The importance of electronic effects in asymmetric catalytic
reactions has since been increasingly appreciated.’®"” Jacobsen’s study revealed that
the electronic character of 5,5 substituents on C-2 symmetric chiral Mn(lll) salen
catalysts had a significant influence the ee of the product epoxides. ERG’s, at these

positions, were found to lead to higher ee’s while EWG’s gave decreased ee’s. These
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effects were initially interpreted according to a Hammond Postulate argument, wherein,
the ligands substituents influence enantioselectivity by modulating the reactivity of the
high-valent Mn-salen oxo intermediate.’> EWG'’s furnished a more reactive Mn-salen oxo
intermediate which would add to the olefin in a comparatively early transition state, thus,
affording lower levels of enantioselectivity. Conversely, ERG’s attenuated the reactivity
of the oxo species; which would transfer oxygen to the olefin in a comparatively late
transition state, thus, leading to a higher ee’s (Figure 3.1). In a more detailed study into
the mechanistic basis for the observed electronic effects, Jacobsen and co-workers
uncovered further evidence to suggest that control of the position of the transition state
along the reaction coordinate was responsible for the observed electronic effects on

enantioselectivity.?

chiral diamine

l H electronic control
%/ R/
H N?
N—M—0
O

. -«—— steric control
electronic control — R

Figure 3.2: Modular metal salen complex: R = EWG, low er's; R = ERG, high er's.

Despite the broad range of asymmetric transformations achievable with chiral
metal-salen complexes, the analysis of the effects on enantioselectivity as a result of
changes in the catalysts electronic structure, have only been limited to oxidation
reactions via metal oxo (salen) complexes. We have probed these effects and the

results of our studies have helped us propose, for the first time, a logical mechanism for
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the Zn-salen catalyzed addition of Et,Zn to benzaldehyde, that account for our

observations.

3.3 Addition of Dialkylzincs to Aldehydes: Catalytic Mechanism:

The mechanism of the addition of dialkyl zinc to aldehydes, using traditional B-
amino alcohols as ligands, has been studied by Soai’’ and Noyori®*?3' and fully
elucidated with a combination of kinetic and computational studies.**** Monomeric zinc
alkoxide, 1.1, which is in equilibrium with the inactive dimeric alkoxide,1, reacts with an
equivalent of Et,Zn to form the monoalkoxide-Et,Zn complex, 1.2; or reacts with an
equivalent of the aldehyde to form 1.3. The intermediate adduct 1.4, can either be
generated from the addition of Et,Zn to 1.3, or the addition of the addition of the
aldehyde to 1.2. Attack of the aldehyde at the carbonyl by the coordinated Et;Zn in
intermediate 1.4, yields the alkoxide 1.5. This species is converted back to the
complexes 1.2 and 1.3 upon addition of Et;Zn or aldehyde respectively, with concomitant
formation of the zinc alkoxide 1.6; which affords the alcohol 1.7, upon aqueous work up.
In the selectivity determining step, first proposed by ltsuno and Fréchet,** and later
supported and elaborated by Noyori and co-workers,* the reactants are gathered

together by the bifunctional alkyl zinc ligand complex, yielding a p-oxo transition

structure of the type depicted in Figure 3.3.

B BE:
W R
zn_ H
o 0%
\ / '
zn-R R
R

Figure 3.3: Proposed transition state for the addition of dialkyl zincs to aldehydes.
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Figure 3.4: Mechanism for the addition of Et,Zn to aldehydes catalyzed by B-amino
alcohols.

Metal-salen complexes, as catalysts, have been known to act in a cooperative
manner involving the activation of a nucleophile and electrophile; studies into the
mechanism of the hydrolytic kinetic resolution of terminal epoxides using chiral Cr and
Co-salen catalysts suggest a cooperative mechanism for epoxide ring opening.***° The
mechanism of metal-salen catalyzed addition of dialkyl zinc to aldehydes, however, still
remains to be studied in detail. In attempts to rationalize the results obtained form the
enantioselective addition of Et,Zn to aldehydes catalyzed by a chiral salen complex,

preliminary studies by Cozzi and coworkers suggest the formation of a bimetallic y-oxo-
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Zn-salen-Et,Zn complex.41 On addition of one equivalent of Et;Zn to a solution of the
salen ligand, disappearance of the 'H NMR resonance signals due to the phenolic
protons and no evidence of the ethyl proton signals (ethane is liberated), accompanied
by a broadening of the proton signals of the ligand, indicated insitu formation of the
square planar Zn-salen complex. On addition of Et,Zn, and broadening of the 'H NMR
ethyl protons and a change in appearance of the signals due to ligand was attributed to
the coordination of the added Et,Zn to the ligating oxygen atoms of the Zn-salen
complex. On the basis of these observations, a plausible transition state (TS) complex
as depicted in Figure 3.5 can be proposed.

Correlation between the enantioselectivity of the asymmetric addition of Et,Zn to
benzaldehyde and the ee of the salen ligand reveals the absence of a nonlinear effect,*
which is consistent with the proposed TS structure in Figure 3.5. When the reaction was
carried out with salen ligands of varied enantiomeric purity (50% and100% ee); we
observed a linear correlation between the ee of the salen ligand and that of the product
(82% and 42% ee) (Figure 3.6). This strongly indicates that only one molecule of the
salen catalyst is involved in the enantio-differentiating step of the reaction, thus,
suggesting a one-point substrate-catalyst Lewis acid—Lewis base double activation takes
place in the transition state (figure 3.5). This is clearly in contrast to the positive non-
linear effects observed for B-amino alcohol catalyzed addition of dialkylzincs to
aldehydes. A similar linear correlation has also been observed in the Zn-salen catalyzed
enantioselective alkynylation of ketones.”® The coordination of metals to the oxygen

atoms of Schiff base-metal complexes**®

and bimetallic Schiff base complexes similar
to the proposed Zn-salen complex (figure 3.5) have also been crystallographically
characterized.*’ It is also pertinent to note that the ee of the reaction does not vary

significantly with conversion, further indicating that the composition of the catalytic

species is constant over the course of the reaction.
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Figure 3.5: Bifunctional Zn-salen complex and a proposed bimetallic TS structure (the
3,3'-tert-butyl substituents on the salen ligand have been omitted for clarity purposes).
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Figure 3.6: Absence of nonlinear effect in the Zn-salen catalyzed addition of Et,Zn to
benzaldehyde using salen ligand 6.
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In our attempts to gain more insight into the mechanism of this reaction and a
better understanding of the factors necessary for the design of highly active and
enantioselective catalyst, we studied the effects that the electronic modification of the
salen ligand structure would have on the enantioselectivity and reactivity of a model

reaction; asymmetric addition of Et,Zn to benzaldehyde.

3.4 Synthesis:
We synthesized a series of salen ligands, 1- 6 (bearing EWG and ERG at their

5,5' position) in good yields (95%—85%), from their respective 5-substituted tert-butyl

salicylaldehydes by condensation with (R,R)-1,2-diaminocyclohexane.

OH OH

- NH2
t-Bu (1) SnCly, 2,6-lutidine  t-Bu CHO
> OH HO
(2) (CH,0),,, toluene, EtOH reflux, 2 h
_0 90°C, 6 h _
(70%) 1 (94%)
OH
NH2
BTMA- Br3 t-Bu CHO NH2
OH HO
CHZCI2/M€OH EtOH reflux, 2 h
Br Bu t-Bu
(65%) 2 (85%)
™ t-Bu 4 CHO NH2
t-Bu CHO  1iNOs, AcOH NH2 oH Ho
— 2 T
10°C-RT,8h "EtOH, reflux, 2h
NO,
(75%) (92%)

Scheme 3.1: Synthesis of 5,5'-substituted salen ligands. “Continued, next page”
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OH

tB CHO d NH2
-Bu
P/C, Hy, CH,0  tBU CHO dOH Hoi%}, /
- \
Evp— CH20I2 RT, 2h

NO, N

PN
(50%) 4 (91%)
OH NH2
t-Bu CHO
OH HO
EtOH reflux, 2 h
Bu t-Bu
R
5:R=H (91%)
6: R =t-Bu (95%)

Scheme 3.1 Continued: Synthesis of 5,5'-substituted salen ligands.

The Zn-salen catalyst was generated insitu by treating a solution of the salen
ligand in toluene with an equivalent amount of Et,Zn and allowing the reaction mixture to
stir at room temperature for 1 h. Following the addition of benzaldehyde and Et,Zn, the
reaction was allowed to proceed until deemed complete by GC. The results are
summarized in Table 3.1. Catalysts with EWG’s at the 5,5 positions gave lower
selectivities than those with ERG’s at the same positions following the trend of
decreasing enantioselectivity: N(CH3), > OCH; > -Bu > H > Br > NO,. This is in
agreement with the aforementioned hypothesis, wherein, catalysts with 5,5'-substituted
EWG’s were expected to be more enantioselective that those with ERG’s. All catalysts
furnished the product 1-phenyl-1-propanol in good yields. The catalysts with EWG
substituents appeared to be more active than those bearing ERG; 3 gave quantitative
conversion of benzaldehyde to the product in 9 h, whereas, 1 and 4 required 24 h and
36 h to a achieve 90% and 95% conversions respectively. The significance of these

observations will be discussed in the section 3.6. Jacobsen reported that the difference
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in diastereomeric transition state energies for nitro- and methoxy- 5,5-substituted
Mn(lll)-salen catalyzed epoxidation of cis-disubstituted olefins was 2.0 kcal/mol.?® It was
interesting to note that for our system, the enantioselectivity differences between Zn-
salen catalysts of 3 and 4, 43:57 er and 98:2 er respectively, also corresponded to a
remarkable difference in the diastereomeric transition state energies, AAG, greater than
2.0 kcal/mol. The enantioselectivity of 4, 98:2 er, is the highest enantioselectivity

reported, to date, for a metal-salen catalyzed addition of Et,Zn to benzaldehyde.

R = EWG's: Br, NO,; ERG's: -Bu, OMe, NMe,; and H

EtpZn |- 2 CH,CHj
H, OH

CHO 2
©/ Zn-salen catalyst's of 1-6
EtZZn

toluene, RT

Scheme 3.2: Addition of Et;Zn to benzaldehyde using Zn-salen catalysts of 1-6.

Table 3.1: Stereoelectronic effects of 5,5-substituted Zn-salen catalysts. ® Enantiomeric
ratios; determined by chiral GC (Cyclosil-B® column). ® Determined by GC.

catalyst R er’ time (h) conv. (%)°
4 NMe, 98:2 36 95
1 OMe 93:7 24 90
6 t-Bu 91:9 18 95
5 H 85:15 18 97
2 Br 74:26 12 100
3 NO, 43:57 9 100
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3.5 Linear Free Energy Relationship:

Of the many techniques for studying reaction mechanisms, analysis of linear free
energy relationships (LFER) is the most readily applicable and general. LFER’s are
empirical observations which are derived upon the general assumption that the shapes
of the potential energy surfaces of a reaction are not substantially altered by varying the
substituents on the reactant(s). The kinetic and thermodynamic components of LFER'’s
can be described as follows:

Rate constants (kinetic) are related to free energy changes through the Eyring equation:

log k = Iog< ks T> S B
h 2.303RT

linear relationship: log k = -AG”

Equilibrium constants are related to the free energy changes through the thermodynamic

equation:

1
log K= — ——— AG°

2.303RT

linear relationship: log K = —~AG°

Comparing the effect of two substituents, A and B on the same reaction at the same

temperature; the rate constants are:
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log k4 = log <kB T> I AG*,
h 2 303RT

log kg = log <kls T> ] AGg

2.303RT

Taking the difference of two equations results in

log ky — log kg = — 1— (AG#A - AG#B)
2.303RT

k
|Og A > = 1 AAG#BA
ks 2.303RT

If the reaction involving substituent B is the reference reaction (substituents = H) and
that involving substituent A is the substituted reaction, then the free energy of activation
for each reaction is related to the product of p (parameter characteristic of the type of

reaction), and o, (the Hammett substituent parameter); then
. Ka
if AG# = pG ; then |Og T = p(GA _GH)
H

If, oy = 0, the Hammett equation is obtained
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For the equilibrium constant, similar analysis results in the expression

log £ = PO,
Ky

3.6 Hammett Analysis:

The Hammett equation*®*°

and its extended forms have been extensively
exploited by chemists in the study of the fundamental mechanisms of organic reactions.
It has also been applied to the derivation and study of structure-activity relationships for
rational drug design® as well as a host of interactions involving organic compounds and
biological systems.*"*> Hammett summarized the effects of meta- or para-substituents

on the rate constants or equilibrium constants of reactions of benzene derivatives. The

Hammett equation is given by:

log (k/ ko) = p 0, (1)

where k and k, are rate (or equilibrium) constants for the reactions of the substituted and
unsubstituted compounds, o, is the Hammett constant (a measure of the electronic
effect of replacing a H substituents with a given substituent in the meta or para position,
and it is, in principle, independent of the nature of the reaction), and p is a reaction
constant (a parameter characteristic of the type of reaction; including conditions such as

solvent and temperature). The slopes of linear free energy correlations of electronic (or

polar) substituent-effects are directly related to the changes in the electron density
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(effective charge) at the reaction center.®> Since charge differences are a function of
changes in bonding, electronic substituents effects are related to bonding in the
transition structure®, relative to that in the reactant.®®

A linear correlation between the enantioselectivities of the series of 5,5-
substituted Zn-salen catalysts and the Hammett substituent constants, o,, was observed
(Figure 3.7). Based on our hypothetical model for the dual activation of benzaldehyde
and Et,Zn by the Zn-salen complex, and our proposed “selectivity determining” transition
structure (figure 3.4); this linear correlation can be rationalized. Lewis acid activation of
the aldehyde, via complexation to the Zn center of the Zn-salen complex, is a
prerequisite for product formation (in the absence of a catalyst or promoter, no product
formation is observed with pure dialkyl zinc, even after 72 h) EWG’s at the 5,5' positions
of the Zn-salen complex decrease the electron density (Lewis basicity) at the ligating O
atoms of the salen complex; diminishing contributions of the Zn-salen-Et,Zn transition
state to enantioselectivity. Et,Zn can now add to the aldehyde without enantio-face
selectivity (derived from substrate precoordination) to give racemic products. This
effectively leads to lowered enantiomeric purity of the product. Conversely, ERG’s at the
5,5' positions of the Zn-salen complex increase the electron density at the ligating O
atoms of the salen complex thus increasing their Lewis basicity. This effectively
increases the contribution of the “selectivity-determining” Zn-salen-Et,Zn transition
structure to the over all enantioselectivity of the reaction; resulting in increased

enantiomeric purity of the product.
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Figure 3.7: Linear correlation between er and o, of Zn-salen catalysts.

The observed trend in reactivity of catalysts 1-6 (calibrated as time required to
achieve optimum conversion to product; see table 3.1), suggest that EWG’s at the 5,5’
positions decrease electron density at the Zn center thereby increasing its Lewis acidity,
and the activity of the catalyst. ERG’s attenuate the Lewis acidity of the catalyst by
increasing electron density at the Zn center, hence, decreasing its activity. It has been
established that steric perturbations in the ligand structure, imposed by 5,5 substituents
have insignificant effects on enantioselectivity of metal-salen catalysts. Therefore, the
linearity of the Hammett plot is strong evidence that the electronic properties of the

catalysts are responsible for the observed changes in enantioselectivity.
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CHAPTER 4

RECYCLING A SOLUBLE POLYMER-SUPPORTED CATALYSTS

4.1 Introduction:

There is a widespread interest in developing methods to recover homogeneous
catalysts, particularly chiral catalysts, from a reaction mixture."” The impetus to recover
and reuse homogenous catalysts stems not only from an economic standpoint
(especially for chiral catalysts), but also from the need to eliminate contamination of the
transition metal catalyst in the product and in the waste streams.? The challenge is to
recover the catalyst for reuse, over multiple runs, without any significant loss in their
reactivity and selectivity.” Among the strategies to recycle catalysts, the use of soluble
supports to anchor chiral transition-metal complexes has received considerable attention
in recent years."® The soluble support ensures that the catalyst is in the same phase as
the reactants and reagents. Therefore, the reactivity and selectivity of the catalyst bound
to the soluble support can be equal to that of its unsupported analogs. This is a
significant advantage over catalysts anchored on insoluble supports.*® Initial methods to
recover catalyst for recycling were focused on precipitation and filtration of the supported
catalyst by reducing the solubility of the support using an appropriate solvent™ or by
changing the temperature.” However, the precipitated catalyst often shows substantially
reduced activity, enantioselectivity, and poor recyclability.” More recent methods have
focused on retaining the catalyst in solution and separating it from the reactants and
products. This offers a nondestructive method of catalyst recovery and circumvents
common problems associated with solvent precipitation, such as co-precipitation of
unwanted reaction by-products.’ Methods that have aimed at achieving this include the

use of liquid-liquid biphasic solvent systems'"

and pressurized-filtration using
membranes with nanometer-sized pores.'®* We have been interested in using dialysis

as a method recovering homogeneous polymer-supported catalysts for recycling.?
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4.2 Soxhlet Dialysis:

Dialysis relies on a concentration gradient across a semi-permeable membrane
and the rate of diffusion declines exponentially as the system approaches equilibrium. In
order to re-establish the diffusion gradient, the bulk needs to be periodically replaced
with fresh solvent.® Our initial attempts at using dialysis to recover the PEG-supported
salen catalyst from the reaction products were tedious and required large amounts of
solvent. A dialysis bag containing a solution of the substrates and polymer-supported
catalyst in CH,Cl, was placed in a beaker containing stirring CH,Cl,. Repeated
replacement of the outer bulk solutions was required to maintain a concentration driven
diffusion gradient. To address this issue, we developed a simple semi-continuous-flow
dialysis set up using a soxhlet extractor, where the thimble was replaced with the
dialysis bag (Fig. 4.1a). The dialyzed solution outside the membrane was continuously
replaced with fresh solvent from the reflux, thereby maintaining the diffusion gradient. Of
particular concern was the stability of dialysis membranes to organic solvents.'®*

However, we found that commercially available Spectra/Por® regenerated cellulose

membranes are stable to most organic solvents over extended periods of time.

0]
H iM
L+ MegsicN 1 XOS' ©3
Ph H CH,Cl,, 25°C Ph CN
100% conv.
93:7 er

Scheme 4.1: Asymmetric silylcyanation of benzaldehyde catalyzed by 1.
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Figure 4.1: (a) “Soxhlet-Dialysis” apparatus. (b) PEG- and unsupported Ti-salen
complex.

We chose asymmetric silylcyanation of benzaldehyde using a chiral titanium-
salen complex as a model reaction (Scheme 4.1).* A solution of the PEG-supported
salen ligand, in CH,Cl,, was treated with an equivalent amount of TiCl, and allowed to
stir at room temperature for an hour to form the PEG-supported Ti-salen complex, 1,
insitu. This solution was treated with equimolar amounts of benzaldehyde and TMSCN
(Figure 4.1b). The reaction proceeded with quantitative conversion of the aldehyde. The
product, cyanohydrin trimethylsilyl ether, was obtained in 93:7 er after 24 h. This was
similar to the enantioselectivity achieved with the unsupported catalyst, 2."® The reaction
was concentrated and placed into a dialysis tubing (MWCO = 3.5 kDa) with one end tied
shut. A magnetic stir bar was then placed into the dialysis bag to prevent it from floating,
and the open end of the tubing was tied shut with a string. The bag was then placed into
the soxhlet chamber and CH.Cl, was used as the recovery solvent. Dodecane was

added to the solvent in the recovery flask as an internal standard in order to allow for
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quantitative GC analysis of the product in the dialysate. The recovery flask was then
placed in an oil bath and was heated to 60 °C. The soxhlet chamber refilled every 20
minutes with fresh solvent from the reflux. After 38 h, 98% of the cyanohydrin

trimethylsilyl ether was recovered. (Table 4.1).

Table 4.1: Recovery of 1 and retention of er over 5 runs.

runs er? (%) conv.? (%) recovery® (%)
1 93:7 >95 98
2 93:7 >95 99
3 93:7 >95 99
4 93:7 >95 98
5 93:7 >95 -

Soxhlet-Dialysis was carried out in CH2Cl, at 60 °C using a 3.5 kDa MWCO membrane. ® Determined by
chiral GC using a Cyclosil-B® column. ® Determined by GC. ¢ Determined by GC against a dodecane
internal standard

After each cycle, the contents of the dialysis bag were poured into a round-
bottomed flask and treated with fresh benzaldehyde and TMSCN under similar initial
reaction conditions; no fresh catalyst was added. Complete conversion to the product
was achieved in 24 h. The reaction solution was concentrated and subsequently
subjected to another soxhlet-dialysis recovery cycle. The catalyst was recovered and
reused for at least five runs without any loss in selectivity or reactivity (93:7 er, >99%
conv.) (Table 4.1). It is noteworthy that attempts to recycle this catalyst by solvent
precipitation were unsuccessful and a sticky residue, which was inactive towards
subsequent reactions, was recovered. Even though the catalyst maintained its activity

over multiple runs, it was still necessary to assess extent of its retention in the dialysis
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bag. Therefore, we synthesized PEG attached to p-methyl-red (Scheme 4.2) as an

analog of 1 that could be quantitatively analyzed.

PEG-OH
DMAP, DCC, CH,Cl,, 25°C, 24 h

(PEG MW = 5000)

Scheme 4.2: Synthesis of PEG-dye

% recovery

A = Product —@—
B = PEG-dye —A—

»
»
»

»

50 60 70

time (h)

80

Figure 4.2: Retention of PEG-supported catalyst in dialysis bag; (A) Recovery of the
product cyanohydrin TMS ether (B) Recovery of PEG-dye.

A solution of the PEG-dye in dichloromethane was subjected to a soxhlet-dialysis

cycle under the same conditions used in the recovery of 1. Samples of the dialysate

were taken over a period of 38 h and analyzed by UV spectrometry. The PEG-dye

50



present in the dialysate was determined to be 3%, reflecting 97% retention in the dialysis
bag. Even after 72 h, the amount of PEG-dye retained in the dialysis bag remained
constant (Figure 4.2). We attributed the initial loss of PEG-dye to low molecular weight
fractions of PEG present in the commercially available PEG. Once the low molecular
weight species are lost, no further loss of the PEG-dye is observed. Based on the
differences in the rates of diffusion between the small molecule product and the polymer-
supported catalyst, we believe that the retention of the catalyst is much higher than 97%.
This is further supported by the fact that no additional catalyst was required for

subsequent runs.

4.3 Conclusion:

We have developed Soxhlet-Dialysis as a simple and straightforward method for
the recovery of soluble polymer-supported catalysts without any loss in its activity. This
method employs commercially available dialysis membranes and common laboratory
apparatus. We believe that this methodology can be generally applied to recycling of
soluble polymer-supported catalysts, without further modification of the original reaction
conditions, as well as the purification of soluble polymers from low molecular weight

impurities.
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CHAPTER 5

NANOPOROUS THIN FILMS FROM A CLEAVABLE DIBLOCK CO-POLYMER

5.1 Introduction:

The preparation of material composed of well-defined nanoscale structures has
been the focus of extensive research in recent years.! These materials show promise in
a broad range of applications such as high-density data storage, thermoelectric cooling
devices, nano-reactors and molecular separation membranes. As such, several
techniques have emerged, which attempt to generate these nanoscopic arrays with well-
defined size and periodicity." Self-organization is a powerful route to the “bottom-up”
approach to the fabrication of nanostructures.® It has been established that strongly
immiscible amphilic diblock copolymers, upon annealing, will phase separate and self-
assemble into periodic nanoscale domain structures. The morphology of these
structures depends on the molecular weight, segment size (chain length) and strength of
interaction of the polymer blocks, represented by the Flory-Huggins interaction
parameter, y.%° The morphology also depends on the composition of the diblock
copolymer, given by the volume fraction of one of the constituent blocks. As confirmed
by theory® and experiment®, the following domain structures have been shown to be
stable: lamellar, hexagonal-packed cylinder, body-centered cubic, close-packed
spherical and bicontinuous cubic gyroid structures.

Disordered

Figure 5.1: Microphase ordering (lamellae) a of symmetrical diblock copolymer
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In thin films, in addition to composition and molecular weight, the domain
structure is also a function of the surface energy of the blocks and geometrical
constraints introduced by confinement into a thin film. Symmetric block copolymers form
lamellae structure that can orient either parallel or perpendicular to the substrate. A
number of possible arrangements of the lamellae are possible, depending on the surface
energies of the blocks and that of the substrate, and whether the film is confined at one
or both surfaces. In the case that a different block segregates to the substrate and to the
polymer—air interface, wetting is asymmetric and a uniform film has a thickness (n +
1/2)d, where d is the domain spacing. If the initial film thickness is not equal to (n +
1/2)d, then islands or holes (quantized steps of height d) form to conserve the volume. In
the case of symmetric wetting, a uniform film has thickness nd. Asymmetric block
copolymers adopt hexagonal or cubic-packed spherical morphologies in the bulk; they
form parallel cylinders (stripes) or arrays of dots (spheres or perpendicular cylinders) in
two dimensions. More complex exotic morphologies such as gyroid structures and

helices around cylinders have also been observed.”?
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Figure 5.2: Phase diagram for microphase separated diblock copolymers (Source:
www.princeton.edu/ ~polymer/phasedia.JPG.html)
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Block co-polymer films are typically prepared by the spin coating technique,
where drops of a solution of the polymer in a volatile organic solvent are deposited on a
spinning solid substrate (usually silicon wafers, due to their uniform flatness). The
polymer film spreads by centrifugal forces as the volatile solvent is rapidly driven off.
With care, the method can give films with a low surface roughness over areas of square
millimeters. The film thickness can be controlled through the spin speed, the
concentration of the block copolymer solution or the volatility of the solvent, which also
influences the surface roughness.® Dip-coating is another reliable method for fabricating
uniform thin films.'® Whatever the deposition technique, if the surface energy of the block
copolymer is much greater than that of the substrate, then dewetting will occur. The
mechanism of this process has been investigated."" However, by appropriate choice of
substrate the problem of dewetting can usually be circumvented.

For many applications where regular periodic arrays are required, it will be
necessary to generate alignment of nanostructures, normal to the substrate surface, in
block copolymer films. This can be done in several ways; through the control of solvent
evaporation, using electric fields or chemical or mechanical patterning. It has recently
been suggested that a necessary condition to produce perpendicular cylinders through
solvent evaporation is that a good solvent for both blocks be used, and that only one
block is below its glass transition temperature at room temperature. It was noted that as
the solvent evaporates, a concentration gradient front propagates through the film and
the system passes through a disorder—order transition.'?> The structure formed can be
trapped if one block goes through its glass transition. Perpendicular alignment of
lamellae or cylinders has been achieved using a substrate that is coated with a random
copolymer containing an appropriate composition of the corresponding diblocks. The
substrate has a surface energy that is neutral with respect to each component. Russell

and coworkers developed this approach using end-grafted PS/PMMA random block
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copolymer layers."®' Cylindrical domains of PS—b—PMMA formed the basis of an array
of long and aligned conducting domains with typical size in the range of 100 nm.">"”

The re-orientation of block copolymer nanostructures using an electric field is
possible if the field is high enough for a given difference in dielectric constant between
blocks. Morkved et al first showed that PMMA cylinders in a PS matrix could be oriented
parallel to the substrate using an in-plane field, applied in the molten state.” Using
arrays of electrodes it is possible to obtain alignment over large areas— up to 2 cm?."®
Orientation of cylinders perpendicular to the substrate has also been achieved, by
applying a field across electrodes sandwiching a block copolymer film.?° A technique
which uses applied electric fields to a polymer film confined by one smooth and one

topographically patterned electrode has also been explored. The field creates instability

in the polymer film which replicates the pattern on the electrode.’

5.2 Nanoporous Material From Diblock Co-polymers:

Because they can self-assemble into periodic structures in one, two and three
dimensions, diblock copolymers are interesting templates for the design of photonic

material.?’

The inherently low dielectric contrast between the polymeric domains can be
overcome by selective doping and/or removal of one of the component. Another prime
constraint is the requirement for telecommunications applications of a domain size of
about 250 nm (to control near-IR radiation with a wavelength of 1.55 um).??> For
successful applications, both long- and short-range order of the materials must be
achieved.? It has been demonstrated that structured nanoporous arrays can be easily
fabricated from thin-film templates made from PS—b—PMMA copolymers Russell and co-
workers have shown that using the appropriate volume fraction (PS/PMMA ratio of about

70:30), the copolymer self-assembles into a morphology consisting of PMMA cylinders

hexagonally packed in a PS matrix." Orientation of the cylinders normal to the surface in
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thin films can be realized by application of an external electric field* or control of the
interfacial interactions.'*?>% The removal of PMMA, by deep UV light degradation, afford
nanoporous cylindrical channels which serve as templates for the design of nanowires.’
However, it was observed that these nanoscopic arrays segregated into domains which
possessed short-range order and lacked long-range order (there domains within which

the distances between pores were regular, but between which they were irregular)

dl=d2 ) :
::::: Pores

-

d2

Figure 5.3: Lack of long range order in nanoporous PS matrix.

It was learned that similar material prepared from PS—b—PEG diblock copolymers
showed both long- and short-range order.?* However, a major problem is that PEG is not
photo-degradable under UV light, and unlike PMMA, the PEG cylinders can not be
selectively removed to afford the nanoporous PS matrix. Hence, it is highly desirable to
develop a method to remove the PEG so that nanoporous structures with good long
range order can be achieved. To solve this problem, we sought the approach of
incorporating a cleavable linker into the PS—b—PEG backbone. This would facilitate the
requisite cleavage of the PEG block after microphase separation to give the nanoporous
PS matrix. Incorporating a cleavable linker which had a vinyl functional group, onto the

terminus of the PEG chain, followed by subsequent polymerization of styrene off the
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PEG chain would give the cleavable PS—b—PEG diblock copolymer. Since PEG is water

soluble, the PEG block could be extracted with water and removed.

1) Polymerization
2) Phase Separation
Cleavage

:“= PEG
(
(
PS

H>O extraction
~— PEG

Nanoporous PS Matrix
Figure 5.4: Approach to synthesize nanoporous polymer thin films from PS-b-PEG.

5.3 “Living” Free Radical Polymerization:

Strategies for controlling polymeric structure and macromolecular architecture
are becoming an increasingly important aspect of polymer and materials science due to
the continuing desire to prepare materials with new and/or enhanced physical
properties.?”?® Accurately controlled molecular weight; defined chain ends and low
polydispersity are some of the prerequisites of a well-defined polymeric structure. One
way of achieving this for linear vinyl polymers is through controlled “living” polymerization
employing anionic or cationic polymerization.”>' Unfortunately, these techniques are
synthetically demanding; they are extremely sensitive to water and oxygen, and require
ultra-pure reagents and solvents. Moreover, the incompatibility of the carbanion or
carbocation growing chain ends with many functional groups becomes an issue. To
over-come these difficulties, we decided to explore the synthesis of well-defined PS-b-
PEG diblock copolymers using nitroxide mediated “Living” Free Radical Polymerization

(LFRP).32%
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The concept of using stable free radicals, such as nitroxides,* to reversibly react with
the growing polymer radical chain end can be traced back to the pioneering work of
Rizzardo and Moad.* They demonstrated that at low temperature (40°C—-60°C) typically
associated with standard free radical polymerizations, nitroxides such as TEMPO®%
reacted at near diffusion controlled rates with carbon—centered free radicals generated
from the addition of initiating radicals to vinyl monomers. Georges further refined this

technique to provide a basic model for all subsequent work in the area of LFRP.**

Z VN
| /N
PS’ EO 125°C PS” 3- .j/%j
_—

Homolytically unstable alkoxylamine

PS = Polystyrene
n
/NN
|

PS o PS ,,j@

Scheme 5.1: TEMPO mediated “Living” Free Radical Polymerization.

=

The key feature of nitroxide-mediated LFRP is that the carbon—oxygen bond of
the dormant or inactive alkoxyamine is homolytically unstable and undergoes thermal
cleavage to give a stable nitroxide and the polymeric radical. The nitroxide free radical

does not initiate the growth of any extra polymer chains, but it does react at near-
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diffusion-controlled rates with carbon-centered free radicals. In the absence of other
reactions leading to initiation of new polymer chains, the concentration of the reactive
chain ends is extremely low, minimizing irreversible termination reactions, such as
combination or disproportionation. The polymeric radical can then undergo chain
extension with monomer to yield a similar polymeric radical in which the degree of
polymerization has increased. Recombination of the polymeric radical with the nitroxide
then gives the dormant, unreactive alkoxylamine, and the cycle of homolysis—monomer
addition—recombination can be repeated (Scheme 5.1). Typically LFRP’s are carried out
under non-demanding reaction conditions, and a mixture of the unstable alkoxylamine
and styrene are added to a reaction flask and heated at 125 °C under a nitrogen
atmosphere. The reaction set-up is very simple and rigorous purification of reagents is
unnecessary. By varying the molar ratio of monomer to initiator in the reaction, a near
linear relationship is observed between obtained experimental molecular weights and
calculated theoretical molecular weights.*> Compared to traditional free radical
polymerization processes where the theoretically limiting polydispersity is 1.5 and normal
experimental values are ca. 2.0, LFRP processes can approach polydispersity values of

1.03-1.05, which are typically obtained for well-behaved living anionic systems.

5.4 Synthesis of a PEG—Supported Initiator for LFRP of Styrene:

In the design of the PS—b—PEG diblock copolymer, the requirements for the
cleavable linker were as follows: (1) The linker had to be stable towards the
polymerization reaction conditions, (2) It should also survive the annealing conditions
necessary to induce microphase separation, and (3) It should be cleaved quantitatively
and easily. Following a search through the literature, we decided that a triphenylmethyl
(trityl) group was the appropriate linker. The trityl ether bond could be easily cleaved

under mild acidic conditions, with either dilute aqueous HCI or HCI vapor. This was
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confirmed by a preliminary experiment where an aqueous solution of PEG-trityl ether

was cleaved in the presence of 2 N HCI, after 15 minutes.

P ..

OH NaH 0
PEG—OMs + —_—
THF, 25°C
MsClI, N(octyl)s
CH,Cl,, 25°C HCl (aq)
PEG—OH
(PEG MW = 5000) O

+ PEG—OH
PO

Scheme 5.2: The acid cleavage of PEG-trityl ether bond.

Our initial approach to the synthesis of the 4-vinyltrityl-PEG (PEG MW = 2000)
ether involved the vinylation of 4-bromobenzophenone with a tributylvinyl tin reagent, the
employing the Stille protocol.*® Grignard addition of phenyl magnesium bromide to the
product 4-vinyl benzophenone, 1, gave the vinyl trityl alcohol, 2, in an 85% yield.
Subsequent etherification of 2 with PEG mesylate afforded the PEG trityl ether, 3, in
78% vyield. The synthesis of the trityl TEMPO alkoxylamine, 4, using a protocol
developed by Dao,*' was unsuccessful. Attempts to synthesize the TEMPO adduct, 5,
from 1 was also unsuccessful. Possible single electron transfer processes would lead to
the generation of a ketyl radical which is likely to be trapped by the TEMPO radical, thus

impeding the reaction.
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Scheme 5.3: Attempted synthesis of the PEG trityl TEMPO alkoxylamine, 4; (a) TEMPO,
Jacobsen’s catalyst, TBP, NaBHj,, toluene, 25 °C, 24 h.

Faced with this problem, we devised an alternative synthetic route to the PEG-
supported trityl TEMPO initiator, 4. The TEMPO adduct, 5 (1-[1-(4-Bromo-phenyl)-
ethoxy]-2,2,6,6-tetramethyl-piperidine), was synthesized form commercially available 4-
bromo styrene in 50% vyield. Lithium—halogen exchange of 5 in the presence on n-Buli,
followed by addition of benzophenone, afforded the triphenyl methanol TEMPO adduct,
6, in 90% yield. Etherification of 6 with PEG, in refluxing THF at 70 °C, gave 4 in 80%
yield. The fact that the etherification reaction could be carried out in refluxing THF is

indicative of the stability of the TEMPO alkoxylamine adduct under 125 °C.
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TEMPO, Jacobsen's cat. O

NaBH,, TBP, Toluene, 25 °C

) n-BuLi, THF, -78 °C

Br
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NaH, THF
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130°C
=
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Scheme 5.4: Synthesis of PS—b—PEG diblock copolymer by LFRP.

The synthesis of well defined PS—b-PEG diblock copolymers could now be
achieved through LFRP of 4. In a preliminary polymerization reaction, a solution of 4 (Mn
= 3035; PDI = 1.07) (Figure 5.5 a) and styrene (50 molar equivalents) in degassed
toluene was heated to 130 °C under a nitrogen atmosphere. After 24 h, precipitation of
the polymeric solution from methanol gave a white solid which was characterized by
GPC (Mn = 8433; PDI = 1.08) (Figure 5.5 b). These narrow MW distributions were

indicative of a “living” polymerization process.
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Figure 5.5: GPC data: (a) PEG-supported trityl TEMPO initiator, and (b) PS-b-PEG.

Preliminary results also indicate that the cleavage of 7 could be achieved by
simply placing it in an open vial which was then placed in a chamber containing HCI
vapors. After 1 h, the sample of 7 was removed and GPC data revealed cleavage of the

PS-b-PEG (PS Mn = 6389; PEG Mn = 2464) (Figure 5.6).
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Figure 5.6: GPC data after the cleavage of 7 with HCI.

5.5 Conclusion:

We have designed and synthesized a PS-b-PEG diblock copolymer bearing a
cleavable linker. Nitroxide mediated LRFP was used for the controlled polymerization of
styrene from a PEG-supported trityl TEMPO initiator, and a narrow molecular weight
distribution (PDI = 1.12) was indicative of a LFRP process. It was demonstrated that acid
cleavage of the diblock was facile and this was confirmed by GPC analysis. Spin coating
of thin films on an appropriate substrate, followed by annealing, should give microphase
separated domain structure which will be used for the fabrication of nanoporous thin

films.
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CHAPTER 6

EXPERIMENTAL

6.1 Synthesis of PEG-Supported Chiral Zn-Salen Catalyst for the Asymmetric

Addition of Et,Zn to Aldehydes:

Unless otherwise noted, all of the reactions reported herein were conducted
under an inert atmosphere of N, in oven-dried glassware. All reagents were purchased
from Acros and Aldrich and used without further purification. Et,Zn was purchased from
Aldrich as a 1M solution is hexanes. Toluene and THF were distilled from
Na/benzophenone ketyl and CH,Cl, was dried over 3 A molecular sieves, distilled and
stored under inert atmosphere. Extra dry DMF (dried with molecular sieves; water < 50
ppm) was purchased from Acros Organics. Purification was performed by flash
chromatography using ICN Flash Silica Gel, 230-400 mesh. Reported yields refer to
isolated yields of the characterized compounds, deemed pure by elemental analyses, 'H
NMR, C NMR. NMR spectra were recorded on a Bruker AVANCE 300 MHz
spectrometer. Chemical shifts were reported in ppm downfield from TMS as an internal
standard. The peak patterns are indicated as follows: s, singlet; d, doublet; t, triplet; dd,
doublet of doublets; br, broad; q, quintet and m, multiplet. The coupling constants, J, are
reported in Hertz (Hz). IR spectra of a KBr pellet were carried out on MIDAC M-2000 FT-
IR using GRAMS/32 software. Elemental analyses were performed at the Microanalysis
Laboratory, University of Massachusetts at Amherst by Dr. Greg Dabkowski.

Enantiomeric ratios (er) were determined by GC using a Hewlett-Packard 6850

gas chromatograph on a Cyclosil-B™

capillary column purchased from J&W Scientific,
Folsom, CA. Correction factors were determined using racemic acetate esters which
were prepared by treating the corresponding alcohols with molar equivalents of

DMAP/acetylchloride. In all cases, baseline separation of enantiomers was observed. All
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gas chromatography (GC) operating conditions were set as follows: Carrier gas: H..
Detector: temperature, 300 °C; flow, 40 mL/min. Inlet: temperature, 300 °C, 10.31 psi;
44.6 mL/min. Retention times for the acetate ester derivatives of the alcohol products
are listed below:

1-phenyl-1-propyl acetate: tg = 8.61 min, ts = 8.67 min.

1-m-tolyl-propyl acetate.: tg = 9.29 min, ts = 9.33 min.

1-p-chlorophenyl-propyl acetate: tgr = 10.41 min, ts = 10.45 min.

1-p-fluorophenyl-1-propyl acetate: tg = 8.75 min, ts = 8.83 min.

1-p-tolyl-1-propyl acetate: tg = 9.52 min, ts = 9.55 min.

1-p-methoxyphenyl-1-propyl acetate: tr = 8.74 min, ts = 8.84 min.

1-(2-thiophenyl)-1-propyl acetate: tg = 6.40 min, ts = 6.62 min.

o 2-tert-Butyl-4-triisopropylsiloxyphenol: To a solution of TBHQ (2.50 g, 15.1 mmol)
in dichloromethane (100 mL) was added imidazole (1.33 g, 19.6 mmol) and DMAP (0.93
g, 7.6 mmol). To this solution was added TIPSCI (3.48 g, 18.1 mmol) in 8 mL of
dichloromethane in a dropwise manner and the mixture was then stirred for 15 h at 25
°C. The mixture was then filtered and the solution was concentrated under vacuum. The
resultant residue was purified by flash column chromatography on silica gel (1:4
EtOAc/hexanes) to yield the product as a clear liquid (4.39 g, 91% yield): '"H NMR (300
MHz, CDCl;) 6 6.82 (d, J =2.8 Hz, 1 H; H.), 6.59 (d, J = 2.8 Hz, 1H; Hy), 6.52 (d, J = 8.29
Hz, 1H; Hy), 4.50 (s, 1 H; Ha), 1.38 (s, 9 H; Hy), 1.28-1.25 (m, 3 H; Hy), 1.10-1.08 (d, 18
H; He); "*C NMR (300 MHz, CDCl3) & 149.5 (C,), 148.1 (C,), 137 (Cg), 118.8 (C3), 117.2
(C7), 116.8 (Cy), 34.5 (C1p), 29.5 (Cy), 17.9 (Cs), 12.6 (Cs). Anal. Calcd. for C19H340,Si:

C, 70.81; H, 10.56; Found C, 70.22; H, 10.78.
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o 3-tert-Butyl-2-hydroxy-5-triisopropylbenzaldehyde: A three-necked round-bottom
flask equipped with an addition funnel, reflux condenser and a magnetic stir-bar was
connected to a nitrogen inlet and was charged with 2,6-lutidine (3.12 mL, 26.8 mmol), 4-
tert-butylphenol (7.19 g, 22.3 mmol), SnCl, (0.79 mL, 6.70 mmol) and toluene (200 mL).
The resulting yellow heterogeneous mixture was stirred at 25 °C under nitrogen for 10
min. followed by the addition of paraformaldehyde (2.68 g, 89.3 mmol). The mixture was
heated under reflux at 90 °C for 6 h and the reaction progress was monitored by TLC.
The reaction mixture was allowed to cool to 25 °C and water (200 mL) and diethyl ether
(200 mL) was added. The resulting emulsion was filtered through a pad of Celite and the
layers were separated. The organic layer was washed with water (x1), brine (x1), and
dried over anhydrous Na,SO,, and then concentrated. The crude product was purified by
flash column chromatography on silica gel (1:9 ethylacetate/hexanes) to afford the title
compound as a pale yellow oil (5.04 g, 65% vyield): "H NMR (300 MHz, CDCl;) & = 11.40
(s, 1 H; Hp), 9.70 (s, 1 H; Ha), 7.14 (d, J = 3.0 Hz, 1 H; H.), 6.85 (d, J = 3.0 Hz, 1 H; Hy),
1.39 (s, 9 H; Hy), 1.28-1.24 (m, 3 H; Hy), 1.11 (d, J = 6.8 Hz, 18 H; H,); >C NMR (300
MHz, CDCl;) 6 = 197.1 (C3), 156.2 (Cs), 148.4 (C4), 139.9 (Cy), 127.9 (Cy), 120.6 (C,),
120.3 (Cs), 35.3 (C14), 29.5 (Cq0), 18.3 (C7), 12.9 (Cs). Anal. Calcd. for CyH3403Si: C,

68.57; H, 9.71; Found: C, 68.51; H, 9.99.
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o 3-tert-Butyl- 2,5-dihydroxybenzaldehyde: TBAF (a 1.0 M solution in THF, 7.03 mL,
7.03 mmol) was added dropwise to a solution of 3-tert-Butyl-2-hydroxy-5-
triisopropylbenzaldehyde (2.05 g, 5.86 mmol) in 15 mL of THF at 25 °C and the mixture
was allowed to stir for 3 h. The reaction mixture was then poured into 50 mL of water
and extracted (50 mL x 2), dried over anhydrous magnesium sulfate and concentrated in
vacuuo. The crude product was purified by flash column chromatography on silica gel
(1:4, diethyl ether/hexanes) to give 0.9 g (80% yield) of the product as a yellow
crystalline solid: Mp. 181-183 °C; "H NMR (300 MHz, CDCl;) 5 = 11.39 (s, 1 H; Hy), 9.79
(s, 1 H; Hy), 7.10 (d, J = 3.0 Hz, 1 H; H,), 6.83 (d, J = 3.0 Hz, 1 H; H,), 4.60 (s, 1 H; Hy),
1.40 (s, 9 H; Hy); ™C NMR (300 MHz, CDCl3) & = 196.5 (Cs), 153.1 (Cs), 149.6 (C,),
138.4 (Cq), 122.9 (C,), 115.4 (C4), 101.8 (Cg), 34.4 (Cs), 28.8 (Cy). Anal. Calcd. for

C11H1403: C, 68.02; H, 7.27; Found: C, 67.90; H, 7.22.
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e Unsymmetrical salen ligand 3: To a solution of 3, 5-di-tert-butylsalicylaldehyde (1.72
g, 7.53 mmol), and 3-tert-butyl- 2,5-dihydroxybenzaldehyde (0.48 g, 2.45 mmol) in
CH,CI, (15 mL) was added R-1,2-diaminocyclohexane (0.56 g, 4.89 mmol). The reaction
mixture was allowed to stir at 25 °C for 15 h, after which it was concentrated in vacuuo to
give a yellow foaming solid. This crude product (mixture of salen ligands) was purified by
column chromatography on silica gel (gradient elution: 1:20 to 1:1, diethyl
ether/hexanes) to give 2 (0.68 g, 55% yield) as a yellow foam. IR (KBr pellet): 3316 (br),
2954, 2864, 1630, 1598, 1465, 1440 cm™; "H NMR (300 MHz, CDCl3) 5 = 8.28 (s, 1 H, -
N=C-H), 8.18 (s, 1 H, -N=C-H), 7.31 (d, J = 2.4 Hz, 1 H, Ha,), 6.96 (d, J = 2.4 Hz, 1 H,
Har), 6.80 (d, J = 3.2 Hz, 1 H, Hp), 6.45 (d, J = 3.2 Hz, 1 H, Hp), 3.33-3.29 (m, 2 H), 2.0-
1.45 (M, 8 H, Heycohexyt), 1.41 (s, 9 H), 1.38 (s, 9 H), 1.23 (s, 9 H); *C NMR (300 MHz,
CDCl3) & = 165.4, 164.5, 157.6, 154.0, 146.2, 139.5, 138.1, 135.9, 126.4, 117.8, 117 .4,
117.3, 114.1, 71.9, 34.5, 34.4, 33.6, 32.7, 31.2, 30.9, 28.9, 28.7, 23.8. Anal. Calcd for
Ca2HieN2O5: C, 75.89; H, 9.71; N, 5.53 Found: C, 75.70; H, 9.25; N, 5.34; HRMS (EI)

Calcd., m/z 506.3508 (C32H4sN20O3), Found, 506.3517.

HO OH HO

e PEG mesylate 4: To a solution of PEG monomethylether (MW = 5000) (5.00 g, 1
mmol) in CH,Cl, (50 mL) is added an excess of tri-n-octylamine (6.37 g, 18 mmol) and
the reaction mixture was allowed to stir for 30 min. Next, MsCl (0.69 g, 0.47 mL, 6 mmol)

was added drop-wise to the stirring solution and the reaction mixture was left to stir at 25
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°C for 24 h. The solvent was then removed in vacuo and the resultant oily residue added
drop-wise to stirring diethyl ether. The precipitate was filtered and the solid collected and
dissolved in a minimal amount of CH,CI, and triturated with diethyl ether at 0 °C and
vacuum filtered. The PEG mesylate was isolated as a white solid (4.57 g, 90 % vyield). 'H
NMR (400 MHz, CDCl;) & = 4.38-4.36 (t, 2 H; -CH»-SO,-), 3.63 (m, 180 H; -CH,-CH-

PEG backbone), 3.37 (s, 3H; CHy-O-PEG-), 3.07 (s, 3 H; CH3-SO,-).

O<\/\ 5/\/0\ 0
7 ~
o7, O//s/\

¢ 3-(4-MeO-PEG phenyl)-1-propanol: Into a 100 mL round bottomed flask was placed a
magnetic stir bar, 3-(4-hydroxyphenyl)-1-propanol (0.50 g, 3.29 mmol), Cs,CO; (1.18 g,
3.62 mmol) and dry DMF (20 mL) and the solution was allowed to stir at 25 °C for 10
minutes. Next, PEG mesylate, 4, (5.56 g, 1.09 mmol) was added to the stirring solution
and the reaction mixture was allowed to stir at 25 °C for 24 h. Upon completion of the
reaction, the reaction mixture was filtered, concentrated, in vacuuo, to 5 mL and added
drop-wise to stirring ether at 0 °C. The solid precipitate was collected by vacuum filtration
and dried in vacuo to yield the polymeric alcohol as an off-white solid. (5.49 g, 98 %
yield): "H NMR (300 MHz, CDCl;) & = 7.10-7.07 (d, J = 8.5 Hz, 2H; H,.), 6.84-6.81 (d, J
=7.5Hz, 2H; Hyy), 4.11-4.08 (t, J = 5.1 Hz, 2 H; PEG-O-CH,-CH,-O-Ar), 3.87 (t, J = 5.1
Hz, 2H; PEG-CH,-CH,-O-Ar), 3.36 (s, 3 H; CH3s-O-PEG-CH2-CH,-O-Ar), 2.77 (t, J = 6.5

Hz, 2H; Ar-CH,-), 2.06 (m, J = 6.5 Hz, 2H; Ar-CH,-CH» CHa-).

H H, OH
/O\é/\oa'\/OAQ—/_/
n
H, H,
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e 3-(4-PEG phenyl)-1-propylmesylate 5: To a solution 3-(4-MeO-PEG phenyl)-1-
propanol (1.88 g, 0.37 mmol) in CH,Cl, (15 mL) was added Et;N (0.67 g, 6.59 mmol)
and the resultant orange solution is allowed to stir for 10 minutes at RT. Next, the
solution was cooled to 0 °C and MsCI (0.25 g, 2.20 mmol) is added drop-wise and the
reaction mixture was left to slowly warm to 25 °C and stir for 24 h. The reaction mixture
was then concentrated in vacuuo to 5 mL and added drop-wise to stirring ether (200 mL)
at 0 °C and the precipitate is vacuum filtered and washed with iso-propanol (100 mL).
The solid was dried in vacuo and the polymeric mesylate is obtained as a white solid
(1.83 g, 95% vyield): "H NMR (300 MHz, CDCl;) & = 7.08-7.06 (d, J = 8.7 Hz, 2H; H..),
6.85-6.82 (d, J = 8.6 Hz, 2H; Hyy), 4.22-4.18 (t, J = 6.5 Hz, 2 H; Ar-CH,-CH,-CH,-O-
S0O,), 4.11-4.08 (t, J = 5.1 Hz, 2 H; PEG-O-CH,-CH»-O-Ar), 3.87 (t, J = 5.1 Hz, 2H; PEG-
CH»CH2-O-Ar) 3.37 (s, 3 H; CHs-O-PEG-), 2.98 (s, 3 H; -O-SO,-CHj3), 2.73 (t, J = 6.5

Hz, 2H; Ar-CHy-), 2.06 (m, J = 6.5 Hz, 2H; Ar-CH,-CH>- CH>-).

Q
H. H, O—ﬁ—
(0]
/O\é/\oaf\/o
n
H, H,

e PEG-supported salen ligand 6: PEG mesylate (2.0 g, 0.39 mmol) was added to a
solution of the unsymmetrical salen 3 (0.51 g, 1.0 mmol) and Cs,CO; in dry DMF (20
mL), in a 100 mL round bottomed flask fitted with a magnetic stir bar. After stirring at 25
°C for 24 h, the reddish-brown solution was filtered and then concentrated under vacuum
to about half its original volume. This solution was then slowly added drop-wise to cold

stirring ether (200 mL) to precipitate the polymeric catalyst. The solid was further
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washed in ether (50 mL) followed by iso-propanol (50 mL) and dried in vacuo to yield the
polymeric ligand 6 (2.05 g, 96 % vyield): "H NMR (300 MHz, CDCl3) & = 8.25 (s(br), 1 H, -
N=C-H), 8.20 (s (br), 1 H, -N=C-H), 6.75 (d, 1 H, Ha), 6.63 (s(br), 1 H, Ha,), 6.21 (d, 1 H,
Har), 6.19 (s (br), 1 H, Ha:), 4.09 (t, 2 H, H,), 3.36 (s, 3 H; CHs-O-PEG-salen), 2.10-1.50

(m, 8 H, Heyclohexy), 1.33 (s, 9 H, Higy), 1.30 (s, 9 H, Heay), 1.19 (s, 9 H, Hisy).

e

e Salen glutarate (mono-ester) : Into a 50 mL two-necked round-bottom flask, fitted
with a nitrogen inlet, was placed a stir bar, glutaric anhydride (164 mg, 1.44 mmol), the
unsymmetrical salen 3 (607 mg, 1.20 mmol), DMAP (176 mg, 1.44 mmol) and
anhydrous CH,CI, (6 mL). The mixture was left to stir, under a nitrogen atmosphere, for
15 h at 25 °C after which it was concentrated in vacuuo. The crude yellow oil was
purified by flash column chromatography on silica gel (1:19, methanol/CH.,CI,). The title
compound was obtained as a foaming yellow solid (446 mg, 60% yield). IR (KBr pellet)
2940 (b), 1758, 1712, 1630, 1439 cm™; '"H NMR (300 MHz, CDCl3) & = 8.30 (s, 1 H),
8.23 (s, 1H),7.31(d, J=25Hz, 1H),6.98 (d, J=25Hz, 1H),6.92(d, J=2.8 Hz, 1
H), 6.77 (d, J=2.8 Hz, 1 H), 3.34 (m, 2 H), 260 (t, J=7.4 Hz, 2H, H.), 250 (t, J=7.2
Hz, 2 H,), 2.05 (9, J = 7.4 Hz, 2 H, Hp), 1.98-1.5 (m, 8 H, Hcyciohexy)), 1.42 (s, 9 H, Heay),
1.38 (s, 9 H, Hssu), 1.25 (s, 9 H, Hesy); *C NMR (300 MHz, CDCls) & = 178.7, 171.8,
165.8, 158.2, 157.9, 141.3, 139.9, 138.8, 136.3, 126.9, 125.9, 122.7, 121.3, 118.2,

117.7, 72.4, 72.2, 53.4, 34.9, 33.9, 33.2, 32.9, 31.6, 31.4, 29.4, 29.1, 24.2, 22.7, 22.6,
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19.7, 14.1. Anal. Calcd for C37Hs2N2Os: C, 71.61; H, 8.39; N, 4.52. Found: C, 70.51; H,

8.42: N, 4.43: HRMS (E|) calcd m/z 620.3825 (C37HsN2Os), found 620.3799.

e PEG-supported salen ligand 7: To a solution of PEGsg (2.60 g, 0.52 mmol), the
unsymmetrical salen 3 (0.65 g, 1.04 mmol), and DMAP (0.03 g, 0.26 mmol) in CH,Cl,
(20 mL), was added DCC (0.23 g, 1.10 mmol). The reaction mixture was stirred at 25 °C
for 24 h and the urea by-product was removed by filtering through a pad of Celite. The
filtrate was then concentrated to 5 mL and then added drop-wise into 200 mL of cold
stirring diethyl ether. The yellow solid precipitate was filtered off, and dried under
vacuum (2.25 g, 77% yield): IR (KBr pellet) 3330, 2890 (b), 1756, 1737, 1630, 1461,
1349 cm™; "H NMR (300 MHz, CDCls) & = 8.27 (s (br), 1 H, -N=C-H), 8.20 (s (br), 1 H, -
N=C-H), 7.31 (d, 1 H, Ha;), 6.95 (s (br), 1 H, Ha;), 6.88 (d, 1 H, Ha;), 6.73 (s (br), 1 H,
Har), 4.20 (t, 2H, H,), 3.34 (s, 3 H, CH3-O-PEG-), 2.54 (t, J = 7.3 Hz, 2H, H,), 2.42 (t, J =
7.3 Hz, 2Hy), 2.10-1.50 (m, 10 H, Hqg, Heyciohexy), 1-36 (s, 9 H, Hegy), 1.34 (s, 9 H, Hesu),

1.19 (s, 9 H, Heay).

H : H
=N =
Hb Hc
/OMONOMO OH HO
"H, O R O
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e PEG-supported salen ligand 8: The unsymmetrical salen ligand 3 (0.44 g, 0.87
mmol), Cs,CO; (0.28 g, 0.87 mmol), a magnetic stir bar and DMF (10 mL) were placed
into a 100 mL round-bottomed flask and the solution was allowed to stir at 25 °C for 10
minutes. Next, the PEG-supported phenyl-1-propylmesylate (1.51 g, 0.29 mmol) was
added to the stirring solution and the reaction mixture was left to stir at 25 °C for 24 h.
The solution was then concentrated in vacuo to remove the solvent and the residue was
taken up in CH,CI, (5 mL) and added drop-wise to stirring ether (250 mL) at 0 °C. The
precipitated solid was vacuum filtered and then dissolved in chloroform (5 mL) and
precipitated from cold ether again. The precipitate was filtered and dried in vacuo to give
the PEG-supported salen as a yellow solid (1.53 g, 93%): '"H NMR (300 MHz, CDCl5) & =
8.25 (s, 1 H, N=C-H), 8.24 (s, 1 H, N=C-H), 7.33 (d, 1 H, J = 8.3 Hz, Hp;), 7.16 (d, 2 H, J
=8.3Hz, Hy), 6.94 (d, 1 H, J=2.3 Hz, Hya;), 6.90 (d, 1 H, J = 3.0 Hz, Ha), 6.81 (d, 2 H, J
= 2.3 Hz, Ha(), 6.43 (d, 1 H, J = 2.8 Hz, Ha,), 4.11-4.07 (t, J = 5.1 Hz, 2 H; PEG-O-CH,-
CH,-0-Ar), 3.88 (t, J = 5.1 Hz, 2H; PEG-CH,-CH,-O-Ar), 2.72 (t, 2 H, J = 7.9 Hz, CH-O-
salen), 2.02-1.53 (m, 12 H, Ar-CH>-CH>- and Hcygiohexyt), 1.42 (s, 9 H, Hegy), 1.41 (s, 9 H,

Hisu), 1.25 (s, 9 H, Hesy)

o

e 3-(4-methoxyphenyl)-1-propylmesylate: To a solution of 3-(4-methoxyphenyl)-1-
propanol (2.50 g, 15.06 mmol) in CH,CI, (50 mL) was added triethylamine (15.24 g, 0.15
mmol) and the mixture was allowed to stir at 25 °C for 10 minutes. Next, MsCI (8.63 g,

75.30 mmol) was added drop-wise to the solution at 0 °C after which the reaction
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mixture is left to warm to 25 °C and stir for 24 h. The reaction mixture was then
concentrated in vacuo and the crude oil obtained is purified by flash column
chromatography over a plug of silica gel (hexanes/ethylacetate, 4:1). The product
mesylate was obtained as an orange oil (3.56 g, 97 %): "H NMR (300 MHz, CDCls) & =
7.11-7.08 (d, J = 8.7 Hz, 2H; H,»), 6.85-6.82 (d, J = 8.6 Hz, 2H; Hy 1), 4.19 (t, J = 6.4 Hz,
2H; -CH,-CH»-0-S0y), 3.77 (s, 3H; CH5-0-Ar), 2.97 (s, 3H; -O-SO,-CH;), 2.68 (t, J = 7.9
Hz, 2H; Ar-CHy-), 2.07-1.98 (m, 2H; Ar-CH,-CH>-CH,-); *C NMR (300 MHz, CDCl3) & =
157.9 (Cy), 132.1 (Cs), 129.2 (Cy4), 113.8 (C33), 69.1 (Cg), 55 (Cy), 36.9 (Co), 30.6 (Cs),
30.3 (Cy). Anal. Calcd for C37H5,N,O6: C, 54.08; H, 6.60; S, 13.12. Found: C, 53.41; H,

6.64; S, 13.61.
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e Salen glutarate methyl ester 9: To a solution of 7 (0.16 g, 0.25 mmol), DMAP (0.032
g, 0.29 mmol) and methanol (0.01 g, 0.29 mmol) in CH.Cl, (5 mL) was added 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDCI-HCI) (0.10 g, 0.53
mmol), and the solution was left to stir at 25 °C for 16 h. Next, the solution was
concentrated in vacuuo and the residue purified by flash column chromatography on
silica gel (1:4 EtOAc/hexanes). The product was obtained as a yellow foaming solid
(0.11 g, 66%). "H NMR (300 MHz, CDCl3) & = 8.30 (s, 1 H, -N=C-H), 8.23 (s, 1 H, -N=C-
H), 7.31 (d, 1 H, J= 2.5 Hz, Hyy), 6.98 (d, 1 H, J = 2.5 Hz, Ha), 6.92 (d, 1 H, J = 2.5 Hz,
Har), 6.76 (d, 1 H, J = 2.5 Hz, Ha), 3.69 (s, 3 H, H,), 3.34 (m, 2 H, Ha2), 258 (t, 2 H, J =

7.3 Hz, -CH~CO,-salen), 2.45 (t, 2 H, J = 7.5 Hz, CH;0,C-CH.-), 2.06-1.67 (m, 10 H, -
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CH>-CH,-COg-salen and Heyciohexy), 1.40 (s, 9 H, Hesy), 1.38 (s, 9 H, Hesy), 1.23 (s, 9 H,
Hesu); °C NMR (300 MHz, CDCls) & = 171.9, 165.6, 164.7, 158.2, 157.9, 141.4, 140.1,
138.6, 136.5, 126.9, 126.0, 122.8, 121.5, 118.2, 117.7, 72.4, 72.2, 51.6, 34.9, 34.8, 34.0,
33.2, 33.1, 33.0, 32.9, 31.4, 29.2, 29.1, 24.4, 20.0. Anal. Calcd for C33H54N,Os: C, 71.89;

H, 8.57; N, 4.41. Found: C, 71.74; H, 8.54; N, 4.37.

¢ 3-(4-methoxyphenyl)-1-propyl-salen ligand 10: The unsymmetrical salen ligand 3
(0.16 g, 0.32 mmol), Cs,CO; (0.31 g, 0.96 mmol), a magnetic stir bar and DMF (10 mL)
were placed into a 100 mL round-bottomed flask and the solution was allowed to stir at
RT for 10 minutes. Next, 3-(4-methoxyphenyl)-1-propylmesylate (0.08 g, 0.32 mmol) was
added to the stirring solution and the reaction mixture was left to stir at 25 °C for 24 h.
The solution was then concentrated in vacuuo to remove the solvent and the residue
purified by flash column chromatography on silica gel (1:4 ethylacetate/hexanes) to
obtain the title compound as a yellow solid (0.16 g, 78%). '"H NMR (300 MHz, CDCl;) & =
8.28 (s, 1 H, N=C-H), 8.21 (s, 1 H, N=C-H), 7.31 (d, 1 H, J = 2.3 Hz, Hp,), 7.14 (d, 2 H, J
= 8.5 Hz, Hyy), 6.97 (d, 1 H, J = 2.5 Hz, Hy), 6.90 (d, 1 H, J = 3.0 Hz, Hy,), 6.84 (d, 2 H,
J=8.7Hz, Hya), 6.44 (d, 1 H, J = 2.8 Hz, Hy), 3.79 (s, 3 H, CH3-O-Ar), 3.33 (m, 2 H,
Hee), 2.72 (t, 2 H, J = 7.9 Hz, CH,-O-salen), 2.10-1.50 (m, 12 H, Ar-CH,-CH,- and
Heycionexyt), 1.42 (S, 9 H, Hesu), 1.41 (s, 9 H, Hegu), 1.24 (s, 9 H, Hesy); °C NMR (300 MHz,

CDCls) & = 165.9, 165.3, 157.9, 157.8, 154.8, 150.5, 139.9, 138.6, 136.3, 129.4, 126.8,
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125.9, 118.7, 117.9, 117.8, 113.8, 112.4, 72.5, 72.3, 67.5, 55.2, 34.9, 34.8, 34.0, 33.2,
31.4, 31.2, 29.7, 29.4, 29.3, 24.3, 22.7, 14.1. Anal. Calcd for C4HssN204: C, 77.02 H,

8.93; N, 4.28. Found: C, 76.23; H, 9.04; N, 3.91.

e General Procedure for the Addition of Diethylzinc to Aldehydes. The polymer-
supported salen (0.1 mmol) was placed into a dry glass reaction tube, fitted with a
magnetic stir-bar and a rubber septum. The reaction tube was successively evacuated
and then purged with nitrogen. The salen was then dissolved in dry toluene (3 mL) and
Et,Zn (0.1 mL, 1 M solution in hexanes, 0.1 mmol) was added dropwise. The yellow
homogenous mixture was allowed to stir at 25 °C for 1 h to form the Zn-salen complex in
situ. Next, Et,Zn (2.3 mL, 1 M solution in hexanes, 2.3 mmol) was added to the reaction
mixture and after 5 minutes, the aldehyde (1 mmol) was added to the reaction mixture at
0 °C and then left to warm to 25 °C. To monitor the reaction progress, 0.1 mL aliquots
were taken from the reaction mixture, added to ether (0.5 mL), to precipitate the
polymeric catalyst, quenched with 1 N HCI and the ether layer subjected to GC analysis.
Upon completion of the reaction, the mixture was then slowly triturated into cold stirring
ether and the precipitate was collected by vacuum filtration, washed in iso-propanol and
dried in under vacuum. The filtrate was concentrated and treated with acetic anhydride
(6 equiv) and allowed to stand for 6 h after which it was washed in water (x1), dried over

anhydrous MgSQ,, and concentrated under vacuum. The residue was purified by flash
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column chromatography on silica gel (1:4, ethylacetate/hexanes) to yield the product as

an acetate ester in the form of a clear liquid.

¢ (R)-(+)-1-Phenyl-1-propyl acetate: This compound was prepared from benzaldehyde
(0.31 g, 2.90 mmol) following the general procedure reported above. The product was
isolated as a colorless liquid (0.51 g, 99%): "H NMR (300 MHz, CDCl3) & = 7.28-7.18 (m,
5 H; Ar), 5.63-5.58 (t, J = 7.0 Hz, 1 H; Hy), 2.00 (s, 3 H; H,), 1.89-1.72 (m, 2 H; H.), 0.84-
0.79 (t, J = 7.5 Hz, 3 H; Hg); *C NMR (300 MHz, CDCl3) ) 8 = 169.8 (C,), 136.9 (Cs),
128.6 (C7, 7), 126.3 (Cgs '), 125.9 (Cy), 75.9 (C3), 28.5 (C,4), 20.6 (C4), 9.8 (Cs). Anal.

Calcd. for C11H1405: C, 74.13; H, 7.92; Found: C, 73.93; H, 8.02.
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¢ (R)-(+)-1-m-tolyl-propyl acetate: This compound was prepared from m-tolylaldehyde
(0.45 g, 3.75 mmol) following the general procedure. The product was isolated as a
colorless liquid (0.69 g, 97%). 'H NMR (300 MHz, CDCls) ) & =7.23 (m, 4 H; Ar), 5.63 (t,
J=6.9, 1H; Hp), 2.35 (s, 3 H; H,), 2.08 (s, 2 H; H¢), 1.96 (m, 2 H; H,), 0.88 (t, J = 7.4 Hz,
3H; Hg); C NMR (300 MHz, CDCls) & = 170.5 (C,), 140.3 (Cy), 137.8 (Cs), 128.5,
127.2, 123.5 (Car), 77.3 (C3), 29.2 (Cy4), 21.3 (Cy), 21.1 (C12), 9.9 (Cs). Anal. Calcd. for

C12H1602: C, 74.97; H, 8.39; Found: C, 74.73; H, 8.16
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¢ (R)-(+)-1-p-chloro-propyl acetate: This compound was prepared from p-
chlorobenzaldehyde (0.49 g, 3.50 mmol) following the general procedure reported
above. The product was isolated as a colorless liquid (0.72 g, 97%). "H NMR (300 MHz,
CDCl) 11 =7.24 (dd, J = 8.7 Hz, 2H; H;¢), 7.19 (dd, J = 8.5, 2H; He¢), 5.53 (t, J = 6.9 Hz,
1H; Hy), 1.98 (s, 3 H; Hy), 1.87 (m, 2 H; H,), 0.79 (t, J = 7.3 Hz, 3H; Hy); *C NMR (300
MHz, CDCl;) & = 170.3 (Cy), 139 (Cs), 133.5 (Cy), 128.5 (C77), 127.8 (Csg), 76.6 (C3),
29.1 (C4), 21.1 (C4), 9.8 (Cs). Anal. Calcd. for C41H430,Cl: C, 62.12; H, 6.16; Cl, 16.67;

Found: C, 62.37; H, 6.03; CI, 16.47
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¢ (R)-(+)-1-p-fluoro-propyl acetate: This compound was prepared from p-
fluorobenzaldehyde (0.43 g, 3.50 mmol) following the general procedure reported above.
The product was isolated as a colorless liquid (0.67 g, 98%). "H NMR (300 MHz, CDCls)
0 =7.24-7.21 (m, 2H; He, &), 6.97-6.91 (m, 2H; Hs ¢), 5.55 (t, J = 7.4 Hz, 1H; Hy), 1.99 (s,
3H; Ha), 1.86-1.65 (m, 2H; H,), 0.79 (t, J = 7.5 Hz, 3H; Hgy); *C NMR (300 MHz, CDCl3) &

= 170 (Cy), 136.7 (Cs), 128.7 (Co), 115.7 (C5), 77.0 (Cs), 30.1 (Cs), 29.6 (Ca), 21.6 (C4),
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10.2 (Cs). Anal. Calcd. for C41H43FO,: C, 67.33; H, 6.68; F, 9.68; Found: C, 67.48; H,

6.75; F, 9.6.
1H 0 13C 0
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fH "'//d 8 ! 8 3"'//5
b ¢ 9 7 H !
F H, FoOY
H,

¢ (R)-(+)-1-p-tolyl-propyl acetate: This compound was prepared from p-tolylaldehyde
(0.42 g, 3.50 mmol) following the general procedure. The product was isolated as a
colorless liquid (0.65 g, 97%). "H NMR (300 MHz, CDCl;) & ="H NMR (300 MHz, CDCls)
06 =7.29-727 (d, J=8.7 Hz, 2H; He ), 7.21-7.18 (d, J = 8.7 Hz , 2H; H ¢), 5.68 (t, J =
7.4 Hz, 1H; Hy), 2.38 (s, 3H; Ha), 2.11 (s, 3H; Hg), 2.02-1.79 (m, 2H; H,), 0.92 (t, J=7.5
Hz, 3H; Hg) "®C NMR (300 MHz, CDCl3) & = 170.1 (Cy), 137.2 (Co), 134.3 (C¢), 128.8
(C8s), 126.3 (C77), 76.3 (C3), 28.8 (C4), 20.9 (C4), 9.6 (Cs). Anal. Calcd. for C4,H1602: C,

74.97; H, 8.39; Found: C, 75.04; H,.8.44.
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6.2 Synthesis of 5,5'-Substituted Salen Ligands:

e 3-tert-butyl-5-nitro-2-hydroxybenzaldehyde: To a solution of 3-tert-butyl-2-
hydroxybenzaldehyde (3.71 g, 20.82 mmol) in glacial acetic acid (30 mL) at 10 °C was
slowly added nitric acid (1.32 mL, 20.82 mmol). The cold bath was removed and the
reaction mixture was allowed to stir at 25 °C for 8 h after which it was poured into

crushed ice and water was added to a total volume of 100 mL. The aqueous mixture was
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extracted with ether (2 x 30 mL) and the organic phase washed with water (4 x 15 mL)
and then once with brine (10 mL) and then dried over anhydrous sodium sulfate, filtered
and concentrated in vacuo. The crude oil was purified by flash column chromatography
on silica gel (17:3 hexanes/ ethylacetate) to afford a pale yellow crystalline solid (3.49 g,
75% yield). Mp. 87-88 °C; 'H NMR (400 MHz, CDCl;) & = 12.44 (s, 1 H; -CHO), 9.97 (s,
1 H; -OH), 8.41 (m, 2 H; Ha), 1.45 (s, 9 H; -C(CHs)3); "°C NMR (400 MHz, CDCl3) 6 = .
Anal. Calcd. for C11H13NO4: C, 59.19; H, 5.87; N, 6.72; Found: C, 59.97; H, 6.25; N,

5.98.

¢ 3,3'-di-tert-butyl-5,5"-nitro-salen: To a solution of (R,R)-1,2-diaminocyclohexane
(0.51 g, 446 mmol) in ethanol (50 mL) was added 3-tert-butyl-5-nitro-2-
hydroxybenzaldehyde (1.99 g, 8.91 mmol) and the reaction mixture was allowed to heat
at reflux for 8 h after which it was cooled to 25 °C. The solvent was then removed under
vacuum to give a yellow foaming solid (4.30 g, 92% yield). Mp. 87-88 °C; 'H NMR (400
MHz, CDCl3) 6 = 15.03 (s, 2 H; -OH), 8.35 (s, 2 H; -CH=N-), 8.15-8.14 (d, J = 2.8 Hz, 2
H; Ha), 7.99-7.98 (d, J = 2.8 Hz, 2 H; Ha), 3.49-3.46 (m, 2 H; -C=N-CH-), 2.11-1.74 (m,
8 H; (-CHz-)s, 1.39 (s, 18 H; Hisu); *C NMR (400 MHz, CDCl5) & = 163.7, 160.6, 140.7,
135.3, 125, 124.3, 122.4, 58.8, 31.8, 28.2, 23.6, 22.5. Anal. Calcd. for Cy3H3sN4Os: C,

64.10; H, 6.92; N, 10.68; Found: C, 62.89; H, 6.92; N, 10.54.
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o 3-tert-butyl-5-methoxy-2-hydroxybenzaldehyde: Into a 3-necked round-bottomed
flask fitted with a reflux condenser and purged with nitrogen was placed a Teflon stir bar,
2-tert-butyl-4-methoxyphenol (5 g, 27.7 mmol), toluene (100 mL), TiCl,, dropwise (0.72
g, 2.77 mmol), and 2,6-lutidine (1.19 g, 11.08 mmol) and the reaction mixture was
allowed to stir for 20 min at 25 °C. Next, paraformaldehyde (2 g, 66.5 mmol) was added
and the reaction mixture was refluxed at 90 °C for 8 h. After the reaction was complete,
as determined by TLC, the mixture is cooled to 25 °C and poured into water (2 L),
acidified with 2 N HCI to a pH of 2 and the organic phase separated. The aqueous phase
was extracted with CH,Cl, (3x100 mL), the organic phases combined, washed with brine
(2 x 100 mL), dried over anhydrous sodium sulfate, filtered and the solvent removed in
vacuo. The crude oil was purified by flash column chromatography on silica gel (5:2
hexanes/ ethylacetate) to afford a pale yellow oil (4.03 g, 70% yield). "H NMR (400 MHz,
CDCl3) 6 = 11.54 (s, 1 H; -CHO), 9.82 (s, 1 H; -CHO), 7.12-7.19 (d, J = 3.1 Hz, 1 H; Ha/),
6.83-6.82 (d, J = 3.1 Hz, 1 H; Ha,), 3.82 (s, 3 H; -OCHs), 1.43 (s, 9 H; C(CHs)3); °C NMR
(400 MHz, CDCl3) & = 188.0 (C6), 154.7 (C9), 145.5 (C4), 135.8 (C3), 124.4 (C5), 118.3
(C8), 112.2 (C7), 31 (C1), 25.7 (C2). Anal. Calcd. for Ci,H1s03: C, 69.21; H, 7.74;

Found: 69.32; H, 7.71

87



¢ 3,3'-di-tert-butyl-5,5'-methoxy-salen: To a solution of (R)-1,2-diaminocyclohexane
(0.32 g, 543 mmol) in ethanol (60 mL) was added 3-terf-butyl-5-methoxy-2-
hydroxybenzaldehyde (1.33 g, 5.43 mmol) and the reaction mixture was allowed to stir
while heating at reflux for 8 h after which it was cooled to 25 °C. The solvent was
removed in vacuo to afford the product as a yellow foaming solid (2.52 g, 94% vyield). 'H
NMR (400 MHz, CDCl3) 8 =13.42 (s, 2 H, -OH), 8.24 (s, 2 H, -CH=N-), 6.91-6.85 (d, J =
3.0 Hz, 2 H; Ha,), 6.48-6.47 (d, J = 3.0 Hz, 2 H; Ha,), 3.69 (s, 1 H; -OCHj3), 3.33-3.29 (m,
2 H; -C=N-CH-), 2.01-1.61 (m, 8 H; (-CH,-)4), 1.40 (s, 18 H; His,); °C NMR (400 MHz,
CDCl;) d = 164.3, 154.3, 146.3, 135.8, 114.5, 112.3, 57.9, 56, 32.5, 28.9, 24.2, 20.9.

Anal. Calcd. for C3pH4oN4O4: C, 72.84; H, 8.56; N, 5.66; Found: C,73.98; H, 8.66

MeO OH HO OMe

o 3-tert-butyl-5-bromo-2-hydroxybenzaldehyde: To a solution of benzyl-tri-
methylammonium-tri-bromide (BTMABr3) in 20 mL of CH,Cl,/MeOH (6:4) was added,
dropwise, a solution of 3-fert-butyl-2-hydroxybenzaldehyde (2.6 g, 14.5 mmol) in 100 mL
of CH,Cl,/MeOH (6:4). The reaction mixture was left to stir at 25 °C and monitored by
TLC until complete consumption of the starting material was observed. The solution was
then concentrated in vacuo and the resultant crude solid was recrystallized from MeOH
to afford a white crystalline solid (1.55 g, 65% yield). '"H NMR (300 MHz, CDCls) & =
11.72 (s, 1 H; -CHO), 9.81 (s, 1 H, -OH), 7.58-7.57 (d, J = 2.4 Hz, 1 H; Hp,), 7.52-7.51 (d,

J = 2.4 Hz, 1 H; Hay), 2.33 (s, 1 H; -CHa), 1.41 (s, 9 H; Heau); °C NMR (400 MHz, CDCl,)
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5 = 193.5 (CB), 154.7 (C4), 138.4 (C8), 135.7 (C3), 131.1 (C7), 127.5 (C5), 114.5 (C9),
32.8 (C1), 23.9 (C2). Anal. Calcd. for C11H:3BrO,: C, 51.38; H, 5.10; Br, 31.08; Found: C,

51.36; H, 5.24; Br, 31.41

¢ 3,3'-di-tert-butyl-5,5'-bromo-salen: To a solution of (R)-1,2-diaminocyclohexane
(0.13 g, 112 mmol) in ethanol (50 mL) was added 3-tert-butyl-5-bromo-2-
hydroxybenzaldehyde (0.58 g, 2.24 mmol) and the reaction mixture was allowed to stir
while heating at reflux for 8 h. The reaction mixture was then cooled to 25 °C and the
solvent was removed in vacuuo to afford the product as a yellow foaming solid (1.13 g,
85% yield). 'H NMR (300 MHz, CDCl3) & = 13.11 (s, 2, -OH), 8.48 (s, H, -CH=N-), 7.42-
7.44 (d, J = 2.4 Hz, 1 H; Hya,), 3.43-3.39 (m, 2 H; -C=N-CH-), 1.78-1.41 (m, 8 H; (-CH,-
)a), 1.34 (s, 18 H; Higu); ®C NMR (400 MHz, CDCls) 5 = 163.8, 154.3, 136.6, 132.9,
130.6, 126.4, 114.5, 57.9, 32.9, 28.8, 23.4, 22.2. Anal. Calcd. for C44H43BrO,: C, 51.38;

H, 5.10; Br, 31.08; Found: C, 51.55; H, 5.57; Br, 30.98

¢ 3,3'-di-tert-butyl-5,5'-hydro-salen: To a solution of (R)-1,2-diaminocyclohexane (0.5
g, 439 mmol) in ethanol (20 mL) was added 3-fert-butyl-5-bromo-2-

hydroxybenzaldehyde (1.56 g, 8.78 mmol) and the reaction mixture was allowed to stir
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while heating at reflux for 2 h. The reaction mixture was then cooled to 25 °C and the
solvent was removed in vacuo to afford the product as a yellow crystalline solid (3.47 g,
91% yield). '"H NMR (300 MHz, CDCls) & =13.95 (s, 2 H, -OH), 8.32 (s, 2 H, -CH=N-),
7.32-7.29-6.85 (d, J = 3.0 Hz, 2 H; Ha,), 7.01-7.03 (d, J = 3.0 Hz, 2 H; Ha,), 6.79-6.73 (t, J
= 3.0 Hz, 2 H; Hp/), 3.37-3.34 (m, 2 H; -C=N-CH-), 2.02-1.76 (m, 8 H; (-CH>-)4), 1.47 (s,
18 H; Hisu); °C NMR (400 MHz, CDCl;) & = 165.4, 160.3, 136.9, 129.8, 129.1, 118.5,

117.7, 72.2, 34.7, 33.1, 29.3, 24.2. Anal. Calcd. for CysH3sNO,: C, 77.38; H, 8.81; N,

&

=N N=

6.45; Found: C, 77.33; H, 9.02; N, 6.21.

OH HO

o 3-tert-butyl-5-N,N-dimethylamino-2-hydroxybenzaldehyde: In a Parr hydrogenator
bottle, a solution of 3-tert-butyl-5-nitro-2-hydroxybenzaldehyde (2.14 g, 9.59 mmol) in
95% ethanol (50 mL) was combined with 10% Pd/C (480 mg) and 37% aqueous
formaldehyde solution (7 mL). This was shaken under H, pressure (42 psi) for 5 h. The
reaction mixture was filtered to remove the catalyst, and the solid was washed with hot
ethanol. The combined filtrates were treated with HCI to pH 2. Removal of solvent gave
an oily residue, which was triturated with H,O (100 mL), filtered, treated with charcoal,
filtered again, and neutralized with NaOH. The product was extracted into diethyl ether,
and the organic layer was subsequently washed with H,O and aqueous NaCl. Drying
over MgSQO,, filtration, and removal of solvent gave a crude solid, which was
recrystallized from methanol to give 1.06 g (50% yield) of the title compound as orange

crystalline needles. '"H NMR (300 MHz, CDCl5) &: 10.19 (s, 1 H; -CHO), 6.77-6.76 (d, J =
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2.1 Hz, 1 H; Hp), 6.71-6.70 (d, J = 2.1 Hz, 1 H; Ha), 5.10 (s, 1 H, -OH), 2.85 (s, 6 H;
N(CHa)2), 1.41 (s, 9 H; Hesu); °C NMR (400 MHz, CDCl5) & = 189.9 (C6), 144.7 (C4),
136.4 (C3), 1324.8 (C9), 124.3 (C5), 115.1 (C7), 111.0 (C8), 42.5 (C10,11), 31.5 (C1),
19.7 (C2). Anal. Calcd. for C13H1gNO,: C, 70.56; H, 8.65; N, 6.33; Found: C, 70.98; H,

68.85; N, 6.21.

¢ 3,3'-di-tert-butyl-5,5'-N,N-dimethylamino-salen: To a solution of (R)-1,2-
diaminocyclohexane (0.12 g, 1.02 mmol) in ethanol (10 mL) was added 3-tert-butyl-5-
N,N-dimethylamino-2-hydroxybenzaldehyde (0.45 g, 2.03 mmol) and the reaction
mixture was allowed to stir while heating at reflux for 2 h. The reaction mixture was then
cooled to 25 °C and the solvent was removed in vacuuo. The crude residual oil was
purified by flash column chromatography on silica gel (5:2 hexanes/ ethylacetate) to
afford the product as a yellow foaming solid (0.48 g, 91% yield). '"H NMR (400 MHz,
CDCl3) 8 =13.12 (s, 2 H, -OH), 8.17 (s, 2 H, -CH=N-), 6.62-6.58 (d, J = 3.0 Hz, 2 H; Hp,/),
6.52-6.47 (d, J = 3.0 Hz, 2 H; Hyy), 3.33-3.29 (m, 2 H; -C=N-CH-), 2.85 (s, 12 H; -
N(CHa)), 2.21-1.61 (m, 8 H; (-CHa-)4), 1.34 (s, 18 H; His,); °C NMR (400 MHz, CDCl;) &
= 165.8, 144.3, 136.8, 134.5, 124.4, 110.6, 55.9, 41.3, 33.1, 28.9, 24, 22.5. Anal. Calcd.

for Cs,H4sN4O2: C, 73.81; H, 9.29; N, 10.76; Found: C, 73.66; H, 9.02; N, 10.21.
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6.3 Recycling a Soluble Polymer-Supported Catalyst: Soxhlet-Dialysis:

Regenerated cellulose Spectra/Por ® Biotech dialysis membranes (MWCO: 3.5
kDa) were purchased from Spectrum Laboratories. UV spectroscopic analysis was
carried out on a Shimadzu® UV-240 1PC spectrophotometer using UV-Probe software.
Enantiomeric ratios were determined by GC using a Hewlett-Packard 6850 gas
chromatograph on a Cyclosil-B™ capillary column purchased from J&W Scientific,
Folsom, CA. In all cases, baseline separation of enantiomers was observed. All GC
operating conditions were set as follows: Carrier gas: H,. Detector: temperature, 300 °C;
flow, 40 mL/min. Inlet: temperature, 300 °C, 10.31 psi; 44.6 mL/min. The column was

calibrated with a racemic mixture of the product cyanohydrin trimethylsilyl ether.

e PEG-supported p-methyl-red: To a solution of p-methyl-red (0.79 g, 2.97 mmol) in
CH,CI, (50 mL), was added DCC (0.64 g, 3.11 mmol), DMAP (0.09 g, 0.74 mmol) and
PEG (MW = 5000) (7.42 g, 1.48 mmol), and the solution was allowed to stir at 25 °C.
After 24 h, the reaction mixture was concentrated to 5 mL and added dropwise into 250
mL stirring diethyl ether at 0 °C. The precipitate was collected by vacuum filtration and
dried under vacuum to give the PEG-dye (7.14 g, 1.36 mmol) : IR (KBr pellet) 2890 (b),
1685, 1602, 1520, 1467, 1360, 1242 cm™; "H NMR (300 MHz, CDCls) 5 = 8.36-7.49 (m,

8 H, Hay), 4.32 (t, 2H), 3.34 (s, 3 H, CHs-O-PEG-), 3.14 (s, 6 H, -N-(CH3),).

0
HO NON Q
CHs @N\\ CHs
PEG-OH PEG-0 NON\
CH

DMAP, DCC, CH,Cl,, RT, 24 h

PEG— = /o{\/\o’fn

PEG (MW = 5000)

3
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e General Procedure for the Asymmetric Addition of TMSCN to Benzaldehyde

The polymer supported salen ligand (0.1 g, 0.018 mmol), dichloromethane (10 mL)
and a magnetic stir bar, are placed into a 25 mL round-bottomed flask. TiCl, (3.4 mg,
0.018 mmol) was then added and the solution was allowed to stir at 25 °C for 1 h. Next,
benzaldehyde (1.9g, 18 mmol) and TMSCN (1.8 g, 18 mmol) were added to the reaction
mixture which was left to stir at 25 °C for 24 h. The product trimethylsilyl cyanide ether was
obtained from complete conversion of the starting materials (3.7 g, >99% yield), and in
93:7 er by chiral GC. "H NMR (300 MHz, CDCl3) & = 7.50-7.31 (m, 5 H, Ha,), 5.43 (s, 1 H, -

OH), 0.15 (s, 9 H, -O-Si-(CHs)s).

Catalysts R by Soxhlet-Dialysis: O -
* Catalysts  Recovery Dby Soxhlet-Dialysis:  On Soxhlet

completion of the reaction, the solution was concentrated "’g

P

in vacuuo to 5 mL. A 4 cm length of the dialysis tubing (flat
width, 16/22 mm; diameter, 10 mm; vol./length, 1.5 mL/cm)
was washed with distilled water, and one end tied shut.
The reaction solution and a magnetic stir bar were
transferred into the dialysis tubing and the open end of the
tubing was tied with a string. The Soxhlet-Dialysis

apparatus was set up as depicted in the picture below. The

Dialysis Bag
dialysis bag was washed with CH,Cl, and placed in the soxhlet chamber. Next, CH,ClI,

was poured into the soxhlet chamber (25 mL) and the three-necked recovery flask (100
mL) (dodecane was added to the solvent in the recovery flask as an internal standard for
GC analysis) and it was placed in an oil bath and heated to 60 °C. The soxhlet chamber
was periodically replaced with fresh CH,CI, from the reflux every 20 min. The solution in

the recovery flask was sampled over 38 h, and a recovery of 97% was achieved.
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After each cycle, the contents of the dialysis bag was poured into a 25 mL round
bottomed-flask and fresh substrates (benzaldehyde and TMSCN) were added. The
reaction was then carried out with stirring at RT for 24 h until complete conversion of
benzaldehyde was observed by GC. This reaction solution was then subjected to
another Soxhlet-Dialysis cycle. The PEG-supported chiral Ti-salen catalysts could thus
be recycled up to five times (average recovery = 98%) with no loss in selectivity and

reactivity.

e Soxhlet-Dialysis of PEG-dye: UV Experiments.

A solution of the PEG-dye in CH,ClI, (10 mL of a 10 mM solution , 0.1 mmol) and
a magnetic stir bar, were placed in a 3.5 kDa dialysis bag. To the soxhlet chamber and
three-necked recovery flask was placed 25 mL and 50 mL of CH,Cl, respectively.
Soxhlet-Dialysis was carried out under similar conditions as mentioned previously.
Samples of the dialysate were taken periodically from the recovery flask immediately
after reflux from the solvent in the soxhlet back into the recovery flask. The samples
were analyzed by UV spectroscopy and their absorbances at An.x were recorded. The

molar concentration of the PEG-dye in the samples was thus calculated using the Beer-

Lambert’s Law. A = (g)(c)(l); where A = absorbance, € = molar absorptivity, ¢ = molar
concentration and | = path length (1 cm). The A at Ay Of a standard solution of the
PEG-dye was recorded and this was used to determine € (1.23 x 10%) and ultimately ¢ of

each sample. The results are reported in the table below:
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time (h) A (at Amax) c (mM) % dialyzed?

0 0 0 0
2 0.133 0.011 0.8
8 0.323 0.026 1.9
19 0.401 0.033 2.5
25 0.503 0.041 3.1
33 0.588 0.048 3.6
48 0.618 0.05 3.7
62 0.628 0.051 3.8
72 0.63 0.051 3.8

¥The theoretical maximum concentration of the PEG-dye possible in the recovery flask is
1.33 mM (0.1 mmol of PEG-dye in 75 mL of CH,Cl,); the % dialyzed out can be
computed as; [(c) / (1.33 mM) x 100]

100 -
90 -
80 -
<70 |
=60
250
® 40 - —e— cycle 1
30 | —v¥— cycle 2
20 | —&— cycle 3
—— cycle 4
10 -
0 : : ‘ ‘
0 10 20 30 40 50

time (h)

Soxhlet-Dialysis for the recovery of 1: average recovery = 98%
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Change in the rate of Soxhlet Dialysis by changing the capacity of the soxhlet
chamber:—a— = 50 mL soxhlet chamber; —m— = 100 mL soxhlet chamber.
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1.400 - -
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UV absorption spectra of PEG-dye and p-Methyl-Red dye.
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6.4 Nanoporous Thin Films from a Cleavable Diblock Co-polymer:

All of the reactions reported herein, unless otherwise noted, were conducted
under an inert atmosphere of N, in oven-dried glassware. PEG (purchased from Aldrich,
MW = 5000) was used without further purification. Styrene and bromostyrene were
freshly distilled over calcium hydride prior to use. All solvents (THF, toluene and diethyl
ether) were distilled from a Na/benzophenone ketyl and stored under inert atmosphere.
Purification was performed by flash chromatography using ICN Flash Silica Gel, 230-400
mesh. Reported yields refer to isolated yields of the characterized compounds, deemed
pure by elemental analyses, '"H NMR, *C NMR. NMR spectra were recorded on a
Bruker AVANCE 400 MHz spectrometer. Chemical shifts were reported in ppm
downfield from TMS as an internal standard. The peak patterns are indicated as follows:
s, singlet; d, doublet; t, triplet; dd, doublet of doublets; br, broad; and m, multiplet. The
coupling constants, J, are reported in Hertz (Hz). The PS-b-PEG diblock co-polymer was

characterized by GPC

¢ 1-[1-(4-Bromo-phenyl)-ethoxy]-2,2,6,6-tetramethyl-piperidine 4: To a solution of p-
bromo styrene (5 g, 27.3 mmol) and TEMPO (4.27 g, 27.3 mmol) in 1:1 toluene/ethanol
(500 mL) was added [N, N' —bis(3,5-di-tert-butylsalicylidene)-1,2-cyclohexanediaminato]
manganese (lll) chloride (Jacobsen’s catalyst) (2.6 g, 4.10 mmol) followed by di-tert-
butyl peroxide (3.99 g, 27.3 mmol) and sodium borohydride (2.07 g, 54.6 mmol). The
reaction mixture was then stirred (opened to the atmosphere) at 25 °C for 24 h,
evaporated to dryness and partitioned between CH,Cl, (100 mL) and water (200 mL),
and the aqueous layer was further extracted with CH,Cl, (3 x 100 mL). The combined
organic layers were dried with anhydrous sodium sulfate, evaporated to dryness, and the
crude product purified by flash column chromatography eluting with 1:7 CH,Cl,/hexanes.

The p-bromo alkoxyamine, 4, was recrystallized from acetonitrile to afford a white
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crystalline solid (4.65 g, 50%). '"H NMR (400 MHz, CDCls) & = 0.64, 1.00, 1.14, 1.27
(each s, 12 H, -CH,), 1.25-1.60 (m, 6 H, -CH,-), 1.43-1.44 (d, J = 6.7 Hz, 3H, -CH),
4.70-4.75 (q, J = 6.7 Hz, 1H, -CH), 7.17-7.19 (d, J = 8.4 Hz, 2 H, Hy), 7.41-7.43 (d, J =
8.4Hz, 2 H, Ha); Anal. Calcd. for Ci;H,6BrNO: C, 60.00; H, 7.70; Br, 23.48; N, 4.12;

Found: C, 60.07; H, 7.80; N, 4.16.

Non

¢ Diphenyl-{4-[1-(2,2,6,6-tetramethyl-piperidin-1-yloxy)-ethyl]-phenyl}-methanol 6:
To a stirring solution of 4 (0.5 g, 1.47 mmol) in THF (10 mL) at -78 °C, was added n-butyl
lithium (1.1 mL. 1.76 mmol), dropwise via a syringe and needle. The resultant pale-
orange solution was allowed to stir for 30 minutes after which it was transferred, via a
syringe and needle, to a stirring solution of benzophenone (0.27 g, 1.47 mmol) in THF (5
mL) at -78 °C. The reaction mixture turned bluish-green and then back to pale-orange.
On completion of the reaction, as determined by TLC analysis (4:1
hexanes/ethylacetate), the reaction mixture was concentrated in vacuo and the oily
residue taken up in water, acidified (2 N HCI), extracted with CH,Cl, (3 x 50 mL) and
washed with brine (1 x 50 mL). The organic layer was dried over anhydrous sodium
sulfate, evaporated to dryness, and the resultant white solid was recrystallized from
hexanes to afford white crystals of 6 (0.52 g, 79%). 'H NMR (400 MHz, CDCl3) & = 1.19,
1.26, 1.45, 1.90 (each s, 12 H, -CH,), 1.45-1.74 (m, 6 H, -CH,-), 1.74-1.76 (d, J = 4 Hz,
3H -CHs), 6.23-6.28 (q, J = 4 Hz, 1H, -CH), 7.24-7.50 (m, 14 H, Ha), 13.52 (s (br), 1 H, -

OH); "*C NMR (400 MHz, CDCl;) & = 15.8, 21, 23.7, 28.6, 36.8, 81.9, 84.9, 126.4, 127.4,
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127.8, 128, 128.3, 140, 146.6, 147.0; Anal. Calcd. for C3H37NO,: C, 81.22; H, 8.41; N,

3.16; Found:

HO

e PEG-supported trityl-TEMPO initiator 4: Into a 100 mL Schlenk flask was placed a
magnetic stir-bar, 6 (0.25 g, 0.56 mmol), sodium hydride (95 wt% suspension in mineral
oil) (0.04 g, 1.68 mmol) and THF (20 mL). The suspension was heated to 70 °C for 48 h
after which it changed into an orange solution. Next, a solution of PEG mesylate (PEG
MW = 5000) (1.43 g, 0.28 mmol) in THF (10 mL) was added to the reaction mixture and
it was allowed to stir at 70 °C. After 24 h, the reaction mixture was left to cool to room
temperature, filtered through a pad of celite and concentrated in vacuo. The oily residue
was added drop-wise to stirring diethyl ether at 0 °C and the precipitate taken up in a
minimal amount of CH,Cl,, and precipitated from diethyl ether (x 2). The white solid
obtained (1.36 g, 90%) was dried under vacuum. 'H NMR (400 MHz, CDCl;) 5 = 0.59,
0.99, 1.12, 1.24 (each s (br), 12 H, -CHs;), 1.25-1.42 (m (br) 6 H, -CH,-), 1.43-1.47 (d, J
= 4 Hz, 3H -CH;), 3.36 (s, 3 H, CH3-O-PEG-), 4.71-4.76 (q, 2 H, -CH,-CH,-O-trityl-),

6.44-6.50 (q, J = 4 Hz, 1H, -CH), 7.18-7.44 (m, 14 H, Ha).
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e “Living” Free radical Polymerization:

The typical procedure for LFRP of the PEG-supported initiator, 4, was as follows: To a
solution of 4 (0.05 g, 0.021 mmol) in degassed toluene (1.0 mL), is added styrene (100
molar equiv., 0.22 g, 2.06 mmol). The reaction mixture is heated to 130 °C for 24 h. The
reaction mixture was cooled to room temperature and added drop-wise to stirring
methanol to precipitate the PS-b-PEG diblock co-polymer, 7, as a white solid. This was

characterized by GPC.
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APPENDIX

SPECTRAL DATA

'H NMR spectrum of 2-tert-butyl-4-tri-iso-propyloxysilyloxyphenol
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"H NMR spectrum of 2-hydroxy-3-tert-butyl-5-tri-iso-propyloxysilyloxybenzaldehyde
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"H NMR spectrum of 3-tert-butyl-2,5-dihydroxybenzaldehyde
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"H NMR spectrum of unsymmetrical salen ligand 1
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3C NMR spectrum of unsymmetrical salen ligand 1
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"H NMR spectrum of salen glutarate ester
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3C NMR spectrum of salen glutarate ester
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"H NMR spectrum of PEG-supported salen ligand 7
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'"H NMR spectrum of PEG-supported linker 5
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"H NMR spectrum of PEG-supported salen ligand 9
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'H NMR spectrum of PEG-supported salen ligand 10
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FT-IR spectrum of p-methyl red (dye)
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FT-IR spectrum of PEG-dye
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Chiral GC spectrum of rac-1-phenyl-1-propyl acetate
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Dodecane internal standard was used to calibrate the GC column sensitivity for
enantiomers. Enantiomeric ratio (er) was calculated as:

(Peak area of S enantiomer)

(Peak area of S enantiomer) + (Peak area of R enantiomer)
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Chiral GC spectrum of (R)-(+)-1-phenyl-1-propyl acetate
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