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Abstract

The development of immobilized asymmetric catalysts is of vital
importance as it would allow for easy catalyst recovery from the reaction
mixture and reuse. One strategy for immobilization involves the synthesis
of insoluble polymer-supported catalysts. Most polymeric catalysts are
made by polymerizing a chiral ligand, or grafting the ligand to a polymer
support, followed by metallation of the ligand sites. The resulting catalysts
are often plagued by poor activity and reusability due to incomplete
metallation, limited access to catalytic active sites and metal leaching. The
Bergens group developed a method where a ruthenium metal-containing
monomer (MCM) is directly polymerized by alternating ring-opening
metathesis polymerization (altROMP) and deposited on insoluble barium
salts. The resulting catalyst-organic frameworks (COFs) exhibited
remarkable reuse with no drop in activity or selectivity and no detectable
ruthenium leaching. This dissertation describes the extension of the
altROMP methodology to rhodium-BINAP containing catalysts and their
use in the intramolecular cycloisomerization of 1,6-enynes, solvent-free
allylic alcohol isomerizations and continuous-flow olefin hydrogenations.

The altROMP of MCMs [RhCI((R)-5,5'-dinorimido-BINAP)]. (1) and
[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFg) (Il), with cyclooctene as a

spacer monomer, and with RuCl,(CHPh)(PCys), as the ROMP catalyst,



gave two novel rhodium-BINAP COFs, la and lla respectively, that were
subsequently deposited on BaSO, or Ba-L-tartrate.

Framework la sustained up to six reuses and provided the highest
TONSs to date (up to 890), with no drop in enantioselectivity (95-99.9% ee),
in the cycloisomerization of 1,6-enynes. As well, a key intermediate in the
production of pharmaceutical (+)-pilocarpine was afforded in >99.9% ee.
Framework la also provided the highest TONs to date (up to 38,000) for
the rhodium catalyzed isomerization of secondary allylic alcohols with
catalyst loadings as low as 0.0025 mol%. In both cases, the COF proved
to be more active and selective than the parent homogeneous catalyst.
Framework lla proved to be highly active in the continuous-flow
hydrogenation of a variety of olefin-containing substrates and sustained up
to 55,700 TOs over a period of 30 days in the H-Cube® continuous-flow
reactor. As well, in a preliminary study, >99.9% ee was obtained in the

continuous-flow hydrogenation of itaconic acid by framework la.
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Chapter 1
Introduction

The synthesis of enantiopure compounds is an important and
rapidly expanding area of chemistry with applications in the agrochemical,*
flavouring and fragrance,? and pharmaceutical® industries. For example, in
2006, 80% of small-molecule pharmaceuticals approved by the United
States Food and Drug Administration (FDA) were chiral, 75% of which
were composed of a single enantiomer.” The demand for enantiopure
pharmaceuticals results from strict regulations imposed by the FDA®
regarding the use of racemates as drugs. Racemic pharmaceuticals pose
a potentially hazardous problem to public health in that one enantiomer
often exhibits the desired bioactivity while the other enantiomer exhibits
decreased bioactivity, complete inactivity, or some degree of toxicity. An
infamous example is thalidomide (Figure 1-1) where (R)-thalidomide
relieves nausea and acts as a sedative while (S)-thalidomide is a

teratogen.®

Figure 1-1. Enantiomers of thalidomide.

o0 0O

NH NH
NIIII- O N 0
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Racemic thalidomide was prescribed to pregnant women in the late 1950s
and early 1960s for treatment of morning sickness and tragically caused
numerous cases of deformities and birth defects in newborns. To prevent
further tragedies, both enantiomers of any prospective racemic
pharmaceutical must undergo complete toxicological testing, resulting in
an increase in time and cost of development. Thus, the synthesis of
enantiopure compounds, for pharmaceutical use in particular, is a very
attractive alternative.

Enantiopure compounds can be prepared from a wide variety of
methods including resolution of racemates, transformation of pre-existing
chiral compounds, chirality transfer reactions, and chirality multiplication
via asymmetric catalysis.” Asymmetric catalysis is the enantioselective
conversion of a prochiral substrate to a chiral product through the use of a
chiral catalyst and is arguably the most efficient method to produce
enantiopure compounds as only a small amount of chiral catalyst is
required to produce large quantities of enantiopure product. Asymmetric
catalysis also has the most potential for general asymmetric synthesis as
chiral catalysts can be easily tailored/modified for desired reactions. As
well, catalysis in general is more environmentally friendly than large-scale,
stoichiometric reactions in that less waste and byproduct material is
generated.

Asymmetric catalysis is currently utilized in the industrial synthesis

of a variety of natural products. One such example is the rhodium-(S)-



BINAP ((S)-BINAP = (S)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl))
catalyzed isomerization of N,N-diethylgeranylamine to give, after
hydrolysis, enantio-enriched (R)-citronellal® (Scheme 1-1) developed by
Ryoji Noyori, recipient of the 2001 Nobel Prize in Chemistry. This reaction
is a key step in the industrial synthesis of (-)-menthol, a common
anesthetic, which is produced on the scale of 3000 tons per year by the

Takasago International Corporation.®

Scheme 1-1. Isomerization to produce enantiopure (R)-citronellal and

Takasago (-)-menthol synthesis.
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Another example illustrating the importance of asymmetric catalysis
in industry is the ruthenium-(S)-BINAP-catalyzed hydrogenation of
unsaturated carboxylic acids in the synthesis of (S)-naproxen,*® a common
non-steroidal  anti-inflammatory = medication (Scheme 1-2). The
enantioselectivity of this reaction is of particular importance as (S)-

naproxen is approximately 30 times more effective than (R)-naproxen.*



Thus, a lower dosage of enantiopure (S)-naproxen will provide the desired

bioactivity while reducing potentially harmful side-effects.

Scheme 1-2. Synthesis of (S)-naproxen by asymmetric hydrogenation.

0.5 mol% [Ru((S)-BINAP)(OAc),
“/OO ~COOH > COOH
H, (135 atm), MeOH
MeO 15-30°C,12 h MeO
(S)-naproxen
97% ee

Despite the obvious advantages in using asymmetric catalysis to
obtain enantiopure compounds, there are some inherent challenges that
are ultimately affecting the utility and applicability of the catalysts. In
particular, the catalysts are usually quite toxic due to the presence of the
transition metal center.*? Thus, there is the requirement for potentially
costly and time consuming clean-up steps to separate catalyst residues
from the product(s). To further complicate matters, the transition metal
catalysts typically decompose during the clean-up process, preventing
catalyst reuse. In addition, the catalysts are often air sensitive, requiring
specialized handling techniques, and, finally, the catalyst itself is often
quite expensive. In fact, the chiral ligands can be more costly than the
transition metal precursors required for catalyst synthesis.'* Due to the
high cost of these catalysts, combined with the requirement for low
product toxicity, a significant amount of research in the field of asymmetric

catalysis has been directed towards the development of immobilized chiral



catalysts in an effort to reduce costs and provide more sustainable and
environmentally friendly industrial processes for the production of
enantiopure compounds.*

The goal of immobilizing homogeneous catalysts is to combine the
advantages of homogeneous catalysis with those of heterogeneous
catalysis. Specifically, heterogeneous catalysts can be easily separated
from the desired product(s) and have the potential to be reused. However,
the catalytic efficiencies of heterogeneous catalysts are often lower than
homogeneous catalysts due to mass transport and diffusion effects. On
the other hand, homogeneous catalysts are difficult to reuse and separate
from product(s) but they are usually well-defined at the molecular level.
This provides a higher degree of mechanistic insight, which is integral for
catalyst fine-tuning. In addition, immobilizing homogeneous catalysts
would allow for continuous-flow processes, which would increase the
production of chiral compounds significantly (refer to Chapter 5 for an
indepth discussion).'® Therefore, the ideal immobilized catalyst should be
easily recovered from the reaction mixture, reused with constant
selectivities and activities that are comparable to or better than the
homogeneous analogue, and that limit the amount of metal leached into
the reaction mixture.

In recent years, various approaches have been developed for the
immobilization of homogeneous catalysts with differing degrees of

success. The two most general methods of immobilization involve non-



covalent'® or covalent interactions’’ between the metal center and the
support or between a chiral ligand and the support. Non-covalent methods
of immobilization include electrostatic interactions between ionic catalysts
and supports, adsorption of a catalyst onto a support and entrapment of a
catalyst within a support’® (Figure 1-2). Covalent methods of
immobilization include the formation of a direct metal-support bond and
the formation of a bond between a modified ligand and a support*’ (Figure

1-3).

Figure 1-2. Non-covalent methods of immobilization.
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| [ML]
electrostatic interactions adsorption entrapment
Figure 1-3. Covalent methods of immobilization.
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metal-support bond modified ligand-support bond

In addition to non-covalent and covalent immobilization techniques, the
emergence of biphasic systems in catalysis is another promising method

of immobilization. In biphasic systems, the catalyst is immobilized in one
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phase (i.e. aqueous/organic,*® supercritical CO,,* fluorous solvents® and
ionic liquids®), the substrate(s)/product(s) are retained in the other phase
and the reaction itself takes place at the interface between the two
phases. This is a very attractive technique due to the ease of separating
and isolating the catalyst and products and the interested reader is
directed to the following reviews on the subject.'®%

Despite the recent advances, non-covalently immobilized catalysts
remain plagued by poor activity compared to their homogenous analogues
and attempts at catalyst reuse are not very promising. It is probable that
significant metal leaching occurs over the catalyst lifetime, due to the
relatively weak interaction between the catalyst and the support, resulting
in this poor activity and reusability. Covalent immobilization has become a
more attractive technique as the interaction between the catalyst and the
support is quite strong, which would prevent significant metal leaching,
hence resulting in improved reusability. However, covalently immobilized
catalysts often have unpredictable activities and selectivities due to
changes in the electronic environment of the metal center upon formation
of direct metal-support or ligand-support bonds. As a more comprehensive
discussion is outside the scope of this project, the interested reader is
directed to the following reviews and the references therein.*®*’

A significant amount of research has been focused on synthesizing

polymer-supported asymmetric catalysts by either copolymerization of

modified catalyst ligands or grafting modified ligands onto polymeric



supports. Polymerization as a means to immobilize homogeneous
catalysts provides a strong interaction between the catalyst and the
support, limiting metal leaching and increasing reusability potential. As
well, polymerized units and/or polymerizable functional groups can be
incorporated into chiral ligands easily and with a large degree of synthetic
control, limiting potential support effects on the electronic environment of
the metal center resulting in more predictable catalytic activity and
selectivity.

Early approaches for synthesizing polymer-supported catalysts
were inspired by Merrifield’s solid-phase peptide synthesis, where
polystyrene was chosen as the support.?? In 1971, Grubbs reported the
first example of a polymer-supported rhodium-phosphine catalyst for olefin

hydrogenation reactions (Scheme 1-3).%

Scheme 1-3. Synthesis of polymer-supported Wilkinson’s catalyst.
CH3CH,0CH,CI L|PPh2 O
SnCl, @ Pth

Rh(PPh,),Cl
THF

(2-4 weeks)
= polystyrene P Rh(PPh3)ZCI

In this report, the polystyrene support was first functionalized by
electrophilic  chloromethylation®® and then reacted with lithium

diphenylphosphide to incorporate diphenylphosphinomethyl groups into



the support. The polymer-supported ligand was then treated with a two-
fold excess of tris(triphenylphosphine)rhodium(l) chloride for a period of 2-
4 weeks in THF to give the immobilized version of Wilkinson’s catalyst (1).
The synthesis of 1 was quite sluggish and elemental analysis indicated
that only 17% of the available phosphine groups had been successfully
metallated, making this methodology impractical. However, the
immobilized catalyst was reused 10 times for the hydrogenation of
cyclohexene in benzene and had comparable activities to unsupported
Wilkinson’s catalyst for the hydrogenation of a variety of olefins, thus
demonstrating that polymerization to covalently immobilize homogeneous
catalysts was a viable immobilization technique that required further
investigation and optimization.

As a direct extension of Grubbs’ polymer-supported Wilkinson’s
catalyst, the first polymer-supported chiral enantioselective catalyst was
reported by Kagan in 1973 where their chiral diphosphine ligand DIOP,
(2,3-O-isopropylidene-2,3-dihydroxy-1,4-bis(diphenylphosphino)-butane),
was supported on polystyrene (Scheme 1-4) and used in the

hydrogenation of olefins.®

Scheme 1-4. Polymer-supported DIOP ligand.
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Here, the chiral diol 2 was reacted with polystyrene-supported
benzaldehyde and then treated with lithium diphenylphosphide to give
polymer-supported DIOP. 3 was then reacted with Cramer’s compound,
[RhCI(C2H4)2)2, in benzene at room temperature for 21 hours to generate
the polymer-supported chiral rhodium-DIOP catalyst. The immobilized
catalyst was used for the asymmetric hydrogenation of simple olefins but
the activity and enantioselectivity was much poorer than the homogeneous
rhodium-DIOP analogue. For example, the polymer-supported catalyst
quantitatively hydrogenated a-ethylstyrene to 2-phenylbutane in 12 hours
at room temperature with an ee of only 1.5%. However, the homogeneous
rhodium-DIOP catalyst performed the same hydrogenation quantitatively
in 5 hours with an ee of 15%. As well, the polymer-supported catalyst was
unable to hydrogenate a-acetamidocinnamic acid at all. Kagan attributed
the poor enantioselectivity to some unknown support effect and the low
activity to poor solvent compatibility. In particular, the polystyrene resin
was observed to contract strongly in ethanol, which is the solvent of choice
for the hydrogenation of dehydroamino acids, thus preventing substrate
from accessing the catalytic active sites. In fact, the polymer-supported
catalyst was unable to hydrogenate even simple olefins when a more polar
solvent was chosen. To this day, solvent dependence, mass transport to
the catalytic active sites and unknown support effects remain
characteristic features of immobilized asymmetric catalysts and continue
to pose challenges.
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These early examples of polymer-supported catalysts provide little
in terms of practical application. However, they do illustrate the common
challenges and the viability of polymerization as a method of immobilizing
homogeneous catalysts. More recently, significant developments have
been made in bridging the gap between polymer-supported catalysts and
their homogeneous counterparts. The strategies that are currently
employed typically involve the immobilization of BINAP on polymeric
supports.?® BINAP is one of the most common and successful ligands in
asymmetric catalysis and has been used in a variety of industrially
relevant asymmetric transformations, such as the synthesis of (-)-menthol®
and (S)-naproxen®® which were mentioned previously (Schemes 1-1 and
1-2). Specifically, Ru- and Rh-BINAP catalysts have been very well
studied and developed for asymmetric isomerization of olefins, C-C bond
forming reactions, such as cycloisomerization, and for the asymmetric
hydrogenation of a variety of prochiral substrates, such as ketones, olefins
and imines.?” As such, the remaining examples that are presented will
deal with techniques used to prepare polymer-supported BINAP
containing catalysts.

One of the most successful polymer-supported BINAP ligands was
reported in 1998 by Bayston where a modified BINAP monomer was
grafted onto aminomethylated polystyrene resin (Scheme 1-5).% In this
example, the functionalized BINAP monomer 6 was prepared in three

synthetic steps from (R)-BINOL. In the first step, the (R)-BINOL, protected
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Scheme 1-5. Bayston’s polymer-supported BINAP ligand.

o
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by ether groups, underwent a Friedel-Crafts acylation to form 4. Next, the
ketone group was selectively reduced and the methyl ethers were
removed by using BBr3 to produce 5. Lastly, after conversion to the
ditriflate compound, the two phosphine groups were introduced through
routine synthesis of BINAP, which involves a nickel mediated double

phosphination with HPPhy,%

to give the mono-substituted BINAP
containing monomer 6. 6 was then coupled to the commercially available
aminomethylated polystyrene by a condensation reaction between the
carboxylic acid group on 6 and the amino group on the polystyrene
polymer to give the polymer-supported BINAP ligand 7. In this report it
was noted that not all of the available amino groups on the polystyrene

were actually ligated with the BINAP containing monomer. Of the available

0.21 mmol of NHy/g of polystyrene, 0.18 mmol/g were successfully
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coupled with 6. Despite the incomplete incorporation of BINAP onto the
polystyrene resin, Bayston postulated that this could potentially provide
the bulky ligands with greater degrees of freedom, which would make the
resulting polymer-supported catalyst behave more like a solution phase
homogeneous catalyst.

As part of the same report, Bayston prepared a Ru-based
hydrogenation catalyst by reacting [(COD)Ru(methylallyl),] with the
polymer-supported BINAP ligand 7 and HBr in acetone for a period of one
hour. The active catalyst that is believed to have been generated is
[Ru(7)Br],*° however there is no reported characterization of the
metallated BINAP polymer to substantiate this claim and the number of
ligand sites that were actually metallated was not reported. Homogeneous
catalysts of the form [Ru(BINAP)X;] (X = ClI, Br) were first developed by
Noyori for the asymmetric hydrogenation of functionalized ketones.®
Today, these types of catalysts are applied in the synthesis of a wide
variety of enantiopure pharmaceuticals.®* For example, this catalyst
system has been utilized by the Takasago International Corporation for a

key step in the synthesis of carbapenem antibiotics (Scheme 1-6).%

Scheme 1-6. A key step in the synthesis of carbapenem antibiotics.
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Therefore, Bayston’s immobilization of this catalyst system has the
potential to have an immediate impact on an already well established
industrial process.

Bayston’s polymer-supported Ru-BINAP catalyst was tested in the

asymmetric hydrogenation of methyl acetoacetate 8 (Scheme 1-7).%

Scheme 1-7. Asymmetric hydrogenation using Bayston’s polymer-
supported Ru-BINAP catalyst.

o O 2 mol % [Ru(7)Br,] OH O

OMe  700¢, THF/MeOH, OMe

8 10 bar H,, 18 h 9

Substrate 8 was hydrogenated using the polymer-supported catalyst in a
yield of 99% and in 97% ee under the following conditions: S/C = 50, 10
bar H,, 70°C, THF/MeOH, 18 hours. These results are comparable to the
homogeneous Ru-BINAP catalyst, which hydrogenated the same
substrate in 100% vyield and 99% ee under very similar conditions: S/C =
50, 20 bar H,, 40°C, CH)Cl,, 16 hours. The polymer-supported catalyst
was easily recovered by filtration, washed with THF and reused by
subjecting that catalyst to the same hydrogenation conditions. After the
first reuse, there was no drop in yield (99%) and very little decrease in ee
(91%), however the reaction time did increase to 24 hours. After the
second reuse, the yield dropped to 82% and the reaction time was

doubled to 36 hours; however, the ee remained constant at 90%. In
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addition to these results, the reaction products from the immobilized
hydrogenations were analyzed for ruthenium content by ICP-AES
(inductively coupled plasma atomic emission spectroscopy) and it was
determined that less than 1 mol % of the total amount of ruthenium used
was leached into the reaction products. The comparable activity of the
polymer-supported Ru-BINAP catalyst to the homogeneous analogue
coupled with the promising reusability results and minimal ruthenium
leaching garnered a lot of attention for Bayston’s polymer-supported
BINAP ligand. In fact, the commercial availability of 7 has resulted in its
use in a variety of heterogeneous, asymmetric catalysts, making it one of
the most successful polymer-supported BINAP ligands.

As a direct extension of the work done by Bayston, Chapuis and
coworkers at Firmenich reacted the polystyrene-supported BINAP ligand 7
with  [Rh(COD),]JCF3sSO3; to generate the immobilized catalyst
[Rh(7)(COD)]" (10).** The homogeneous analogue of the supported
catalyst, [Rh(BINAP)]", was first discovered by Noyori in 1982 and is
currently utilized by the Takasago International Corporation for the
industrial synthesis of (-)-menthol, which was mentioned earlier in this
review (see Scheme 1-1).2° Specifically, this catalyst is used in the
isomerization of N,N-diethylgeranylamine to (R)-citronellal and represents
the first industrial application of BINAP. Interestingly, in the industrial
synthesis of (-)-menthol, the homogeneous catalyst [Rh(S)-BINAP)]" is

actually able to be reused, which is a key reason as to why this catalyst is
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commercially viable. In this case, the catalyst is recovered by distilling off
the product. Distillation as a method of catalyst recovery can only be used
if the product is volatile as most homogeneous catalysts are thermally
sensitive and decompose at elevated temperatures.®> An immobilized
catalyst would eliminate the need for the extra distillation step, which
would decrease the overall time required between catalyst runs and
increase productivity.

Chapuis tested the immobilized catalyst 10 in the asymmetric
isomerization of N,N-diethylgeranylamine, giving (R)-citronellal after
hydrolysis (Scheme 1-1), under the following conditions: S/C = 400,
refluxing THF, 20 hours. For this reaction, (R)-citronellal was obtained in
100% vyield and 98% ee. As well, 10 was recovered by filtration and
reused 37 times, resulting in a total TON of approximately 14,000. Despite
the remarkable reusability and selectivity of the polymer-supported
catalyst 10, the homogeneous catalyst is still far superior in terms of
overall activity. In fact, in the industrial process, the homogeneous catalyst
converts 8000 equivalents of N,N-diethylgeranylamine to (R)-citronellal per
run (80-100°C, THF) in 99% ee and the catalyst can be reused for more
than 50 runs, resulting in a total TON greater than 400,000.

Another prominent BINAP-based catalyst system in the literature is
Noyori’s trans-[RuCl,(BINAP)(diamine)] catalyst.*® In the presence of base
and alcohol solvents, this catalyst system provides very high TONs, TOFs

and enantioselectivities for the asymmetric hydrogenation of simple
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ketones to alcohols. By altering the chiral diphosphine and diamine
portions of this catalyst, one can affectively tune the sterics and
electronics of the catalyst to optimize both reactivity and selectivity. An
example of common diphosphine and diamine ligands that have been

used in the preparation of this catalyst system are illustrated in Figure 1-4.

Figure 1-4. Various (R)-BINAP derivatives and (R,R)-diamines used in

Noyori’s trans-[RuCl,(diphosphine)(diamine)] catalyst.
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Due to the easily tunable nature of this catalytic system, this technology
has been utilized in the synthesis of a variety of chiral pharmaceuticals.®’
The industrial applications of this catalytic system make it an ideal
candidate for immobilization.

In a particular example, Noyori reacted the complex [RuCIz(nG-
benzene)], first with Bayston’s polystyrene-supported BINAP ligand 7
(Ru:diphosphine = 3:1) in N,N-dimethylacetamide (DMA) at 80°C for 24
hours and then with (R,R)-dpen (Ru:diamine = 1:5) for an additional 24

hours to produce the polystyrene-supported catalyst [RuCly(7)((R,R)-
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dpen)] (11, Scheme 1-8).* The *P-NMR analysis of the solid product
showed that 11 was formed as mixture of the trans- and cis-dichloro
isomers in a 7:1 ratio, both of which are known to catalyze the
hydrogenation of ketones. As well, the metallation step was not clean as
the polystyrene resin consisted of 81% of the desired Ru-
diphosphine/diamine complex contaminated with unreacted polystyrene-
supported BINAP ligand 7 and some unknown compounds. Despite the
mixture of products, 11 was tested for the asymmetric hydrogenation of

various aromatic ketones.

Scheme 1-8. Synthesis of polystyrene-supported catalyst 11.
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When 1'-acetonaphthone (12), polystyrene-supported catalyst 11 (S/C =
2470/1) and 2 mol % of t-BuOK were added to a 1.1 2-propanol:DMF
mixture under 8 atm of H, at 26°C for a period of 26 hours, the chiral
alcohol 13 was obtained in 99% conversion with an ee of 98% (Scheme 1-
9). The ee was identical to the ee obtained with the homogeneous
catalyst, trans-[RuCl»((R)-BINAP)(R,R-dpen)], under the same conditions

in 2-propanol solvent.
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Scheme 1-9. Asymmetric hydrogenation of 1'-acetonaphthone using

polystyrene-supported catalyst 11.
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In addition to the remarkable conversion and ee, the catalyst was easily
separated from the product solution by filtration and reused in 14 further
hydrogenation experiments. The total TON achieved in the 14 experiments
was 33,000 and the product enantioselectivity remained consistently high
(97-98% ee) throughout the reuses. However, the catalyst activity did
decrease quite rapidly after the ninth run, where the reaction time was
extended from 30 hours to 84 hours for 100% conversion. Noyori also
investigated the batch reactivity of this catalyst by performing a 20 gram
scale hydrogenation of 12 (S/C = 12,300/1). 13 was obtained in 96%
conversion with an ee of 97%; however, attempts at reuse under such a
high loading of substrate were unsuccessful.

Despite these promising results, the incompatibility of the
polystyrene resin with 2-propanol, the optimal solvent for these
hydrogenations, remains a significant drawback. DMF was required as a
swelling co-solvent to provide better access to the catalytic active sites

within the polymer framework in order to maintain a reasonable TOF. Due
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to the toxic nature of DMF, this catalyst system would not be suitable for
large scale, industrial operations.

The previous examples all involve grafting a modified BINAP ligand
onto a polystyrene resin as a way to prepare polymer-supported
asymmetric catalysts. However, copolymerization of modified BINAP
ligands has also been successful in the preparation of similar polymer-
supported catalysts. In fact, copolymerization provides certain advantages
that grafting on polymeric supports does not. For example, the
copolymerization method allows for fine-tuning of the polymer backbone
itself and catalytic active sites can be incorporated along the polymer
chain rather than being limited to the terminals of the polymer support. As
a result, the remaining examples that are presented will focus on the
copolymerization of modified BINAP.

Well known for their research in chiral ligand immobilization,
Lemaire and coworkers developed a method to incorporate BINAP into the
backbone of a variety of polymers by copolymerization of a 6,6'-substituted
BINAP monomer with various diisocyanates (Scheme 1-10).*° In this
synthesis, optically pure BINOL was first brominated at the 6,6'-positions,
followed by triflation of the alcohol groups to give the protected dibromo-
BINOL compound 14. Next, the two bromo groups were substituted with
cyano groups and two phosphine groups were introduced through a nickel
mediated double phosphination with HPPh,?® to give 6,6'-dicyano-BINAP

15. Finally, the cyano groups were reduced using lithium aluminum
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Scheme 1-10. Lemaire’s copolymerization of BINAP with diisocyanates.
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hydride to form the 6,6'-diaminomethyl-BINAP monomer 16. The monomer
underwent poly-condensation with a variety of diisocyanates to generate
the BINAP-containing polyureas 17a-c. The incorporation of the polyurea
moiety into the backbone of the polymers was entirely strategic as that
functionality is responsible for obtaining the correct solubility/swellability
properties in methanol, the solvent of choice for p-keto ester
hydrogenations.

The BINAP-containing polyureas 17a-c were reacted with
[(COD)Ru(methylallyl);] and HBr in acetone to generate active
hydrogenation catalysts in situ. It should be noted that no characterization
data were reported for any of the metallated polymers. These catalysts

were then tested in the hydrogenation of methyl acetoacetate 8 under the
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following conditions: S/C = 1000, 40 atm of H,, 50°C, MeOH, 14 hours.
The results showed that the catalyst system containing 17b was the most
effective for the hydrogenation, giving 100% yield and 99% ee. This result
is identical to the result obtained from the homogeneous [Ru((R)-
BINAP)Br,] catalyst. As well, 17b was recovered by filtration and reused in
two additional runs, under the same conditions, without any drop in activity
or selectivity. When 17c was tested, comparable results were obtained for
the first run (97% yield and 99% ee); however, a significant drop in activity,
from 97% to 53% vyield, occurred upon reuse. The least successful catalyst
system contained the flexible ligand 17a. In the first run, 52% vyield and
88% ee were obtained for the hydrogenation; however, reuse of this
catalyst was completely unsuccessful. Lemaire attributed these
differences in catalytic activity to the rigidity of the polymer-catalyst
system. The evidence suggests that the rigidity of the polymer plays an
important role in the catalyst activity and selectivity as the more rigid
polymer provided better results and was able to be reused (17b).
Therefore, it is likely that a more rigid polymer is able to maintain a more
stable catalyst conformation in the polymer, which is why better activity,
selectivity and reusability are obtained. However, too much rigidity can
actually restrict access to the catalytic active sites, thereby decreasing
yield and enantioselectivity. As an example, Lemaire cross-linked 17b with
30% tri-isocyanatotoluene to increase the rigidity. As a result of this

increase, a large decrease in activity and selectivity (35% vyield and 9%
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ee) for the hydrogenation of 8 was obtained. This illustrates the
importance of the degree of rigidity in the polymer backbone and the
necessity of maintaining a balance between stable catalyst conformations
and accessibility of the catalytic active sites.

In an attempt to address the inaccessibility of the catalytic active
sites in many insoluble, polymer-supported catalysts, Chan reported the
first soluble, polymer-supported BINAP catalyst.*° This polymer-supported
chiral catalyst was designed and developed by using the concept of “one-
phase catalysis, two-phase separation”. Essentially what this means is
that catalysis will take place in the homogeneous phase, which limits the
restriction of the polymer matrix resulting in an increase in overall catalyst
activity, and the recovery of the catalyst will be achieved through
precipitation, followed by filtration.

The actual synthesis of the soluble, polymer-supported BINAP
ligand was achieved through co-polymerization. In particular, (R)-5,5'-
diamino-BINAP 18 underwent a polycondensation with terephthaloyl
chloride and (2S,4S)-pentanediol in the presence of pyridine in 1,2-
dichloroethane (DCE) solvent to give the soluble polymer-supported
BINAP ligand 19 (Scheme 1-11). The synthesis of the (R)-5,5'-diamino-
BINAP component is not covered here but will be discussed in detail in
Chapter 2 of this dissertation. The active catalyst was generated in situ
from 19 and [Ru(cymene)Cl;]; in a methanol-toluene mixed solvent system

(2:3, v/v) to give a completely homogeneous solution.
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Scheme 1-11. Synthesis of Chan’s soluble, polymer-supported BINAP

ligand.
NH,
o. o PPh, Pth
), L
PPh CH CH
2 3 3 o o
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pyri
OO PPh, DCE n m
cl o reflux,8h
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The soluble, polymer-supported catalyst was then tested in the
hydrogenation of 2-(6'-methoxy-2'-naphthyl)acrylic acid to naproxen (see
Scheme 1-2) under the following conditions: S/C = 200, 1000 psi of Hy,
room temperature. After 4 hours, naproxen was obtained in 87.7% ee and
95.5% conversion. Under identical conditions, the homogeneous BINAP-
containing ruthenium catalyst gave naproxen in comparable ee (88.7%)
but with a much lower conversion of only 56.5%. In addition to the higher
activity, the polymer-supported catalyst was quantitatively precipitated
from solution, by addition of a large excess (7x) of methanol, filtered and
then reused for a further 10 runs with no significant drop in activity or
selectivity. The filtrates containing the hydrogenation product were
analyzed for metal leaching from the polymer and the level of ruthenium in
the samples was found to be less than 16 ppb, indicating that 99.9% of the
catalyst was recovered and successfully reused. Although these results
are significant and have the potential to directly influence an industry

established process, the main limitation is the large excess of solvent
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required for the precipitation of the catalyst from solution. The scale-up of
this reaction has the potential to generate a significant amount of waste,
therefore further research into more compatible solvent systems would
need to be pursued.

Another example of a soluble, polymer-supported BINAP-
containing catalyst was reported by Pu and coworkers in 2000.** In this
study, Pu synthesized a rigid and sterically regular BINAP containing
polymer, reasoning that the incorporation of rigidity and regularity into the
polymer backbone would help to preserve the electronic and steric
environment of the monomer catalyst. In particular, the synthesis involved
the Suzuki coupling of a chiral BINAP-boronic ester 20 with 1,4-dibromo-
2,5-dialkylbenzene, followed by a reduction of the phosphinoxy groups
with trichlorosilane to give the polymer-supported BINAP ligand 21
(Scheme 1-12). The BINAP monomer 20 was synthesized in eight steps
from optically pure (R)-BINOL, which, due to the length and breadth of the

synthetic procedure, will not be covered in this dissertation.*?
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Scheme 1-12. Pu’s rigid and sterically regular BINAP containing polymer

ligand.
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The *P-NMR analysis of the polymer ligand 21 was dominated by a sharp
singlet at -14.8 ppm, identical to the phosphine signal of (R)-BINAP,
suggesting that the electronic environment of the ligand remained
unchanged after polymerization. The *H-NMR spectrum was also quite
well resolved, indicating that the structure of the polymer is regular and
well-defined.

The polymer-supported BINAP ligand 21 is soluble in common
organic solvents, including dichloromethane, toluene, THF and chloroform,
but is insoluble in methanol. Therefore, the subsequent catalyst was
recovered by the precipitationffiltration method outlined by Chan in the
previous example. The active catalyst was generated in situ by reacting 21
with [Rh(COD),](BF4) in a 1.1:1 ratio in THF and tested for the asymmetric

hydrogenation of dehydroamino acid derivatives (Scheme 1-13).

26



Scheme 1-13. Asymmetric hydrogenation of dehydroamino acids.

R!  COOR® 21 +[Rh(COD),](BF,) R'  COOR3
= HwW—4~H
R2 NHCOR4 THF, 300 psi H2, rt RZ NHCOR4

R', R?, R3, R* = H, alkyl or aryl

In the hydrogenation of (Z)-methyl a-(benzamido) cinnamate (S/C = 50),
the hydrogenated product was obtained in 99% vyield with an ee of 75%,
which is almost identical to the result obtained from the (R)-BINAP-
containing homogeneous catalyst (99% yield, 76% ee). Despite this
promising result, the polymer-supported catalyst was only recovered and
reused once before a significant drop in activity and selectivity was
observed. The poor reusability of this catalyst could perhaps be due to
metal leaching from the polymer; however, no such data were included in
this report.

This review provides a good illustration of the common challenges
and problems associated with polymer-supported catalysts. In order for
these catalysts to be suitable for industrial use, these drawbacks must be
addressed. For example, the syntheses of these polymer-supported
ligands can be quite complicated and lengthy, involving multiple synthetic
steps, resulting in relatively poor overall yield and poor ligand loading. As
well, the final immobilized catalyst often suffers from incomplete
metallation of the ligand sites and poor mass transport to the catalytic

active sites, leading to low catalyst activity and poor reusability. Although
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some of the examples did discuss polymer-supported catalysts that
exhibited an increase in activity and selectivity compared to the
homogeneous analogue, most polymer-supported catalysts still exhibit
lower activities. In these cases, the benefits of the recovery and reuse of
the catalysts are negated by the decrease in activity compared to the
homogeneous catalyst. Therefore, there is a need for more efficient
polymer-supported catalysts that have well-defined and accessible
catalytic active sites and that maintain constant activity and selectivity, that
are as good as or better than the homogeneous version, with high levels
of reusability.

In an attempt to address the limitations of polymer-supported
catalysts mentioned above, the Bergens group recently developed a
method where a metal-containing monomer (MCM) was directly
polymerized, via ring-opening metathesis polymerization (ROMP),
resulting in a polymer-supported, catalyst-organic framework.**** This
differs from traditional methods in that the MCM itself, rather than just the
ligand, is polymerized.** Therefore, the problem of incomplete metallation
of ligand sites is no longer an issue and the often low ligand loading on the
polymer support has been addressed with the MCM being directly
incorporated into the polymer itself. Specifically, trans-[RuCl,(Py).((R,R)-
Norphos)] 22 underwent ROMP with Grubbs’ first generation catalyst 23,
in the presence of the spacer monomer COE, to give the polymer-

supported catalyst 24 (Scheme 1-14).*® It was discovered that ROMP of
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22 did not readily occur in the absence of COE due to steric crowding. In
more detail, it was postulated that ROMP with COE proceeded by a
reaction between the norbornene ring in 22 and 23 to form the complex
22a. The newly formed ruthenium-alkylidene in 22a is too crowded to
further react with another molecule of 22. Instead, it reacts with COE to
insert an eight-carbon long spacer as shown in 22b. This less crowded
ruthenium-alkylidene can now react with another molecule of 22, followed
by COE, etc. to form the polymer-supported, catalyst-organic framework
24. This alternating ROMP assembly is possible as COE is intrinsically
less reactive to ROMP than Norphos because of smaller ring strain. This

concept will be discussed in more detail in Chapter 2.

Scheme 1-14. Synthesis of catalyst-organic framework 24 by ROMP.
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The pyridine groups coordinated to the ruthenium catalytic center were

then replaced with (R,R)-dpen to generate the active Noyori-type
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hydrogenation catalyst. This was followed by deposition of the polymer-
supported, catalyst-organic framework on BaSO,. The catalyst was then
used in the hydrogenation of 1-acetonaphthone (see Scheme 1-9) under
the following conditions: S/C = 500, 4 atm of H,, 4 equiv t-BuOK, 22°C for
15 hours in 2-propanol. The hydrogenated product was obtained in ~95%
yield with an ee of 83%, compared to the homogeneous hydrogenation
where the product was obtained in 48% ee. In addition, the catalyst was
easily recovered by filtration and reused in another ten runs with no
appreciable drop in % yield or % ee. When this report was published, this
was the highest number of reuses obtained for a polymer-supported
asymmetric hydrogenation catalyst that was not soluble in the reaction
medium and that did not require a swelling co-solvent.

In a second study, the Bergens group extended this alternating
ROMP methodology to a BINAP-based system.** Here, trans-
[RUCl2(Py)2((R)-5,5"-dinorimido-BINAP)] 25 underwent ROMP with 23, in
the presence of the spacer monomer COE, to give the polymer-supported
catalyst 26 (Scheme 1-15). The actual synthesis of this ROMP-active,

BINAP-based ligand will be discussed in detail in Chapter 2.
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Scheme 1-15. Synthesis of BINAP-based, catalyst-organic framework 26.
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Similar to the previous example, COE was required in order for the ROMP
to proceed. As well, the pyridine groups on the ruthenium catalytic center
were replaced with (R,R)-dpen and the polymer-supported, catalyst-
organic framework was then deposited on BaSO,. The catalyst was then
tested in the hydrogenation of 1'-acetonaphthone (see Scheme 1-9) under
the following conditions: S/C = 1000, 10 atm of H,, 20 equiv t-BuOK, 40°C
for 21 hours in 2-propanol. The hydrogenated product was obtained in
100% vyield with an ee of 96%, which is directly comparable to the
homogeneous catalyst analogue. This catalyst was easily recovered by
filtration and reused in 35 consecutive runs with no significant drop in
activity or selectivity. In addition, the amount of rhodium leaching was
below the detectable limit for ICP-MS (< 4 ppb). To date, this is the highest
number of reuses ever reported for a polymer-supported asymmetric

hydrogenation catalyst.

31



Due to the success of these systems, the primary goal of the
research presented in this dissertation was to extend the alternating
ROMP methodology, developed by the Bergens group, to rhodium-BINAP
containing catalysts. These polymer-supported, rhodium-BINAP containing
catalyst-organic frameworks were used in the cycloisomerization of 1,6-
enynes and the isomerization of allylic alcohols. The catalysts themselves
exhibited not only remarkable reusability, but were highly successful in
large TON batch reactions as well. In addition, the polymer-supported
catalysts were found to be more active and more selective than the
homogeneous catalyst analogues. To show the industrial viability of these
catalyst systems, a method was developed to adapt these polymer-
supported catalysts for use in an H-Cube® continuous-flow hydrogenation
reactor. In the hydrogenation of olefins under continuous-flow conditions,
these catalysts exhibited remarkable activity, diversity and longevity. In
addition, detailed solid state NMR and neutron activation analysis studies
were performed on the catalysts, both before and after use, to better
understand why deactivation occurs over time. The work presented in this
dissertation is thus a major step forward in the development of

sustainable, industrially viable, asymmetric catalyzed processes.
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Chapter 2

Polymer-Supported Rhodium-BINAP Catalyst-Organic Frameworks

Synthesized by Ring-Opening Metathesis Polymerization®

Introduction

Section A: Ring-Opening Metathesis Polymerization (ROMP)

As discussed in Chapter 1, the immobilization of homogeneous
catalysts has become a significant area of interest in the field of
asymmetric catalysis due to the increased demand for more
environmentally sustainable industrial processes.! In general, the goal is to
combine the advantages of homogeneous catalysis, such as high
definition, excellent selectivities and activities, with the advantages of
heterogeneous catalysis, such as easy separation, recycling and improved

handling.? Although numerous strategies have been employed to

! A version of this chapter has been published with the exception of the synthesis of the
poly-[Rh((R)-5,5'-dinorimido-BINAP)NBD](SbFs) catalyst. Elizabeth G. Corkum, Michael
J. Hass, Andrew D. Sullivan, Steven H. Bergens. A Highly Reusable Rhodium Catalyst-
Organic Framework for the Intramolecular Cycloisomerization of 1,6-Enynes. “ Org. Lett.
2011, 13, 3522. With the exception of the analysis of the alternating ROMP of poly-
[RhCI((R)-5,5'-dinorimido-BINAP)], with COE, all work presented in this chapter is that of

Elizabeth G. Corkum.
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immobilize homogeneous asymmetric catalysts, it still remains a challenge
to develop heterogeneous systems that demonstrate catalytic efficiencies
as good as or better than their corresponding homogeneous analogues.
Despite some success, the majority of immobilized catalysts display no or
limited reusability (< 3 x) before a significant decrease in activity and/or
selectivity is observed.® Thus, new strategies are required for the
development of practical immobilized asymmetric catalysts that sustain a
large number of reuses and maintain the same, or better, activities and
selectivities than the homogeneous analogues without metal leaching.

The majority of the published research on immobilization of
homogeneous catalysts has been directed towards the development of
hydrogenation catalysts (refer to Chapter 1). Nevertheless, by drawing on
the successes and failures of these previously reported polymeric
catalysts, key insights towards the development of more efficient and
reusable systems can be made. For example, most polymer-supported

immobilized catalysts are synthesized via grafting onto polymeric resins,*

radical copolymerization of vinyl derivatives of arenes and phosphines,®

condensation reactions between acid derivatives and amines or alcohols,®
condensation polymerizations between amines and isocyanates’ and
Suzuki-type couplings.® As the presence of a metal center can interfere
with these reactions, they are often used to polymerize a chiral phosphine

ligand, or to graft it to a polymeric support. The critical step then becomes

metallating the resulting polymeric ligand, through reaction with a common
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metal precursor, to produce the catalytic active sites.® This procedure has
several disadvantages. For example, the metallation step may not be
guantitative due to restricted access to some of the chelating ligand sites
in the polymer matrix, resulting in low catalyst loadings and wasted
ligand.'® Unfortunately this point is often not addressed in the literature. In
order to overcome the matrix diffusion problems and to ensure high
catalyst loadings, the polymeric ligands are typically treated with an
excess of the metal precursor in a swelling solvent. Not only does this
increase the amount of waste generated, the extra step often results in
oxidation of the phosphines, which further prevents complete metallation
and can lead to catalyst poisoning.® An alternative approach would be the
direct incorporation of the active catalyst through polymerization of a
suitable metal-containing monomer (MCM).*! This would result in a higher
density of catalytic sites in the polymer matrix and, since the MCM can be
studied as a homogeneous catalyst before polymerization, a more
accurate comparison between the homogeneous and heterogeneous
systems can be made. Despite the obvious advantages associated with
MCMs, there relatively few examples of using a metal-phosphine complex
directly as a monomer in the synthesis of a polymeric catalyst.*?

Another disadvantage of the previous methods used to prepare
polymeric catalysts is the lack of control over the polymerization process,
which results in ill-defined polymeric systems. Random distribution and

limited access to the active sites and unfavorable interactions with the
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supports are often the consequence. These factors lead to poor catalyst
performance for the heterogenized systems compared to the
homogeneous analogues. As a result, the Bergens group postulated that a
regular, rigid, polymeric system with a high density of well-defined active
centers would provide a highly efficient and reusable polymeric catalyst.
With these goals in mind, they focused on using ring-opening metathesis
polymerization (ROMP) to prepare such a well-defined polymeric
system.’

ROMP, a variant of olefin metathesis, has become one of the most
powerful methods for the preparation of advanced functionalized
polymers.***> The significant growth of ROMP-type polymers is due in part
to the development and commercial availability of the well-defined olefin
metathesis catalysts 23, 27 and 28 (Figure 2-1), which promote controlled,

living polymerizations.

Figure 2-1. Commercially available olefin metathesis catalysts.
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The molybdenum-based catalysts related to 28, developed by Schrock,
are known for their high activity and are often employed for the

polymerization of sterically hindered and electron deficient monomers.*®
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However, the “Schrock catalysts” are limited by restricted functional group
tolerance and sensitivity towards oxygen and moisture. The development
of the ruthenium-based catalyst 23 by Grubbs, known as the “1%
generation Grubbs catalyst”, addressed the limitations of the “Schrock
catalysts”.'” However, despite tolerating a wider range of protic and polar
functional groups, 23 is less active than 28. Replacing one of the
phosphine ligands in 23 with an N-heterocyclic carbene (NHC) ligand
resulted in the “2" generation Grubbs catalyst” 27, which exhibits activity
comparable to 28 and remains tolerant of many functional groups.*® Thus,
the ruthenium-based catalysts are more convenient as they allow for the
direct incorporation of high degrees of functionality to afford novel
polymers with well-defined structures.

The mechanism of olefin metathesis, known as the “Chauvin
mechanism”, involves the interconversion of olefins and metal alkylidenes
via metallacyclobutane intermediates generated by a sequence of [2+2]
cycloadditions and cycloreversions to form new olefins and alkylidenes.*®
ROMP reactions adopt the same mechanism except, since the reaction
involves a cyclic olefin, the newly generated olefin remains attached to
the active metal alkylidene as part of a growing polymer chain and the
driving force for the reaction is the release of ring strain from the cyclic
olefin. As a result, most monomers employed for ROMP contain
norbornene units as they possess sufficient ring strain to make the

process irreversible.** Moreover, a wide range of norbornene-containing
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monomers are commercially available or they can be easily synthesized
by Diels-Alder reactions with cyclopentadiene.?
The “Chauvin mechanism?”, as it pertains to ROMP, is shown with a

generic cyclic olefin in Scheme 2-1.2

Scheme 2-1. Mechanism of ROMP.
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The initiation step with Grubbs catalyst involves dissociation of one of the
phosphines to generate the 14-electron reactive intermediate A. The rate
of phosphine versus olefin coordination to A dictates the net activity of the
catalyst. In fact, this observation accounts for the activity difference
between catalysts 23 and 27. Once in the catalytic cycle, A rapidly
undergoes a [2+2] cycloaddition to form the metallacyclobutane

intermediate B, followed by a [2+2] cycloreversion and olefin dissociation



to generate the propagating metal alkylidene species C. C can then react
with another monomer unit thus continuing the catalytic cycle and
promoting polymer growth. C can also rebind with free phosphine to
generate the dormant species D. It should be noted that, typically, the
propagating species (i.e. C) contains a bulky polymer chain that prevents
phosphine coordination, resulting in high rates of propagation.?* As well,
ROMP is considered a living process and thus the catalytic cycle shown in
Scheme 2-1 continues until all monomer units are consumed.?®

The living nature of ROMP is an important feature as it allows for
the synthesis of reproducible well-defined polymers.?* For example,
molecular weights can be controlled by adjusting the monomer/catalyst
ratio and narrow molecular weight polydispersities can be achieved by
controlling the rates of initiation and propagation. Specifically, low
polydispersities are obtained in cases where the initiation is faster than the
propagation.?® In fact, Grubbs developed a procedure where, by simply
adding excess phosphine, the rate of propagation is decreased without
influencing the rate of initiation.?> Grubbs suggested that the excess
phosphine competes with monomer units for the propagating species C,
thereby lowering the number of turnovers (TOs) that occur before C is
trapped to give the dormant species D.

That being said, a related problem that is encountered with ROMP
reactions is secondary metathesis or “backbiting”. Here, the active catalyst

reacts with olefin bonds in the growing polymer chain, reducing the
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molecular weight and increasing the polydispersity of the polymers.
However, recent studies have shown that backbiting is minimized for the
ROMP of norbornene monomers due to steric hindrance around the
olefins in the polymer chain.®> As a result, norbornene-containing
monomers are ideal for controlled living polymerizations. In fact, combined
with the benefits of high ring strain and availability, functionalized
norbornene derivatives are the most preferred monomers for advanced
functional polymer preparation.** Applications of these types of polymers
include block copolymers,?® bioactive,?’ electroactive,?® liquid crystalline,*
and nonlinear optic polymers.*

In addition to the applications mentioned above, ROMP has also
been used to prepare a small number of metal-based polymeric

catalysts.®! These include supported Pd-based systems for Heck and

32-34 5

related reactions, a supported Co-salen system for kinetic resolution,?
and reusable Ru and Mo-based metathesis catalysts grafted onto polymer
supports,® and onto monolithic supports.*”>° As previously discussed and
similar to other metal-based polymer catalysts, the critical step in the
synthesis of these catalysts is metallation of the polymeric ligand.
However, there are a few cases where ROMP of certain MCMs was
reported.3**°* As an example, Buchmeiser prepared a Pd-based

polymer/monolith-supported catalyst from a MCM as shown in Scheme 2-

2.%? Here, a norbornene-based dipyridylamide-PdCl, complex was grafted
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to a monolith-supported version of Grubbs catalyst 23 by ROMP to give

immobilized catalyst 29.

Scheme 2-2. Buchmeiser's polymer/monolith-supported Pd catalyst

prepared by ROMP.
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Immobilized catalyst 29 was then used in the Heck carbon-carbon
coupling reaction of styrene and iodobenzene and gave higher turnover
numbers (TONSs) than a similar supported system that was prepared by
ROMP of the free ligand followed by metallation.

In another example, Weck reported the synthesis of
poly(norbornene)-supported Pd-NHC catalysts (Scheme 2-3) for use in
Suzuki-Miyaura, Sonogashira and Heck carbon-carbon coupling
reactions.*® Here, the norbornene-containing Pd-NHC MCMs 30
underwent ROMP with Grubbs catalyst 23 to give polymeric catalysts 31.
For the carbon-carbon coupling reactions mentioned above, all of the
polymer-immobilized catalysts demonstrated similar activity to their small

molecule analogues.
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Scheme 2-3. Weck’s poly(norbornene)-supported Pd-NHC catalysts

prepared by ROMP.

PdL, o PdL,

(o}
)\ Grubbs catalyst 23 )\
7 O—(CHy)1y—N" 'N-Mes O—(CHy)1y—N"~ 'N-Mes
\—/ \—/

30 31

L = allyl and CI, OAc, dba (dibenzylideneacetone)
Mes = mesityl

These examples show that ROMP can be used to prepare a wide
range of functionalized polymers. Therefore, it is surprising that such a
well-controlled, versatile technique has not been applied in the preparation
of asymmetric polymer catalysts. In fact, to the best of our knowledge, the
Bergens group is the only research group to have utilized ROMP in the
preparation of polymeric catalysts for asymmetric hydrogenations (refer to
Chapter 1)."* Specifically, Bergens and coworkers synthesized a Ru-
BINAP (BINAP = 2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) MCM (25),
where the BINAP ligand had been modified to incorporate norbornene
units, that underwent alternating ROMP with cis-cyclooctene (COE) in the
presence of Grubbs catalyst 23, to produce the polymeric catalyst-organic
framework (COF) 26 (Scheme 1-15)." As the primary goal of the
research presented in this dissertation was to extend this methodology to
Rh-BINAP containing catalysts, the next section of this introduction will

focus on BINAP and its modification.
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Section B: Modification of BINAP

BINAP is one of the most extensively utilized chiral phosphine
ligands in enantioselective catalysis as it is not easily oxidized, it is
conformationally rigid and often affords high enantioselectivities.**** This
high enantioselectivity is a result of the C,-dissymmetry of BINAP and the
large projection of the phosphine phenyl rings into the spatial domain of
the coordinated metal center, forming sterically congested quadrants.*®
Figure 2-2 illustrates the chiral template created by the (R)-BINAP ligand

and a transition metal, M.*’

Figure 2-2. Chiral environment of an (R)-BINAP-transition metal complex.
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The chirality of the binaphthyl skeleton is transmitted spatially via the
phosphine phenyl rings to the in-plane and out-of-plane coordination sites.
The in-plane coordination sites are sterically affected by the equatorial
phenyl rings while the out-of-plane sites are influenced by the axial phenyl
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substituents. Reactions that occur in such a dissymmetric environment
display excellent chiral discrimination (i.e. high enantioselectivity). These
features make BINAP one of the most utilized chiral ligands in catalysis.
Further discussion on the use and properties of BINAP and related ligands
are beyond the scope of this dissertation and the interested reader is
directed to the following review articles.*®

As discussed in Chapter 1, most recent methodologies aimed at
immobilizing homogeneous catalysts are developed with BINAP and
require that it be functionalized to allow for immobilization of the catalysts.
Moreover, to adapt the Bergens alternating ROMP methodology to BINAP,
the key step was to functionalize BINAP with a cyclic olefin (i.e.
norbornene) susceptible to ROMP. Prior to COF 26, there were no known
examples whereby BINAP had been modified with a cyclic olefin, however,
the large literature precedent documenting numerous methods to
functionalize BINAP suggested that such functionalization was
attainable.*

Previously, BINAP was functionalized either to increase the catalyst
efficiency and selectivity, or to facilitate separation of the catalyst from the
bulk of the reaction. BINAP has been functionalized at the phosphine-
phenyl groups and the 3, 4, 5 and 6 positions of the binaphthyl rings.
Typically, changes in the catalyst performance are observed for
modifications made to the phenyl rings since they are directly bonded to

the phosphorus atom. Modifying the phenyl substituents influences the
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electron density of the phosphorus atoms and the steric hindrance around
these coordinating sites.® Two well-known examples are the TolBINAP
and XyIBINAP derivatives, whereby the phenyl groups are substituted for
p-CH3CsH,4 and 3,5-(CHj3),CgH3, respectively. The increased steric bulk of
the modified phenyl substituents can result in a significant increase in
enantioselectivity. For example, Noyori’'s trans-
RuCl,(diphosphine)(diamine) catalyst systems for the hydrogenation of
aromatic ketones displayed > 20% ee enhancements with XylBINAP.>*

For catalyst recycling purposes, modifications of the binaphthyl
skeleton are more common because of their accessibility. In addition,
modifications to the naphthyl rings are less likely to interfere with the
catalyst selectivity since they are distal from the catalytic active sites.
However, this is dependent on which position is functionalized on the
naphthyl ring. For example, functionalization at the 3,3'-positions can
result in hindered rotation about the phenyl-phosphorus bond thereby
influencing the ee. Zhang and coworkers prepared BINAP-phosphinite
derivatives that were substituted at the 3,3'-positions and used these new
ligands to prepare rhodium-based catalysts by reaction with
[Rh(COD),](PFs). An increase in selectivity occurred for the asymmetric
hydrogenation of dehydroamino acid derivatives and enamides as shown

in Table 2-1.%2
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Table 2-1. Rh(l)-catalyzed asymmetric hydrogenation of functionalized

olefins using substituted BINAP-phosphinite ligands.?

R
9@ o o
OPPh,
OO COOMe Ph
R
Me 95% ee 97% ee
Ph 99% ee 94% ee
H 73% ee 28% ee

a Reactions were done at 22°C under 3 atm H, for 12 hours in THF (S/C =
100/1).

More commonly, BINAP is functionalized at the 5,5'-positions,
largely because electrophilic aromatic substitution reactions with BINAP
dioxide are directed towards these positions and optically pure BINAP can
be used directly as a starting material as the stereochemistry is preserved
throughout the synthetic sequence. As well, these positions on the
naphthyl rings are among the farthest from the active sites and are least
likely to influence the ligand properties. Therefore, modification at the 5,5'-
positions on the binaphthyl skeleton are frequently made when
heterogenizing BINAP (see Scheme 1-11 and Scheme 5-5).%°

BINAP is most commonly functionalized at the 5,5'-positions by
halogenation®® and nitration.>* Nitration of BINAP dioxide was first carried
out by Kumobayashi and coworkers in 1986 to give (R)-5,5-diamino-

BINAP (18) according to Scheme 2-4.>*
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Scheme 2-4. Synthesis of (R)-5,5'-diamino-BINAP 18.
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Since then, 18 has been utilized to prepare soluble polymer® or
dendrimer®® supported catalysts (see Scheme 1-11 in Chapter 1). As a
result, Bergens and coworkers decided to use 18 as a building block for
the synthesis of the ROMP active BINAP ligand.****" The remainder of
this introduction will discuss the synthetic procedures developed by past

coworkers for synthesizing this ligand.
Section C: Synthesis of a ROMP active BINAP ligand

The original literature procedure for the synthesis of (R)-5,5'-
diamino-BINAP 18 is shown in Scheme 2-4.>* Previous coworker Corbin
Ralph found that this method gave low vyields and several of the
procedures, particularly involving product isolation, could not be duplicated
in our laboratories. As a result, Ralph developed an improved and
reproducible synthesis of (R)-5,5'-diamino-BINAP 18 that is shown in

Scheme 2-5.%7
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Scheme 2-5. Ralph’s improved nitration of (R)-BINAP.
NO, NH,

9 8 8 PPk
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a) 10% H,0,, toluene. b) HNO3/H,S0,, (CH3CO),0, 0°C. c) SnCI,/HCI, EtOH, reflux, 16h. NH,
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™
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Commercially available (R)-BINAP was oxidized with 10% hydrogen
peroxide to produce BINAP dioxide (32) in quantitative yield. The nitration
of 32 was carried out using nitric acid and acetic anhydride as a nitrating
agent in the presence of a small amount of sulfuric acid as a catalyst to
produce (R)-5,5'-dinitro-BINAP dioxide (33). The procedure described in
the patent® for the isolation of clean 33 was attempted by Ralph several
times but failed to give pure product. Unlike the patent method which used
a hot THF/water mixture for purification, Ralph’s method gave 33 as a
crystalline solid in 78% yield by recrystallization from a CH,Cl,/hexanes
solution. The nitro groups in 33 were selectively reduced using stannous
chloride in concentrated hydrochloric acid as a reducing agent to form (R)-
5,5'-diamino-BINAP dioxide (34). Again, the method for product isolation
described in the patent could not be duplicated. Ralph’s method afforded

34 as a crystalline solid in 96% yield by recrystallization from THF. Finally,
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(R)-5,5'-diamino-BINAP (18) was obtained in 84% vyield by reducing 34
with trichlorosilane as the reducing agent in the presence of triethylamine
at 120°C for 16 hours in a sealed pressure reactor.

Although Ralph’s procedure for the synthesis of 18 was successful,
former coworkers Andrew Sullivan and Michael Hass found that
hydrogenation of 33 over 5 wt% Pd/C was vastly superior to the stannous
chloride reduction in the formation of 34, due to its shorter reaction time
and simplified post-reaction workup.®®*® Specifically, the hydrogenation
proceeds under 45 psig (psig = pounds per square inch gauge pressure)
H, at 50°C in 6 hours to provide 34 in near quantitative crude yield.
Purification by flash chromatography (neutral alumina) gives pure 34 in
87% vyield and the Pd/C catalyst can be recovered and reused. 18 was
then obtained by reduction of 34 as outlined above (Scheme 2-5). With a
reproducible synthesis of 18 established, the next step was to prepare the
desired ROMP active BINAP ligand through reaction of 18 with a suitable
norbornene monomer.

Ralph prepared a ROMP active version of BINAP in one step by
condensation between 18 and cis-5-norbornene-endo-2,3-dicarboxylic
anhydride (35) to give (R)-5,5'-di(cis-5-norbornene-2,3-endo-
dicarboximido)-2,2'-bis(diphenylphosphine)-1,1'-BINAP, henceforth

referred to as (R)-5,5'-dinorimido-BINAP (36) (Scheme 2-6).1%" °’
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Scheme 2-6. Synthesis of the ROMP active BINAP ligand 36.
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Here, the condensation reaction between 18 and 35 went to completion

36

after 48 hours at 90°C in toluene and in the presence of tripropylamine
and a large excess (12 equiv.) of the anhydride 35. Washing the crude
reaction mixture in toluene with aqueous base (1M NaOH) hydrolyzed the
unreacted anhydride to give the corresponding diacid, which was soluble
in water. The organic product 36 was then easily recovered from the
organic phase in 81% yield.

From the **P-NMR spectrum (Figure 2-4), it was discovered that 36
exists as a mixture of distinct diastereomeric atropisomers,*® which are

illustrated in Figure 2-3.
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Figure 2-3. Diastereomeric atropisomers of 36.

(@)

P

o

|: E/I
z

N

(b) (c)
o S ORZ S OR:
N
(T o, I o, I e,
R R R
™ ™ ™
N N N
R (XO R Oé—go S OE
C,-dissymmetric non C,-dissymmetric C,-dissymmetric

(R,R,R) (R,R,S) or (S,R,R) (S,R,S)

Atropisomers are stereoisomers that result from hindered rotation about
single bonds where the steric strain barrier to rotation is sufficiently high
that individual conformers can be isolated.®® Analysis of molecular models
of 36 showed two new chiral axes along the naphthyl-N bonds and
hindered rotation of the norimido groups about these axes give rise to the
atropisomers shown above. The rate of rotation is slow, relative to the
NMR timescale, and as a result the atropisomers can be differentiated by
NMR spectroscopy (see Figure 2-4). The origin of the slow rate of rotation

will be discussed at a later time.
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Figure 2-4. *'P-NMR spectrum of the atropisomers of 36.
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As illustrated in Figure 2-3, two atropisomers of 36 are C,-
dissymmetric (R,R,R and S,R,S) and one atropisomer is non C,-
dissymmetric (S,R,R and the equivalent R,R,S). In the C,-dissymetric
atropisomers, both of the norimido groups have the same spatial
orientation and, as a result, the Cy-axis that renders the *P nuclei
chemically equivalent is maintained. Therefore, two singlets, one for both
of the (R,R,R) and (S,R,S) atropisomers, are observed in the *P-NMR
spectrum (-13.88 and -14.12 ppm, Figure 2-4). In the non C,-dissymmetric
atropisomer, which consists of an NMR equivalent pair (i.e. R,R,S and
S,R,R), the norimido groups have the opposite spatial orientation. As a
result, the C,-axis is lost and the 3P nuclei are rendered chemically
inequivalent. Therefore, two doublets, arising from P-P coupling, are
observed in the 3'P-NMR spectrum: -13.83 ppm (d, Jpp = 14.6 Hz, 1P) and

-14.17 ppm (d, Jep = 14.6 Hz, 1P) (Figure 2-4). The roughly equal
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integration of the C,-dissymmetric and non C,-dissymmetric atropisomers
suggests that at room temperature 36 exists as an equal mixture of all
three atropisomers and that there is a high barrier to rotation that prevents
rapid interconversion of the atropisomers.

The hindered rotation about the aryl-N bond in 36 results from both
steric and electronic effects. Specifically, the lone pair on the N can donate
into the 1" orbitals of the naphthalene ring, resulting in partial double bond
character and a significant barrier to rotation around the sp?-sp® aryl-N
bond. Additionally, steric interactions between the imide carbonyl groups
and the naphthalene ring will disfavor a coplanar arrangement of the two
moieties. In fact, X-ray crystallography has shown that aryl-N imides twist
~90° relative to the arene ring, when prepared from 2,5-di-tert-butylaniline,
in order to reduce the steric interactions.®

Interestingly, one C,-dissymmetric atropisomer of 36 can be easily
obtained by prolonged heating in toluene at 90°C, due to the different
solubilities of the atropisomers.®” In the *'P-NMR spectrum (Figure 2-5)
there is a large singlet at -13.22 ppm that corresponds to one atropisomer
of 36. However, within the preparation time and acquisition of the NMR
spectrum (~10-15 minutes), minimal amounts of the other atropisomers
were visible. To avoid this interconversion, solutions of rotamerically pure

36 must be kept at low temperatures.
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Figure 2-5. *P-NMR spectrum of rotamerically pure 36.2
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The isolation of a single C,-dissymmetric atropisomer can be explained by

the fact that as the temperature increases, there is sufficient energy to
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overcome the barrier of rotation about the naphthyl-N bonds and the
atropisomers are able to freely interconvert. The solubilities of the
atropisomers are different as one precipitates from toluene upon heating
and remains insoluble in toluene at lower temperatures. Ralph postulated
that upon heating, the population of the atropisomers changes whereby
one of the Cy-dissymmetric atropisomers becomes more favored and
precipitates from solution as it is less soluble in toluene. This drives the
interconversion process forward in order to maintain equilibrium. With
prolonged heating, Ralph obtained one atropisomer of 36 in 87% vyield.
With a reliable and reproducible synthetic procedure for
synthesizing a ROMP active BINAP ligand, 36 can be metallated with a
desired rhodium precursor and polymerized via ROMP to generate a
polymer-supported Rh-BINAP catalyst. The remainder of this chapter will
discuss the synthesis of two novel rhodium catalyst-organic frameworks;
specifically, the preparation of rhodium MCMs and their subsequent
polymerization will be presented. This will be followed by a brief discussion

on catalyst activation.
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Results and Discussion
Section A: Synthesis of [RhCI((R)-5,5'-dinorimido-BINAP)], (38) MCM

With the (R)-5,5'-dinorimido-BINAP ligand (36) in hand, the next
step was to prepare rhodium MCMs that can then be polymerized to give
the corresponding polymer-supported catalysts. To this end, reaction
between [RhCI(C2H4)2]2 (37) and rotamerically pure 36 afforded the

rhodium MCM 38 as outlined in Scheme 2-7.

Scheme 2-7. Synthesis of ROMP active rhodium MCM 38.

o (o] o o

i N
OO PPh, CD,Cl, Ve
+ [RhCI(C3H,),l, "t 30min s ”
PPh, " C.H PPh,

37 o i
o N _o i
H H i H H

(2 equiv.)

3 38

Here, the rhodium chloro-bridged dimer MCM 38 was generated in situ
from reaction between two equiv. of 36 and one equiv. of 37 in CD,ClI, for
30 minutes at room temperature. It is important to recognize that loss of

the labile ethylene ligands in 37 results in the formation of 38 and a
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marked color change from orange to dark red accompanies the reaction.
Characterization of 38 by NMR spectroscopy (*H-NMR and *'P-NMR) was
carried out in situ as attempts to isolate 38 resulted in decomposition
through an uninvestigated mechanism. As a result, 38 was used directly in
the ROMP assembly.

The 'H-NMR and the **P-NMR spectra for MCM 38 are shown in
Figures 2-6 and 2-7, respectively. Of particular note, the H-NMR
spectrum shows signals for residual ethylene (& = 5.4 ppm) from either the
displaced ethylene ligands or excess 37. Any excess 37 was removed
before ROMP polymerization by carefully decanting the solution of 38.
However, residual ethylene still remained in the flask during

polymerization, which will be discussed in more detail later in this chapter.

Figure 2-6. "H-NMR spectrum of MCM 38.2
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Figure 2-7. *P-NMR spectrum of MCM 38.2
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The *'P-NMR spectrum of 38 consists of a doublet of multiplets due to
coupling between the Rh and P nuclei (*Jrn.p = 199 Hz) and the presence
of atropisomers of 36. Further, the main diastereomeric atropisomer of 38
was formed from the addition of one of the C,-dissymmetric atropisomers
of 36 to 37. It should be noted that the 3'P-NMR spectrum did not contain
a signal for free 36, indicating that all of the ligand had been consumed in

the formation of 38.

65



It was also discovered that the presence of the rhodium metal
center influenced the atropisomerism of ligand 36. For example, after 90
minutes in solution, signals from all three atropisomers were clearly
observed in the *'P-NMR spectrum of 38 whereas these signals were
observed immediately for the free ligand. This indicates that rotation about
the aryl-N bond is faster in 36 than in 38. The decreased rate of rotation is
most likely due to less electron density in the naphthyl system of 38, from
coordination to the rhodium metal center, than 36. This would result in
more donation from the imide-N to the 1 orbitals on the naphthalene ring,
resulting in more C-N double bond character and more hindered, slower

rotation.

Section B: Synthesis of [Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbF)

(40) MCM

In addition to the rhodium chloro-bridged MCM 38, we also
synthesized a ROMP active rhodium-NBD MCM (40) through reaction
between [Rh(NBD),](SbFs) (39) and rotamerically pure 36 as outlined by
Scheme 2-8. Here, reaction between one equiv. of 36 and one equiv. of 39
in CH,CI, for 24 hours at room temperature afforded MCM 40 in 86%

yield.
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Scheme 2-8. Synthesis of ROMP active rhodium MCM 40.
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Unlike 38, 40 did not undergo decomposition upon isolation and could be
stored as a solid for a significant amount of time (~ 3 years) without
decomposing or oxidizing.

The 'H-NMR and *'P-NMR spectra for MCM 40 are shown in
Figures 2-8 and 2-9, respectively. In particular, the *H-NMR spectrum
shows signals for free NBD displaced by 36 (& = 2.10, 3.45 Hz). It should
be noted that the olefinic protons in the free NBD are most likely hidden
underneath the binaphthyl aryl protons located at ~ 6.5-7.8 ppm. A portion
of the free NBD was removed from 40 by washing with hexanes and
decanting off the solution. However, the polymerization of 40 suggested
that a portion of the free NBD remained in the flask and became
polymerized. Nevertheless, the excess NBD did not appear to prevent the
polymerization and the poly-NBD was removed with methanol washes

subsequent to the polymerization (refer to section D of this chapter).
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Figure 2-8. '"H-NMR spectrum of MCM 40.? *

3.19 2.99 7.90 3.72 1.61 1.20 1.36 0.62 8.87 1.07
9.02 0.70 3.51 1.55 1.86 1.08 8.00 5.55 2.97

8] 399.8 MHz, CD,Cl,, 27°C. * = residual solvent signals, + = signals from
free NBD.

The 3P-NMR spectrum of 40 consists of what appears to be a doublet
(26.02 ppm, Jgnp = 155 Hz) rather than a doublet of multiplets. Previous
coworker Corbin Ralph suggested that this corresponds to 40 being C,-
dissymmetric and implies that exchange between the ligand atropisomers
is occurring faster than the relaxation time so that on the NMR time scale

all three of the atropisomers become equivalent.®’
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Figure 2-9. *P-NMR spectrum of MCM 40.?
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However, recording the *P-NMR of 40 at a higher field gave resonances
for all three atropisomers (Figure 2-10) indicating that the rate of rotation is
slow relative to the NMR timescale. In fact, the peak pattern for 40 closely
resembles the pattern for 36 taken at a higher field at room temperature
(see Figure 2-4 for a comparison). This suggests that the rotation about

the aryl-N bond in MCM 40 occurs at a similar rate as the free ligand 36.
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Figure 2-10. **P-NMR spectrum of MCM 40 taken at a higher field.
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Comparison of the *P-NMR spectra for MCMs 38 and 40 (Figures
2-7 and 2-10) suggests that the electron density of the rhodium metal
center has an effect on the atropisomerism of the ligand. For example,
after 90 minutes in solution, signals from all three atropisomers were
clearly observed in the 3P-NMR spectrum of 38 whereas these signals
were observed immediately for MCM 40. Therefore, we can conclude that
rotation about the aryl-N bond is faster in 40 than in 38. This phenomenon
can be explained by considering the electronic changes that occur upon

coordination of 36 to a metal center and the influence that the metal center
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may have on the tr-conjugation between the norimido groups and the
binaphthyl framework. Specifically, a phosphine ligand coordinates to a
metal center through o-donation from the ligand to the metal and Tr-
backbonding from the metal to the ligand.®® The rate of rotation about the
aryl-N bond will depend, in part, on the amount of 1r-donation from the
norimido groups to the naphthylene units. As a result of 1r-conjugation in
the binaphthyl framework, it is thought that the amount of 1r-donation from
the metal to the ligand is influenced by the amount of 1-donation from the
norimido groups to the binaphthyl framework and vice versa. Our results
show that the [Rh(I)CI] moiety of 38 is a poorer t-donor than the
[Rh(1)(NBD)]" moiety of 40. The binaphthyl aromatic T-conjugated system
in 38 thereby has less electron density than 40 and, as a result, the aryl-N
bond in 38 has more double bond character than 40. As such, the
increase in double bond character along the aryl-N bond restricts that
rotation of the norimido groups, and thus a decrease in the rate of
interconversion between the atropisomers of 38 is observed. Conversely,
the interconversion process is faster in 40 as the norimido groups are able
to rotate more freely about the aryl-N bond.

At this point it is unknown what effect the mixture of atropisomers
may have on the polymerization of these MCMs and on the structure of
the polymer-supported catalysts. As well, it may be possible that the
rotational behavior of the norimido groups may have an effect on the

catalytic properties of the catalysts. Therefore, the ability to dictate the
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rotational behavior by changing the electron density of the metal center

should be studied in more detail.

Section C: Polymerization of MCMs 38 and 40 via Alternating ROMP

Assembly (altROMP)

As discussed in Chapter 1, Bergens and coworkers found that
direct ROMP of MCMs trans-[RuCl»(Py)2((R,R)-Norphos)] (22) and trans-
[RUCl2(Py)2((R)-5,5"-dinorimido-BINAP)] (25) did not readily occur with
Grubbs’ metathesis catalysts 23 and 27 due to the steric crowding around
the norbornene moiety in the ligands.”® As detailed in Scheme 1-14,
reaction between the MCM and 23 resulted in one event of ring-opening
metathesis rather than catalytic ROMP (formation of 22a). The newly
formed ruthenium-alkylidene is too crowded to react with another molecule
of the MCM. To successfully assemble the catalyst-organic frameworks,
cis-cyclooctene (COE) was introduced as a spacer monomer as it is
intrinsically less reactive, or strained, than the norbornene units in 22 and
25 and less crowded. In particular, the ring strain energy in COE and
nobornene is 7.4 kcal/mol®® and 18.8 kcal/mol®, respectively. Therefore,
the norbornene units react first with the metathesis catalyst to generate
the crowded ruthenium-alkylidene and then this reacts with the COE to
insert an eight-carbon long spacer capped with a less crowded ruthenium-

alkylidene (formation of 22b). This can then react with another molecule of
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the MCM to form a new, crowded ruthenium-alkylidene, followed by
reaction with COE, etc. This alternating cycle will continue until all the
norbornene units are consumed generating a three-dimensional, cross-
linked, polymer-supported catalyst-organic framework. Due to the
alternating nature of this polymerization, Bergens and coworkers termed
this process alternating ROMP assembly (altROMP). This methodology
was utilized in the synthesis of the rhodium catalyst-organic frameworks
from MCMs 38 and 40, which will be discussed shortly.

In addition, previous coworker Corbin Ralph found that better
control over the altROMP was achieved using the less active 1%
generation Grubbs catalyst 23, than using the more active 2" generation
Grubbs catalyst 27.>” He illustrated this better control in separate
experiments involving the altROMP of 22:COE:23 or 27 in 20:80:1 ratio.
During the reaction with 23, a peak in the **P-NMR spectrum representing
free PCyj; (tricyclohexylphosphine) was present in equal intensity as 23,
whereas with 27, only a trace amount of free PCy; was present. The
difference in intensity of the signals for free PCys; suggests that the
initiation is faster for catalyst 23 than for 27. Thus, the rate of propagation
is slower than the rate of initiation for 23 and the reverse is true for 27,
only traces of 27 are active during altROMP. It is known that faster
initiation catalysts result in narrow molecular weight distributions of ROMP
products,®® therefore, Ralph postulated that use of 23 would produce an

alternating polymer with a narrow molecular weight distribution.
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As well, Ralph observed that altROMP went to completion when 23
was used while a considerable amount of unreacted 22 was left in solution
after all of the COE was consumed when 27 was employed. This
suggested that the consumption of COE was more favored than the MCM
22 and, as a result, the addition of extra COE during the polymerization
was required for consumption of 22. Ralph speculated that the steric bulk
of the mesityl groups in 27 decreased its reactivity towards 22 and it was
probable that not all of 27 had formed to generate the propagating catalyst
as only a trace of free PCy; was observed in the *P-NMR spectrum. As a
result of this study, 1° generation Grubbs catalyst 23 was the catalyst of
choice for the altROMP of MCMs 38 and 40 with COE.

The altROMP assembly of the MCM 38 was performed using a
120:10:1 ratio of COE:38:23 as shown in Scheme 2-9.%° This corresponds
to three COEs for every norimido group present. Specifically, 10 equiv. of
38 were reacted with 1 equiv. of 23 and 120 equiv. of COE in CHCl, at
40°C for 24 hours to give the polymer-supported catalyst-organic
framework 41. We expected 41 to be quite different from the ruthenium
frameworks 24 and 26 synthesized by Ralph (see Chapter 1) as the
chloro-bridging ligands in MCM 38 bridge the two catalyst centers and act
as an additional crosslinking agent. This additional crosslinking likely alters
the rigidity and the solubility of the framework. In fact, we found that 41
precipitates from solution at concentrations greater than 6.5 x 10° M in

CH_ClI; while 24 and 26 remain in solution at concentrations as high as 1.0
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x 10 M, indicating that 41 is significantly less soluble than the other, less

rigid/crosslinked frameworks.

Scheme 2-9. Synthesis of polymer-supported catalyst-organic framework
41 from altROMP assembly.
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The **P-NMR spectrum of framework 41 is given in Figure 2-11 and
contains a broad doublet at 50.4 ppm (*Jrnp = 195 Hz). By comparison,
the 3'P-NMR spectrum of MCM 38 contained a doublet of multiplets (50.6
ppm, *Jrnp = 199 Hz) (refer to Figure 2-7). As the chemical shift and the
Rh-P coupling constant are nearly identical for both the framework and the
MCM, we concluded that the electronic environment of the rhodium metal
center was not significantly altered during polymerization. This is a
desirable benefit of both the design of the MCM and the altROMP

immobilization methodology since, as discussed in Chapter 1, changes in
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the electronic environment of a metal center can result in unpredictable

activities and selectivities.**

Figure 2-11. **P-NMR spectrum of framework 41.2
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[ 161.2 MHz, CD,Cl,, 27°C.

The *H-NMR spectra of 38 with COE and 23 after initial mixing and

the framework 41 after 24 hours are shown in Figure 2-12.
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Figure 2-12. 'H-NMR spectra of (a) 38 with COE and 23 after initial mixing

and (b) the catalyst-organic framework 41 after 24 hours.
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Analysis of the H-NMR spectra reveals some key characteristic features
of the polymerization as the sharp proton peaks of both monomers 38 and
COE decrease and broad polymer peaks increase during the
polymerization. The olefinic signals for 38 and COE are labeled a and e
respectively and the polymer olefin signals are labeled a' and e'. As the
polymerization proceeds, the olefin protons a in 38 are converted into the
polymer olefin region between 5.2-5.9 ppm when 38 is consumed. The
olefin protons e in COE overlap with the polymer olefin region and these
are also converted into this region when COE is consumed. As well, the
norbornene protons, labeled b and c, are buried under the broad polymer
norbornene signals (b' and ¢') between 2.8-3.6 ppm and the alkyl protons
of both monomers overlap with the polymer alkyl protons, labeled alkyl
and d', between 0.9-2.3 ppm. As a result of the large degree of overlap
between the monomer signals and the polymer signals, the consumption
of 38 was extremely difficult to monitor. Nevertheless, from in situ peak-
height comparison of olefin signals, a general rate of reaction was
determined by previous coworker Michael Hass.®’

The 'H-NMR spectrum recorded minutes after mixing the
metathesis catalyst 23 and the solution of 38 and COE (Figure 2-12a)
showed that polymerization had already begun. Specifically, the
broadening of the norbornene proton signals (b and c), aryl signals and
norimido olefin signal a was an indication that polymerization was

occurring (for a comparison to MCM 38 refer to Figure 2-6). After 3 hours
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of reaction time, 53% of the norimido units in 38 and 29% of the COE had
been consumed. Although less COE was consumed, there was initially
three times the amount of COE present in comparison to one norimido
moiety. When normalized, the ratio of COE to norimido consumed is ~
1.7:1. This indicates that the polymerization is not truly alternating as
approximately 5 COEs are consumed for every 3 norimido units; not 1:1
as was observed by Ralph in the polymerization of 25.1% After 7 hours of
reaction time, 80% of the norimido units and 56% of the COE were
consumed, again corresponding to a normalized ratio of ~ 1.7:1 COE to
norimido units. Within 24 hours all of the norimido units and only 80% of
the COE units had been consumed, corresponding to a ratio of COE to
norimido consumed of ~ 2.4:1.

During polymerization, peaks at ~ 5.4, 2.0, 1.5 and 1.2 ppm were
observed in the *H-NMR spectrum and were consistent with poly-COE
made by ROMP.®® These signals may arise from two or more COEs joined
during altROMP or by ROMP of COE alone and the intensity of these
peaks increased as the altROMP assembly proceeded. After 7 hours,
most of the norimido units had been consumed (80%) and the rate of COE
consumption increased, resulting in an increase in the growth of the poly-
COE signals. This suggests that while norimido units are present in the
reaction mixture, the majority of 23 is involved in the altROMP assembly of
38 with COE. However, as the norimido units are consumed, more COE

becomes polymerized until eventually when all the norimido units have
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reacted, the polymerization of COE to poly-COE takes over completely.
Therefore, we postulated that the ratio of COE to norimido groups within
the framework the ratio of COE to norimido group is ~ 1.7:1 and that some
portion of the remaining COE was grafted to the outside of the framework
as poly-COE or involved in the production of pure poly-COE. The poly-
COE was subsequently removed by methanol washes after catalyst
deposition.

As mentioned previously, framework 41 differs from the ruthenium-
BINAP framework (26) synthesized by Ralph as it is not truly alternating
(i.e. 1:1 ratio of COE to norimido group). We attributed this difference to
the dimeric nature of 38 and the resulting steric hindrance between the
opposite ends of the dimer (refer to Scheme 2-7). More specifically, the
crystal structure of the iridium analogue [IrCI((S)-BINAP)], shows that this
complex is not planar; rather a “butterfly” shape is adopted with the angle
between the coordination planes of the iridium centers is 126°.%° It is likely
that the rhodium dimer 38 adopts a similar structure. This “butterfly” shape
imparts a greater degree of steric hindrance about the norimido groups in
38 that is not present in the ruthenium MCM 25 and, as a result,
decreases the net reactivity of the norimido groups to ROMP relative to
COE, resulting in more incorporation of COE into the framework.

There was also a signal at ~ 5.0 ppm (multiplet) present in all of the
spectra recorded. Previous coworker Michael Hass confirmed that this

peak was due to metathesis reactions between COE and the residual
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ethylene found in solution during the preparation of 38 (refer to Figure 2-6
for the 'H-NMR spectrum of 38) from an experiment wherein COE was
polymerized with 23 in a 120:1 ratio and then spiked with ethylene.®’ It
should be noted that this side product was removed in methanol washes
after catalyst deposition.

Previous coworker Michael Hass also attempted to characterize
both the MCM 38 and the framework 41 by mass spectrometry and
elemental analysis.®” He found that both ESI-MS (electrospray ionization
mass  spectrometry) and MALDI-TOF  (matrix-assisted laser
desorption/ionization time-of-flight) mass spectrometry were unsuccessful.
Specifically, it was found that 38 would not ionize through positive mode
electrospray ionization; the only m/z (mass-to-charge ratio) detected was
attributed to THF. lonization of 38 did occur with MALDI-TOF mass
spectrometry; however, the highest m/z species detected corresponded to
a dimer with one phosphorus of one of the 36 ligands oxidized and one
bridging chloride abstracted (i.e. [Rh2CI((R)-5,5'-dinorimido-BINAP)((R)-
5,5'-dinorimido-BINAP-oxide)]). Attempts to carry out mass spectrometry
on framework 41 were also unsuccessful as the only m/z detected was
attributed to THF. Elemental analysis indicated that framework 41
consisted of 70.31% carbon, 1.92% nitrogen and 7.23% hydrogen, which
is consistent with NMR evidence that ~1.7 to 2.4 COEs per norimido group

were incorporated into the framework. These results are by no means
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conclusive and more extensive characterization of the polymer framework
should be done (see Chapter 6 for a discussion).

In addition to framework 41, we also synthesized a catalyst-organic
framework from the altROMP assembly of the rhodium MCM 40 as

outlined in Scheme 2-10.

Scheme 2-10. Synthesis of polymer-supported catalyst-organic framework
42 from altROMP assembly.
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COE:40:23 = 120:20:1
** An additional equivalent of 23 was added after 48 hours to speed up the polymerization

Here, COE, the MCM 40 and the metathesis catalyst 23 were reacted in a
120:20:1 ratio, respectively, in CH,Cl, at 45°C for 48 hours, after which an
additional equivalent of 23 was added to speed up the polymerization.
The polymer-supported catalyst-organic framework 42 was produced after
72 hours of total reaction time. Similar to the synthesis of 41, this
corresponds to three COEs for every norimido group present. Unlike 41,

framework 42 does not have additional crosslinking at the rhodium metal
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centers. As well, the altROMP of 40 may differ from that of 38 as 40 is a
charged complex and 38 is neutral. For example, more COE units may be
incorporated into framework 42 to minimize repulsions between the
charged metal centers.

The polymerization of 40 with COE in the presence of metathesis
catalyst 23 was followed by *P-NMR spectroscopy, the spectra of which

are given in Figure 2-13.

Figure 2-13. *'P-NMR spectra of the altROMP assembly of 40 with COE

after (a) 24 hours, (b) 48 hours and (c) 72 hours.?
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The *P-NMR spectra were recorded 24 hours (Figure 2-13a), 48 hours
(Figure 2-13b) and 72 hours (Figure 2-13c) after mixing 40 with COE and
23 and show a gradual broadening of the sharp apparent doublet,
indicative of polymerization (refer to Figures 2-9 and 2-10 for the **P-NMR
spectra of MCM 40). The broad doublet for framework 42 at ~ 27.0 ppm
(*Jrnp = 155 Hz) has nearly the same chemical shift and Rh-P coupling as
the MCM 40 (26.0 ppm, “Jrnp = 155 Hz), thereby indicating that the
electronic environment of the rhodium metal center was not significantly
altered during polymerization. As well, the peak for framework 42 has the
same shape as the MCM. This finding is consistent with the results
obtained from the synthesis of framework 41 discussed previously in this
section.

The altROMP assembly of 40 with COE was also monitored by *H-
NMR spectroscopy 24 hours, 48 hours and 72 hours after mixing as
shown in Figure 2-14. Similar to the *H-NMR spectra recorded for the
altROMP assembly of 38 (Figure 2-12), there is a large degree of overlap
between the monomer signals and the polymer signals. This makes it
difficult to monitor the consumption of 40 and, as this was only a
preliminary study, in situ NMR studies still need to be done in order to
determine the amount of COE incorporated into the framework.
Nevertheless, some conclusions can be made about the polymerization
and comparison can be made to the polymerization of 38, discussed at

length previously in this chapter.
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Figure 2-14. 'H-NMR spectra of the altROMP assembly of 40 with COE

after (a) 24 hours, (b) 48 hours and (c) 72 hours.?
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The 'H-NMR spectrum recorded 24 hours after mixing the
metathesis catalyst 23 and the solution of 40 and COE (Figure 2-14a)
showed that the polymerization, although quite sluggish, had begun.
Specifically, the appearance of a peak at ~ 3.1 ppm, due to one of the
bridgehead protons b' and ¢', and the slight broadening of norbornene
proton signals b and c, suggests that the norimido olefin in the ligand has
started to undergo ROMP. After 48 hours (Figure 2-14b), the aryl signals
began to show signs of broadening and signals attributed to poly-COE (or
poly-NBD) began to appear indicating that the polymerization, although
not anywhere near complete, was progressing. Therefore, we decided to
add an additional equivalent of 23 to the reaction mixture to speed up the
polymerization. After an additional 24 hours, 72 hours of total reaction time
(Figure 2-14c), the norimido olefin peaks labeled a (6.2-6.4 ppm) had
largely disappeared and the presence of signals b' and ¢' suggest that the
polymerization had gone to completion.

In the synthesis of framework 41, the polymerization had been
complete after 24 hours, while the polymerization of 40 with COE took 72
hours to complete and required an extra equivalent of 23. The reason for
this slower rate of polymerization is currently unknown and more research
is required. In particular, in situ NMR studies of the altROMP and more
extensive characterization of the polymer framework should be done (refer

to Chapter 6).
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Section D: Deposition of Frameworks 41 and 42 on Insoluble

Supports

A common problem often encountered with polymer-supported
catalysts is lower catalytic activity and selectivity due to restrictions of the
polymer matrix that prevent substrate from reaching the catalytic active
sites (refer to Chapter 1). Particularly, the surface areas of such catalysts
are typically quite low and, as a result, only the catalytic active sites on the
surface are involved in the catalytic process. Common approaches to
overcome this problem include the use of co-solvents that swell the
polymer matrix thereby opening paths to and from the active sites.”
Crosslinking agents are often used to impart rigidity to the polymer matrix

thus preventing the matrix from collapsing on the active sites. High surface

39,71 37,72

area monolithic or silica systems and nanoparticles®* have also
been used to support either thin films of polymeric catalysts or bonded
monomeric catalysts. We decided to utilize economic, inert and high
surface area supports that do not require additional functionalization of the
polymeric catalyst to attach it to the support. This was accomplished by
depositing frameworks 41 and 42 as thin films over BaSO, and, in the
case of 41, Ba-L-tartrate in a one-pot procedure. These supports act as

filtration aids and impart mechanical stability towards rapidly stirred batch

reactions in which the catalysts are reused. To the best of our knowledge,
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barium salt supports have not been used to support polymeric catalysts
outside of the Bergens group.

After altROMP assembly, the polymer-supported catalyst-organic
frameworks 41 and 42 were supported as thin films over BaSO,4 or Ba-L-
tartrate by slow evaporation of a dilute solution of the desired polymer in
CHClI, with rapid stirring. A concern encountered with polymeric catalysts
is metal leaching caused by the presence of un-polymerized or soluble low
molecular weight oligomers of the catalyst monomer, which renders the
reaction mechanism homogeneous rather than heterogeneous.” In order
to remove any low molecular weight oligomers present from the altROMP
assembly, the BaSO, and Ba-L-tartrate-supported catalysts were washed
with methanol before use. *P-NMR and *H-NMR spectra of the washings
showed only the presence of poly-COE in the case of 41 and poly-COE
and poly-NBD in the case of 42 indicating that all of 38 and 40 were
consumed and incorporated into catalyst-organic frameworks 41 and 42,
respectively. Once supported, frameworks 41 and 42 were tested as
heterogeneous catalysts in 1,6-enyne cycloisomerizations (Chapter 3),
allylic alcohol isomerizations (Chapter 4) and continuous-flow

hydrogenation reactions (Chapter 5).
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Section E: Activation of Catalyst-Organic Frameworks 41 and 42

Both frameworks 41 and 42 have the same catalytic active species
“[Rh((R)-5,5'-dinorimido-BINAP)]"" (43). 43 is generated by abstracting the
bridging chloride ligands in 41 with silver salts (e.g. AgBF4, AgSbFs, etc.)
and hydrogenating the NBD ligand in 42 to norbornane. Once generated,
43 most likely exists as a disolvento complex in the presence of
coordinating solvents. In fact upon hydrogenation of
[Rh(BINAP)(diolefin)]X (diolefin = COD or NBD, X = weakly coordinating
counter ion) in coordinating solvents such as MeOH, THF and acetone,
Heller and coworkers isolated the disolvento species [Rh(BINAP)(sol),]"
(44) (sol = solvent).”® 44 is capable of undergoing oxidative additions
resulting in loss of the solvent ligands and is generally believed to be an
active catalyst in a variety of reactions.

In the absence of coordinating solvents, 43 most likely forms bonds
to the support or the framework until substrate is present in the reaction

mixture. For example, Heller and Miyashita both reported the preparation

of [Rh(BINAP),]** (45),”* as shown in Figure 2-15.
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Figure 2-15. [Rh(BINAP),]** (45) catalyst resting state.
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Here, the phenyl rings on the BINAP ligand bridge two rhodium centers by
coordinating to another rhodium center in an n° fashion. Although this
bonding interaction yields two 18-electron rhodium centers, Miyashita
showed that in the presence of coordinating substrates or solvents this

bonding interaction is disfavored.”*

Moreover, this weak bonding
interaction is believed to stabilize the catalytic active centers prior to
addition of substrate.

After abstraction of the chloride bridges in 41 with a silver salt, it is
possible that the rhodium centers exist as close proximity pairs within the
framework. As a result, there may be Rh-Rh interactions or coopertivity in
41 and, in the absence of coordinating solvents or substrate, the
interaction illustrated in Figure 2-15 would be possible within the
framework. On the other hand, it is unlikely that framework 42 contains

close proximity rhodium pairs (refer to Scheme 2-10) and, as a result, the

rhodium-arene bridged species is unlikely to form within the framework.
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Rather, it is possible that the active species in 42, in the absence of
coordinating solvents or substrate, forms bonds to olefin groups in the
backbone of the polymer or interacts with the BaSO, support.
Characterization of the active catalysts in 41 and 42 could potentially
confirm these speculations but was not within the scope of this project

(refer to Chapter 6 for a discussion on future work).
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Conclusion

The work presented in this chapter illustrates the versatility of the
altROMP methodology developed by Bergens and coworkers. Here, the
ROMP active BINAP ligand 36 prepared previously in our laboratories was
used to prepare the rhodium MCMs 38 and 40. Detailed NMR studies
provided a greater understanding of the rotational behavior of the norimido
groups in the MCMs and insight into ways to control the interconversion
process between the atropisomers. Using Grubbs metathesis catalyst 23,
polymer-supported catalyst-organic frameworks 41 and 42 were prepared
by the altROMP assembly of 38 and 40 with COE, respectively. Although
more characterization of these frameworks is required, NMR studies
suggest that the electronic environment of the rhodium metal center was
not significantly altered during polymerization. Frameworks 41 and 42
were deposited as thin films onto insoluble, chemically inert barium salts to
improve mass transport to the active sites and impart mechanical stability
to the frameworks. The remaining chapters in this dissertation discuss the
use of 41 and 42 as heterogeneous catalysts for 1,6-enyne
cycloisomerizations (Chapter 3), allylic alcohol isomerizations (Chapter 4)

and continuous-flow hydrogenation reactions (Chapter 5).
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Experimental

General procedures and methods. *H-NMR and *P-NMR spectra
were recorded using Varian Inova (300, 400, 500 MHz) or Varian Unity
(500 MHz) spectrometers. *H-NMR chemical shifts are reported in parts
per million (d) relative to TMS with the solvent as the internal reference.
3IP.NMR chemical shifts are reported in parts per million () relative to an
external reference of 85% H3zPO4(aq).

Unless otherwise stated, all experiments were performed under an
inert atmosphere using standard Schlenk and glove-box techniques.
Argon and nitrogen gas (Praxair, 99.998%) were passed through a drying
train containing 3A molecular sieves and indicating Drierite™ before use.
All solvents were dried and distilled under a nitrogen atmosphere using
standard drying agents, unless otherwise noted. All common reagents and
solvents were obtained from Sigma Aldrich Co. and used without further
purification, unless otherwise stated. @The ROMP catalyst
bis(tricyclohexylphosphine)benzylidene ruthenium(lV) dichloride (23) and
(R)-BINAP were obtained from Strem Chemicals, Inc. and used without
further purification. [RhCI(C,Ha)2],”> and [Rh(NBD),](SbFe)’® were
synthesized according to literature procedures. BaSO, (white reflectance)
and Ba-L-tartrate were obtained from Eastman Chemical Co., Inc. and
washed thoroughly with CH,Cl, and MeOH and dried under vacuum prior

to use.

94



Synthesis of (R)-BINAP dioxide (32). Commercially available (R)-
BINAP (1.08 g, 1.73 mmol) was dissolved in toluene (200 mL, undistilled)
and oxidized by adding a solution of 10% H,O, (90 mL). The reaction
mixture was stirred overnight at room temperature and then washed with a
solution of saturated Na,S,;03; (3 x 50 mL) until the excess H,O, was
neutralized. This was followed by washing with H,O (3 x 50 mL) and
saturated NaCl solution (3 x 50 mL). The organic layer was dried over
Na, SOy, filtered, and concentrated under reduced pressure to afford a
white powder of 32 in 99% vyield (1.125 g, 1.72 mmol). Further purification
was unnecessary. The spectroscopic data were in accordance with the

literature . **®

Synthesis of (R)-5,5-dinitro-BINAP dioxide (33). Under a N
atmosphere, a 100 mL side-arm round-bottom flask was charged with 10
mL of freshly distilled acetic anhydride. The flask was chilled in a salt
(NacCl) ice bath and 3 mL of concentrated nitric acid was added dropwise
with stirring over a period of 1 hour. A small amount of concentrated
sulfuric acid (0.3 mL) was added dropwise to the reaction mixture. 32
(2.125 g, 1.72 mmol) was added to the colorless reaction mixture followed
by stirring at 0°C for 2 hours. The resulting yellow reaction mixture was
quenched by slow addition into 200 mL of a 10% NaOHq solution. A
yellow precipitate immediately crashed out of solution and the mixture was

left in the ice-water bath for 1 hour. The yellow precipitate was collected by
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filtration, washed with cold H,O (3 x 10 mL) and dried under reduced
pressure. The yellow solid was dissolved in a minimum amount of CH,Cl,
and precipitated by the slow addition of hexanes to afford orange crystals
of 33 in 93% vyield (1.19 g, 1.60 mmol). The spectroscopic data were in

accordance with the literature.**°

Synthesis of (R)-5,5'-diamino-BINAP dioxide (34). A glass
autoclave equipped with a 2" stir bar was charged with 0.912 g (1.22
mmol) of 33 along with 0.1368 g of 5 wt% Pd/C (0.0643 mmol of Pd). The
autoclave was purged with hydrogen gas for 20 minutes and then charged
with 15 mL of degassed EtOH. The vessel was sealed, pressurized to 45
psig and lowered into a 50°C oil bath for 6 hours. The reaction mixture
was filtered to remove the Pd/C, which was washed with EtOH and CH,Cl,
in succession until the washings ran colorless. The filtrate was
concentrated wunder reduced pressure and purified with flash
chromatography (neutral alumina, 93:7 CH,Cl,:EtOH, R; = 0.75). Fractions
collected were monitored by thin layer chromatography. The volatile
solvents were removed under reduced pressure, giving 34 as a black solid
in 87% vyield (0.730 g, 1.07 mmol). The spectroscopic data were in

accordance with the literature.**”

Synthesis of (R)-5,5'-diamino BINAP (18). A high pressure

reactor flask was charged with a solution of 34 (1.05 g, 1.53 mmol) in
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distilled toluene (18 mL). The reactor was then placed in an ice-water
bath. Distilled triethylamine (4.27 mL, 30.6 mmol) and trichlorosilane (3.09
mL, 30.6 mmol) were added and the reactor was sealed. The reaction
mixture was warmed to room temperature and then heated to 120°C for 16
hours. The reactor was cooled to room temperature and the reaction
mixture was treated with 10% deoxygenated NaOH@q (150 mL). The
reaction mixture was stirred at room temperature under a nitrogen
atmosphere for 30 minutes. The layers were separated and the aqueous
layer was back-extracted with deoxygenated toluene (3 x 75 mL). The
combined organic layers were washed with deoxygenated water (3 x 50
mL), dried over Na,SOy, filtered and concentrated under reduced pressure
to give 18 as a brown solid in 84% vyield (0.88 g, 1.4 mmol). The

spectroscopic data were in accordance with the literature.™*

Synthesis of ((R)-5,5'-N-di(cis-5-norbornene-2,3-
dicarboximido)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl), (R)-5,5'-
dinorimido-BINAP (36). A heavy walled Schlenk flask was charged with
18 (0.144 g, 0.221 mmol). The flask was evacuated and back-filled (3 x)
with nitrogen gas and then sealed with a rubber septum. 5 mL of
deoxygenated toluene were added to the flask using a gas-tight syringe to
from an orange mixture, with the ligand only partially dissolved. A large
excess (12 equiv.) of cis-5-norbornene-endo-2,3-dicarboxylic anhydride

(35) (0.4355 g, 2.65 mmol) was quickly weighed in air and transferred to a
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25 mL round-bottom flask equipped with a side-arm. The flask was
evacuated and back-filled (3 x) with nitrogen gas and 5 mL of
deoxygenated toluene were added to the flask using a gas-tight syringe to
form a clear colorless solution. The solution was transferred by cannula to
the high-pressure reactor flask using 5 mL of toluene wash. Next, freshly
distilled triethylamine (0.268 g, 2.65 mmol) was transferred to the high-
pressure reaction flask using a gas-tight syringe. The flask was then
sealed with a Teflon valve and the reaction mixture was heated at 90°C
with stirring for 48 hours. The reactor was cooled to room temperature and
the reaction mixture was transferred via cannula to a nitrogen-purged
round-bottom flask (200 mL) with a side-arm using toluene wash (3 x 5
mL). The combined toluene fractions were then treated with 1 M
deoxygenated NaOH@q (100 mL) to hydrolyze the excess unreacted
anhydride. The flask was gently swirled for 20 minutes to ensure complete
mixing and then left to settle. The layers were separated and the aqueous
layer was back-extracted with deoxygenated toluene (4 x 20 mL). The
combined organic layers were washed with deoxygenated water (3 x 20
mL), dried over anhydrous Na,SO, and cannula filtered using toluene
wash (3 x 10 mL) into a round-bottom flask (250 mL). The volatiles were
removed under reduced pressure to give 36 as a brown solid in 81% yield
(0.169 g, 0.179 mmol). The spectroscopic data were in accordance with

the literature.*®®
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Isolation of a C,-dissymmetric diastereomer of 36. A nitrogen
purged high-pressure flask was charged with 36 (0.514 g) and 15 mL of
deoxygenated toluene. The flask was sealed with a Teflon valve and the
brown solution was warmed to 90°C. Within 10 minutes, a white
precipitate was observed in the solution. After continued heating for 3
days, the sides of the flask were covered with the white precipitate and the
flask was cooled to room temperature. The remaining solid was isolated
by cannula filtration, washed with cold toluene (2 x 5 mL), hexanes (2 x 5
mL) and dried under high-vacuum overnight to yield a white powder in
87% yield (0.445 g). The spectroscopic data were in accordance with the

literature . **®

Synthesis of [RhCI((R)-5,5'-dinorimido-BINAP)], (38). Under a
nitrogen atmosphere, a solution of 32.2 mg (0.0340 mmol) of rotamerically
pure (R)-5,5’-dinorimido-BINAP (36) in 0.5 mL of CD,Cl, was added to a
slurry of 7.0 mg (0.0182 mmol) [RhCI(C2H4)2]2 in 0.1 mL of CD,Cl; in an
NMR tube. The NMR tube was shaken, and occasionally purged with
nitrogen gas for 30 minutes, before *H-NMR and *P-NMR spectra were
obtained. Upon addition of the ligand solution to the [RhCI(C2Hy)2]2 slurry,
there was a rapid color change from yellow-orange to brick red, with
accompanying evolution of ethylene gas. After identification of 38 by NMR,
the compound was used immediately and without isolation as attempts at

isolation resulted in decomposition of the product. The spectroscopic data
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were in accordance with the literature spectrum of [RhCI(BINAP)],.”” *H-

NMR (400 MHz, CD,Cl,) & ppm 1.67 (d, J=8.4Hz, 2H), 1.81 (d, J=8.4Hz,
2H), 3.48-3.53 (m, 4H), 3.56-3.60 (m, 4H), 6.28 (dd, J=2.0Hz, 2H), 6.38
(dd, J=2.0Hz, 2H), 6.47 (d, J=4.8Hz, 2H), 6.57 (d, J=4.8Hz, 2H), 6.60-6.76
(m, 4H), 6.81-6.90 (m, 2H), 6.92 (d, J=7.2Hz, 2H), 7.05 (m, 2H), 7.22 (t,
J=8.6Hz, 2H), 7.41 (m, 6H), 7.73 (br s, 4H), 7.98 (br s, 4H); *'P-NMR (161

MHz, CD,Cl,) & ppm 50.77 (d, J=195Hz, 2P).%®

Preparation of polymer-supported rhodium catalyst-organic
framework 41. In a typical experiment, 36.9 mg (0.0170 mmol) of 38 was
prepared in 0.6 mL of CD,Cl, in an NMR tube as described above. Under
a nitrogen atmosphere 26.6 yL of COE (0.204 mmol) was added to the
solution and the tube was shaken. The color of the solution remained brick
red. This solution was then cannulated, under a nitrogen atmosphere, into
a Schlenk tube equipped with a stir bar and rinsed in with 1.0 mL of
CH.Cl,. Next, 1.5 mg (0.00182 mmol) of trans-RuCl,(PCys3).(=CHPh) (23)
was dissolved in 1.1 mL of CH,Cl,, yielding a purple solution. This solution
was then cannulated, under a nitrogen atmosphere into the Schlenk tube.
The vessel was then sealed and placed, with moderate stirring, into an oll
bath at 40°C for 24 hours. This mixture was then diluted with 10 mL of
CH,Cl,. The *P-NMR and H-NMR spectra are given in Figure 2-11 and

2-12.%6
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Deposition of 41 onto BaSO, or Ba-L-tartrate. 10 g of BaSO, or
Ba-L-tartrate was washed consecutively with 4 x 50 mL of CH,Cl, followed
by 3 x 50 mL of MeOH, and then dried under vacuum at room temperature
overnight.

1.633 g (6.99 mmol) of the washed and dried Ba salt in a 250 mL
round-bottom flask equipped with a stir bar was back-filled with nitrogen
gas. To this flask was added 20 mL of CH,Cl,, which was stirred slowly to
create a slurry. The reaction mixture that contained 41 prepared above
was cannulated onto the Ba salt/CH,CI, slurry, creating a tan-coloured
mixture. The polymer reaction vessel was rinsed with 3 x 5 mL of CH,Cl;
that were added to the slurry and this was stirred for 20 minutes to achieve
an even distribution of the catalyst-organic framework on the Ba salt. The
solvent was then removed slowly under reduced pressure (1 hour) with
rapid stirring at room temperature. After the removal of the solvent to
dryness, the flask was dried further under vacuum for 1 hour. After the
initial drying, the supported catalyst was rinsed with 3 x 50 mL of MeOH to
remove any polymerized COE and low molecular weight oligomers. The
MeOH portions were decanted off the support with a cannula under a
nitrogen atmosphere. Filtration was avoided to prevent plugging of the
filter. After the final rinse, the catalyst was dried for 1 hour under vacuum,
then immediately transferred to the glove-box, where it was stored in the

freezer. NMR spectra recorded in CD,Cl, of the pumped down MeOH
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residue showed only poly-COE present. There was also no observable

signal in the *P-NMR spectrum.®®

Synthesis of [Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFs) (40).
Under a nitrogen atmosphere, a solution of 79.0 mg (0.0836 mmol) of
rotamerically pure (R)-5,5-dinorimido-BINAP (36) in 0.7 mL of CD,Cl, was
added to a flask containing 43.9 mg (0.0836 mmol) of [Rh(NBD),](SbFg).
36 was rinsed into the flask with an additional 0.3 mL of CD,Cl, after which
the flask was sealed and stirred at room temperature for 24 hours. After
identification of 40 by NMR, the brown solution was cooled to room
temperature and cannula filtered into a new flask where the solvent was
removed under reduced pressure. The brown solid was then rinsed with
hexane and dried under reduced pressure to give 40 in 86% vyield (98.5
mg). The spectroscopic data was in accordance with the literature
spectrum of [Rh((S)-BINAP)(NBD)](BF4).”® *H-NMR (400 MHz, CD,Cl,) &
ppm 1.68 (d, J = 8.8Hz, 2H), 1.81 (d, J=8.8Hz, 2H), 1.93 (t, J = 1.6Hz,
2H), 3.51-3.66 (m, 8H), 4.06 (br s, 2H), 4.75 (br s, 2H), 5.10 (br s, 2H),
6.26 (dd, J = 5.7, 2.78Hz, 2H), 6.36 (dd, J = 5.6, 2.86Hz, 2H), 6.85 (d, J =
8.0Hz, 2H), 6.99-7.07 (m, 12H), 7.24-7.33 (m, 12H), 7.46 (d, J = 9.2Hz,
2H), 7.64-7.73 (m, 2H); *P-NMR (202.3 MHz, CD,Cl,) & ppm 26.03

(doublet of multiplets, J = 155Hz, 2P).
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Preparation of polymer-supported rhodium catalyst-organic
framework 42. In a typical experiment, 24.6 mg (0.0179 mmol) of 40 was
dissolved in 0.5 mL of CH,Cl, and transferred via cannula to a purged
Schlenk flask. Under a nitrogen gas atmosphere, 14 yL (0.1074 mmol) of
COE was added to the Schlenk flask and rinsed in with 1.25 mL of CH,Cl,.
Next, 0.7 mg (0.000895 mmol) of trans-RuCl,(PCys).(=CHPh) (23) was
dissolved in 0.5 mL of CH,Cl,, yielding a purple solution. This solution was
then transferred via cannula, under a nitrogen gas atmosphere, into the
Schlenk flask. The vessel was then sealed and placed, with moderate
stirring, into an oil bath at 45°C for 48 hours. After analysis by *H-NMR
and *P-NMR, an additional equivalent of 23 (0.7 mg, 0.000895 mmol)
dissolved in 0.5 mL of CH,Cl, was added to the flask and the reaction
mixture was stirred at 45°C for an additional 24 hours. After 72 hours of
total reaction time, an aliquot of the mixture was taken and the recorded
NMR spectra confirmed that polymerization was complete. This mixture
was then diluted with 10 mL of CH,Cl,. The *!P-NMR and *H-NMR spectra

are given in Figure 2-13 and 2-14.

Deposition of 42 onto BaSO,. 10 g of BaSO, was washed
consecutively with 4 x 50 mL of CH,CI, followed by 3 x 50 mL of MeOH
and then dried under vacuum at room temperature overnight.

2.592 g of the washed and dried BaSO, was weighed into a 250 mL

round-bottom flask equipped with a side-arm and a stir bar and was
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evacuated and back-filled with nitrogen gas (3 x). 15 mL of CH,Cl, was
added to the flask and was stirred slowly to create a BaSO, slurry. The
reaction mixture that contained 42 prepared above was transferred via
cannula, under a nitrogen gas atmosphere, into the flask containing the
BaSO4/CH,Cl, slurry, creating a light-brown colored mixture. This was
followed by 3 x 5 mL rinses of CH,Cl, and the final slurry was stirred for 1
hour at room temperature to ensure an even distribution of 42 on the
BaSO,4. The solvent was then slowly removed under reduced pressure.
After removal of the solvent to dryness, the solid product was dried further
under high-vacuum for 1 hour. After the initial drying, the BaSO4 supported
42 was rinsed with 3 x 20 mL of distilled MeOH to remove any poly-COE,
poly-NBD and low molecular weight oligomers. The pale yellow MeOH
portions were cannula filtered under a nitrogen gas atmosphere into a
round-bottom flask. After the final MeOH rinse, the catalyst was dried
under high-vacuum for ~ 2 hours then immediately transferred to the
glove-box where it was stored until needed. NMR spectra recorded in
CD,Cl, of the MeOH residue showed only poly-COE and poly-NBD. There

was no observable signal in the **P-NMR spectrum.
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Chapter 3

The Asymmetric Intramolecular Cycloisomerization of 1,6-Enynes?

Introduction

The intramolecular cycloisomerization of 1,6-enynes, a specific type
of the more general ene or Alder-ene reaction, is a carbon-carbon bond-
forming reaction that has many potential pharmaceutical applications. First
discovered in the 1940s by Alder’, the ene reaction involves the addition
of an olefin containing an allylic proton to an unsaturated carbon-carbon
bond. The reaction is compatible with a wide variety of functional groups,
however high temperatures are typically required to induce the
transformation. To this end, the thermal cycloisomerization of 1,6-enynes
was first discovered in 1962 by Huntsman.? Here, under solvent-free
conditions, 6-octen-1-yne was heated to 400°C to produce a cyclic 1,4-
diene (Scheme 3-1). Thermal cycloisomerizations of enyne substrates
were quite prevalent in the literature until the 1980s,® however the

elevated temperatures required to overcome the high activation energy

? A version of this chapter has been published. Elizabeth G. Corkum, Michael J. Hass,
Andrew D. Sullivan, Steven H. Bergens. “A Highly Reusable Rhodium Catalyst-Organic
Framework for the Intramolecular Cycloisomerization of 1,6-Enynes.” Org. Lett. 2011, 13,
3522. With the exception of the chiral NMR shift reagent study, all work presented in this

chapter is that of Elizabeth G. Corkum.
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barriers and the surprisingly limited number of substrates compatible with

this reaction’ resulted in little attention being given to the field.

Scheme 3-1. The thermal cycloisomerization of 6-octen-1-yne.
— 400°C
solvent-free __

The 1984 discovery by Trost of a palladium-catalyzed intramolecular ene

reaction brought new interest to the field.® Since then, the field has
expanded rapidly and the range of metals that catalyze the
cycloisomerization of 1,n-enynes now includes platinum,® nickel,” gold,?
silver,® ruthenium® and iridium.** Despite the newfound interest, the
asymmetric intramolecular cycloisomerization of 1,6-enynes has not been
reported until relatively recently. Of the numerous chiral catalytic systems
reported in the literature, the rhodium-catalyzed cycloisomerization of 1,6-
enynes is of particular interest as these catalysts typically afford excellent
enantioselectivities, are tolerant to a wide variety of 1,6-enyne substrates
and have been successfully utilized in the synthesis of natural products
and pharmaceuticals.”> As a result, the remaining discussion will be
focused on rhodium-catalyzed cycloisomerization reactions.

The rhodium-catalyzed asymmetric cycloisomerization of 1,6-enyne
substrates was initially reported in 2000 by Xumu Zhang.*® In this initial

study, the active catalysts, believed to be of the general form
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[Rh(diphosphine)]”, were generated in situ from reaction between
[RhCI(diphosphine)], and two equivalents of AgSbFs in 1,2-dichloroethane
(DCE) solvent. They were then tested in the asymmetric

cycloisomerization of 1,6-enyne 46 (Scheme 3-2).

Scheme 3-2. Zhang’'s asymmetric cycloisomerization of 1,6-enyne 46.

o

[ S °

5-10 mol% [RhCI(diphosphine)],
AgSbFg, DCE, rt, 2 h - / _

46 a7

The diphosphine ligand that gave the best results for this transformation
was (R,R)-Me-DuPhos, where 47 was obtained in 62% yield with an ee of
96%. It was also found that at higher catalyst loadings (>20 mol%) and
increased reaction time the 1,4-diene product 47 became isomerized to

the more stable, conjugated 1,3-diene 48 (Equation 3-1).

Equation 3-1. Product isomerization side reaction.

o o

47 48
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Therefore, the catalytic cycloisomerization reactions had to be carefully
monitored and quenched as soon as the substrate was consumed to avoid
this unwanted product isomerization.

Surprisingly, in this initial report Zhang found that the catalyst
[RhCI(BINAP)], was completely inactive in the cycloisomerization of 1,6-
enyne 46. However, later studies done by Zhang completely contradict this
finding.'* Interestingly, it was discovered that the method used to prepare
these catalysts often dictated the catalysts’ activity in the
cycloisomerization reactions.’® For example, when the [RhCI(BINAP),]
catalyst was prepared in situ by simply mixing rac-BINAP together with
[RhCI(COD)], (COD = 1,5-cycooctadiene), the catalyst (10 mol%), in the
presence of AgSbFs (20 mol%) and DCE solvent, afforded 100%
conversion (10 TOs) of the test 1,6-enyne substrate to the corresponding
1,4-diene product. Also, when optically pure (S)-BINAP was used, the
catalyst afforded the desired cycloisomerized products in >82% yield and
>99% ee.' In fact, when prepared in this way, the [Rh(BINAP)]* catalyst
system is the most selective homogeneous rhodium-based -catalytic
system for the cycloisomerization of 1,6-enynes to date. However, the
relatively low TONs and large amounts of catalyst (10 mol%) and silver
salt (20 mol%) limits the industrial application of this system.

Following these pioneering studies by Zhang, the [Rh(BINAP)]*
catalyst system was utilized in the production of a variety of chiral carbo-

14,15

and heterocycles, including tetrahydrofurans (Scheme 3-3a), lactams™®
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(Scheme 3-3b), lactones®’” (Scheme 3-3c), cyclopentanes®® (Scheme 3-

18a

3d), and cyclopentanones (Scheme 3-3e). The products were all

obtained in >99% ee, illustrating the remarkable versatility of this catalyst

system.

Scheme 3-3. Examples of the rhodium-BINAP catalyzed intramolecular

cycloisomerization of 1,6-enynes to produce chiral €))

14,15

tetrahydrofurans,***> (b) lactams,® (c) lactones,*’ (d) cyclopentanes®® and

(e) cyclopentanones.'®

_ 5 mol% [RhCI(COD)], o
< > — Yo 12 mol% (S)-BINAP .
20 mol% AgSbFs /
DCE, rt

(a) 90% yield, >99% ee

5 mol% [RhCI(COD)], o N
Me 12 mol% (S)-BINAP

</
o)
%<N
(b) 20 mol% AgSbFg /
a DCE, rt
o)
%(
</

* 91% yield, >99% ee

5 mol% [RhCI(COD)], o._ O
12 mol% (S)-BINAP
20 mol% AgSbFg //

DCE, rt

(c) * 92% yield, >99% ee

—__ coMe 5mol% [RhCI(COD)],
= 12 mol% (S)-BINAP Q .
d 0, 0,
@ CO,Me 20 mol% AgSbF O )X 84%yield, >99% ee
/ DCE, rt

5 mol% [RhCI(COD)], o
12 mol% (S)-BINAP Q
/

20 mol% AgSbFg O
DCE, rt

(e) 92% yield, >99% ee

In addition to the substrate scope studies, Zhang also investigated

the mechanism of the [Rh(BINAP)]" -catalyst system for the
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cycloisomerization of 1,6-enynes in an attempt to understand the origin of
the unprecedented, high selectivity exhibited by this catalyst. The
mechanism that was postulated by Zhang is shown in Scheme 3-4.1%*1° |n
the first step, the inactive chloro-bridged rhodium-dimer | is converted in
situ to the active cationic disolvento species Il by abstraction of the
bridging chlorides with a silver source that contains a weakly-coordinating
anion, such as SbFg. It is important that the anion does not coordinate
strongly to the rhodium metal centers, otherwise the number of catalytic
active sites would be greatly diminished. The next step in the catalytic
cycle involves the coordination of the enyne substrate to the active
catalyst Il to form the intermediate Ill. It is then thought that this
intermediate undergoes an oxidative cyclization to form a
metallacyclopentane (IVa) in one  concerted step. This
metallacyclopentane intermediate can exist as two different conformers,
labeled 1Va and IVb for clarity, with the less sterically crowded conformer
IVa being more favored. Subsequent B-hydride elimination results in the
formation of the rhodium-hydride intermediate Va and reductive
elimination generates the E-isomer of the 1,4-diene product and
regenerates the active catalyst Il. The Z-isomer of the 1,4-diene product
would be produced if IVb underwent B-hydride elimination followed by

reductive elimination.
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Scheme 3-4. Zhang's proposed mechanism for the intramolecular

cycloisomerization of 1,6-enynes catalyzed by [Rh(BINAP)].
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|
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R — ° |l Rs
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Zhang also postulated that IVa and IVb could undergo B-hydride
elimination at the other B-carbon center to generate intermediate VI.
Subsequent reductive elimination would result in the production of the
undesired 1,3-diene product. However, it remains unclear whether 1,4-
diene product isomerization (see Scheme 3-1) or alternate B-hydride
elimination is responsible for the production of the 1,3-diene.

The [Rh(BINAP)]" catalyzed intramolecular cycloisomerization of
1,6-enynes has also been utilized in the synthesis of pharmaceuticals and
natural products. For example, Zhang recently reported the formal
synthesis of (+)-blastmycinone, a degradation product and potential
synthetic precursor of (+)-antimycin, a common antifungal medication
isolated from the family Streptomycetaceae.'™? In this report, Zhang
utilized the [Rh((R)-BINAP)]" catalyst in the intramolecular
cycloisomerization of 1,6-enyne esters, followed by a 1,3-hydrogen shift
(Scheme 3-5). Kinetic resolution of the starting 1,6-enyne ester was also
observed for this reaction. The product lactone was produced in 99% ee
and 47% yield and the (R)-enriched starting 1,6-enyne ester was obtained
in 99% ee and 48% yield. These yields are particularly remarkable
considering that 50% is the highest theoretical yield that can be obtained
for both species. Afterward, the product lactone was converted to (+)-

blastmycinone in four subsequent synthetic steps.
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Scheme 3-5. Synthesis of (+)-blastmycinone.

2.5 mol% [RhCI(COD)],
5.4 mol% (R)-BINAP

"Pr "Pr
J\ f 10 mol% AgSbFg "Pr/jf\ J\ K\
> +
o~ 0 DCE, rt, 10 mins o~ o o0~ o

47% yield, >99% ee 48% yield, >99% ee
/ o
4 steps npy~” " W
- ", lo)
[ . o 0 [

(+)-blastmycinone

Using Zhang’s cycloisomerization methodology, Nicolaou and
coworkers developed a synthetic strategy for the production of (-)-
platensimycin (Scheme 3-6), a promising antibiotic for the treatment of
drug-resistant  bacteria.?X The synthetic strategy involved the
intramolecular cycloisomerization of 49, which formed the desired
spirocycle 50 in 91% vyield with an ee of 95%. In this example, the enyne
substrate contains an allylic alcohol, which undergoes a 1,3-hydrogen shift
to form the aldehyde functional group in the spirocycle product. Such
isomerizations have been reported previously with [Rh(BINAP)]" catalyst
systems?®? and is discussed in detail in Chapter 4 of this dissertation. Once
obtained, the spirocycle 50 was then converted to (-)-platensimycin in

eleven synthetic steps.?®
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Scheme 3-6. The formation of a spirocycle intermediate for the synthesis

of (-)-platensimycin.

o o
5 mol% [RhCI(COD)],
11 mol% (S)-BINAP OHo o
20 mol% AgSbF 11 steps
DCE r: 1.5h ; —, ° H)K/ Y
HO l T SHERN OH OH
am CO,Me o
CO,Me 0
2 (-)-platensimycin
49 50

Zhang has also utilized the [Rh(BINAP)]" catalyzed intramolecular
cycloisomerization of 1,6-enynes in the synthesis of (+)-pilocarpine
(Scheme 3-7),%"® a pharmaceutical used in the treatment of narrow- or
wide-angle glaucoma. In this report, the lactone product 52 was obtained
from the cycloisomerization of the 1,6-enyne ester substrate 51 in 10
minutes with a yield of 99% and an ee greater than 99%. Similar to the last
example, here the 1,6-enyne ester substrate contains an allylic alcohol
that is subsequently isomerized to give the aldehyde functionality in the
product lactone. From the product lactone 52, (+)-pilocarpine was

synthesized in two further steps.

Scheme 3-7. Zhang’s synthesis of a key intermediate in the production of

(+)-pilocarpine.

5 mol% [RhCI(COD)], H N
J\ oy 11mol% (R)-BINAP w wN
f\/ 20 mol% AgSbFg O 2steps
> —_—
0”0 DCE, rt, 10 mins o0“ o . o
51 52 (+)-pilocarpine
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Zhang’s synthesis of the lactone intermediate 52 in one synthetic step with
high yield and ee is particularly remarkable considering that the previously
best known synthesis for this intermediate took five synthetic steps with an
overall yield of 20% and an ee of 92%.%*

The examples presented in this review all highlight the versatility of
the [Rh(BINAP)]" catalyst system in the intramolecular cycloisomerization
of 1,6-enynes. The high selectivity exhibited by this catalyst for a variety of
different 1,6-enyne substrates is unprecedented and the potential for
pharmaceutical synthesis makes this system very promising. However, the
relatively low TONs and large amounts of catalyst (5-10 mol%) and silver
salt (20 mol%) required to avoid product inhibition and the formation of
undesired side products narrows the industrial applications of this system.
We reasoned that use of an immobilized catalyst would provide higher
TONs by allowing catalyst reuse, which would in turn prevent product
inhibition and isomerization that may occur during high TON
homogeneous reactions. The remainder of this chapter discusses the
reuse and batch reactivity achieved with the immobilized, polymer-
supported rhodium catalyst-organic framework (COF) 41 and its
subsequent use in the production of the (+)-pilocarpine lactone

intermediate 52.
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Results and Discussion
Section A: Synthesis of 1,6-Enyne Substrates

The 1,6-enyne substrates that were chosen for cycloisomerization
are shown in Figure 3-1. The phenyl substrate 46 had previously been
used in homogeneously catalyzed 1,6-enyne cycloisomerization

reactions®>%

, thus its use would allow for the direct comparison of our
polymer-supported rhodium catalyst-organic framework 41 with the
homogenous [Rh(BINAP)]" catalyst. Conversely, to the best of our
knowledge, the cyclohexyl substrate 53 has not been reported for the

cycloisomerization. Its absence from the literature was quite intriguing and

thus it was chosen as a substrate for this study.

Figure 3-1. 1,6-Enyne substrates chosen for the evaluation of the

polymer-supported rhodium catalyst-organic framework 41.
o o
46 53
The synthesis of the phenyl substrate 46 has been reported in the

literature (Scheme 3-8).%° Here, the phenyl acetylene 54 is converted to
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the corresponding propargyl bromide (56) in two steps, and then reacted
with cis-2-penten-1-ol 57 to form the 1,6-enyne 46. Although this
procedure is functional, it suffers from difficult purification of nearly all the
intermediates and required a large number of transformations on the more
expensive phenyl acetylene 54, while leaving the cheaper cis-2-penten-1-

ol 57 unaltered.

Scheme 3-8. Literature procedure for the synthesis of 1,6-enyne 46.

C> THF, -78°C C> Et,0, -40°C— 0°C
— I < > I
\ 7/ — fhnBuli N7 o4 1)Py,PBr T Br

2) (CH,0), 2) NaHCO34q

54 3) NH,Cl () 55
THF, 0°C > rt
L/\ 1) KH

46

A modification of this procedure was developed by former co-
worker Michael Hass in an effort to simplify the purification of the
intermediates and minimize the number of transformations required for the
given alkyne (Scheme 3-9). In this new procedure, the cis-2-penten-1-ol
57 is brominated to form 58. The brominated alkene can be synthesized
and stored in gram quantities and can be reacted with a number of
different propargyl alcohols to prepare any number of 1,6-enyne
substrates, making this procedure more practical than the literature

procedure. In addition, purification became far simpler as the brominated
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alkene 58 is quite volatile and any excess present in the final product

mixture can be removed by evaporation under reduced pressure.

Scheme 3-9. Modified procedure for the synthesis of 1,6-enyne 46.

O—=" i = O
——H —
\_7/ )n-Buli  \ 7 OH
54 2) (CHy0), 55
3) NH,Cloq)

THF, 0°C — rt
1) KH

| N

Et,0, -40°C—> 0°C

OH B
N/ 1) Py, PBr, N/

57 2) NaHCO;(, 58

46

In summary, a new procedure was developed for synthesizing 1,6-
enyne substrates that is more practical and convenient than the literature
procedure. This new procedure was designed to be more compatible with
a varying array of propargyl alcohols, allowing for the relatively easy

synthesis of the desired 1,6-enyne substrate.

Section B: Reusability of the Polymer-Supported Rhodium Catalyst-

Organic Framework 41 for the Cycloisomerization of 1,6-Enynes

Initial studies using the polymer-supported rhodium COF involved
the use of DCE as solvent as this is the solvent of choice for the
homogeneous cycloisomerization reactions. However, the DCE actually
dissolved the polymer catalyst, causing a rapid decrease in catalyst

activity and notable rhodium leaching. As a result, 1,4-dioxane was
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chosen as COF 41 is insoluble in this solvent and 1,4-dioxane has a
relatively low toxicity, making it a suitable solvent for potential industrial
and pharmaceutical applications. In fact, the maximum concentrations of
1,4-dioxane and DCE allowed in pharmaceuticals are 380 and 5 ppm,
respectively.?

The reuse results for the cyclohexyl 1,6-enyne substrate 53 are
summarized in Table 3-1. The initial run in the reuse of COF 41 was a
semi-sacrificial run consisting of 20 equivalents (per rhodium) of the
cyclohexyl 1,6-enyne substrate 53 added to the catalyst (5 mol% rhodium)
as a 0.1M solution in 1,4-dioxane. This loading of 20 equivalents of
substrate per rhodium is already twice the substrate loading of the
common literature reactions discussed previously. In addition to the 20
equivalents of substrate, two equivalents (per rhodium) of AgSbFs were
added to the catalyst as a slurry in 1,4-dioxane. The AgSbFg is necessary
to abstract the bridging chlorides, facilitating the formation of the active
[Rh((R)-BINAP)(sol),]" catalyst. The purpose of this semi-sacrificial run
was to prepare the catalyst for subsequent, silver-free runs, as well as to
swell the polymer for maximum catalytic efficiency. In fact, after this initial
run, no additional AgSbFs was required during the lifetime of the polymer-
supported rhodium catalyst-organic framework and the catalyst was able

to cycloisomerize 100 equivalents (per rhodium) of substrate.
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Table 3-1. Reuse results for the cycloisomerization of the cyclohexyll,6-
enyne substrate 53 catalyzed by the polymer-supported rhodium catalyst-

organic framework 41.2

(o)
I \K/\ rhodium catalyst-organic framework 41 ) O*
50-65°C, 1,4-dioxane
53 59
Run # Temp (°C) Time (h) | Conversion® (%) ee® (%)
1 60 3 100 >905
2 50 18 100 >95
3 50 22.5 100 >905
4 50 22 <99

65 4 100 >905
5 65 19.5 100 >905
6 65 24 100 >905
7 65 24 100 >95

@] The reaction was carried out in a 0.1M solution of substrate 53 in 1,4-
dioxane under the following conditions: Sub/Ag/Rh = 20/2/1, 60°C. All
subsequent runs were carried out in 0.2M solutions of substrate 53 without
any additional AgSbFs added under the following conditions: Sub/Rh =
100/1. ™ Conversion was determined by *H-NMR. [ ee was determined
by chiral NMR shift reagent. ! The reaction was incomplete after 22 hours
at 50°C, therefore the reaction mixture was warmed to 65°C for 4 hours to
ensure its completion.
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For these reactions a procedure was devised to isolate the
immobilized COF 41 without loss in activity. After a particular run, the
catalyst was washed several times with 1,4-dioxane without letting the
catalyst dry. After rinsing, another 100 equivalents of substrate as a 0.2M
solution in 1,4-dioxane was added to the catalyst. As summarized in Table
3-1, this reuse procedure proved very effective allowing the catalyst to be
reused six times, with a total TON of 620 and without any drop in
enantioselectivity, in the cycloisomerization of the cyclohexyl 1,6-enyne
substrate 53. This is the first reported instance where the cyclohexyl 1,6-
enyne substrate 53 was successfully cycloisomerized with minimal side-

product formation (as shown in Figure 3-2).

Figure 3-2. *H-NMR spectrum of cycloisomerized product 59.2

+ = side product signal

) : «JUW

8 7 6 5 4 3 2 1 0

[81399.8 MHz, CDCls, 27°C, * = residual CHCls, # = residual 1,4-dioxane.
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Despite these remarkable results, the activity did decrease slightly
over time. However, this slight drop in activity was countered by increasing
the reaction temperature from 50°C to 65°C. In fact, the reuse of COF 41
was stopped not because the catalyst became deactivated but because
the substrate stock had been entirely depleted. Therefore, it is highly likely
that the catalyst could have sustained further reuse if more substrate
would have been available.

It was discovered that the ee of the cycloisomerized product 59
could not be determined using chiral HPLC or GC. Thus a procedure was
developed that utilized the chiral NMR shift reagent Eu(hfc)s (where hfc =
3-(heptafluoropropylhydroxymethylene)-(+)-camphorate). Here, Eu(hfc)s
was repeatedly added to a sample of racemic cycloisomerized product 59
in benzene-dg, the results of which are shown in Figure 3-3. Upon addition
of Eu(hfc)s, the triplet located at approximately & = 3.4 ppm, as shown in
Figure 3-3a (indicated with a #), shifted downfield and initially broadened
to form an apparent singlet. Upon further additions of Eu(hfc)s, this broad
singlet shifted to approximately & = 4.5 ppm and began to split into an
apparent doublet, as shown in Figure 3-3b, due to the separation of the
different enantiomers of the cycloisomerized product 59. Further additions
of Eu(hfc)s shifted this doublet more downfield to approximately & = 6.3
and 6.4 ppm, as shown in Figure 3-3d, where the two signals were

completely separated with an integration ratio of 1:1.
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Figure 3-3. 'H-NMR spectra of the effects of the addition of Eu(hfc)s to a

racemic sample of cycloisomerized product 59.°
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@1 500 MHz, CgDs, 27°C. Amount of Eu(hfc); added: a) 0 mol%, b) 4 mol%,
c) 6 mol%, d) 8 mol%.
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Once it was determined that the enantiomers of product 59 could in
fact be separated using chiral NMR shift reagents, Eu(hfc); was added to
a sample of the cycloisomerized product 59, that was prepared using COF

41. The results of this addition are shown in Figure 3-4.
Figure 3-4. 'H-NMR spectrum of the addition of Eu(hfc); to the

cycloisomerized product 59, prepared using the rhodium catalyst-organic

framework 41.2

e

la 500 MHz CsDs, 27°C 8 mol% of Eu(hfc)3 added

Upon addition of Eu(hfc); to the sample of cycloisomerized product 59,
only a broad singlet is observed at approximately & = 6.3 ppm. This differs
from the racemic sample of the cycloisomerized product 59 as the second
peak located at & = 6.4 ppm is not observed. This experiment suggested
that only one enantiomer of the product was formed from the COF

catalyzed intramolecular cycloisomerization of 1,6-enyne 53. The ee was
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reported as >95% rather than >99% as this value is limited by the
relatively low signal-to-noise ratio of the NMR spectra.

The COF 41 was also highly active and selective for the phenyl 1,6-
enyne substrate 46, as shown by the reuse results displayed in Table 3-2.
These reuse experiments were performed in the same manner as the
experiments for the cyclohexyl 1,6-enyne 53, mentioned previously in this
chapter. The COF was reused a total of four times with an overall TON of
360 and produced the cycloisomerized product 47 in >99.9% ee.

Contrasting with the previous cyclohexyl 1,6-enyne 53, chiral GC
was used to determine the enantioselectivity of the cycloisomerized
product 47. Here, racemic samples of the cycloisomerized product 47
were analyzed by chiral GC and compared to the samples of the
cycloisomerized product 47 that were prepared using the polymer-
supported rhodium catalyst-organic framework 41. The peak representing
the minor enantiomer was not detectable within the rejection limits of the
GC (0.025% of major peak integration), meaning that the ee of the
cycloisomerized product 47 formed from the COF was >99.9%. This
enantioselectivity is identical to that which is reported in the literature for

the homogeneous catalyst [Rh((R)-BINAP)]".%®
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Table 3-2. Reuse results for the cycloisomerization of the phenyl1,6-enyne
substrate 46 catalyzed by the polymer-supported rhodium catalyst-organic

framework 41.2

o
’ ‘ \K/\ rhodium catalyst-organic framework 41 O*
50-92°C, 1,4-dioxane /=
46 47
Run # Temp (°C) Time (h) | Conversion® (%) ee® (%)
1 60 3 100 >09.9
2 50 18.5 18
70° 42 96 >99.9
3 70 24 47
70 45 88
70 48 91 >09.9
4 80 22.5 48
80 45.5 81
80 51 85
80 69.5 97 >99.9
5 92 46 53 >09.9

4 The reaction was carried out in a 0.1M solution of substrate 46 in 1,4-
dioxane under the following conditions: Sub/Ag/Rh = 20/2/1, 60°C. All
subsequent runs were carried out in 0.2M solutions of substrate 46 without
any additional AgSbFs added under the following conditions: Sub/Rh =
100/1. ™ Conversion was determined by *H-NMR and by comparison to
authentic samples. ' ee was determined by chiral GC analysis. @ After
the decrease to 50°C, the temperature was increased as needed for the
completion of the reaction.
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Despite the remarkable results and similar to the previous study,
the activity did decrease over time, but in this case the drop in activity was
more pronounced. For example, the reaction time increased from 42 hours
in the second run to 69.5 hours in the fourth run and was accompanied by
a 10°C increase in temperature to achieve similar conversions of 96% and
97%, respectively. In addition, the overall TON afforded in the
cycloisomerization of the phenyl 1,6-enyne 46 was approximately half the
value obtained in the cycloisomerization of the cyclohexyl 1,6-enyne 53
(TON of 360 and 620, respectively). We postulated that the slower rate of
reaction and lower overall TON for the phenyl 1,6-enyne 46 may be due to
competitive n°-binding of the aromatic ring on the substrate or
cycloisomerized product to the rhodium metal center. This substrate
and/or product inhibition would essentially block available rhodium
catalytic sites preventing additional substrate from accessing these
catalytic centers, which would decrease the overall rate of reaction and
lower the TON. As well, there would be the requirement for higher
temperatures to overcome this unfavorable interaction and push the
reaction along. It should be noted that this n®-coordination is not possible
with the cyclohexyl 1,6-enyne 53, explaining the faster reaction rates and
higher TONSs.

In summary, the COF 41 was reused a total of six times (TON of
620) and four times (TON of 360) in the cycloisomerization of 1,6-enynes

53 and 46, respectively, performing the reactions with near perfect
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enantioselectivities. As well, this is the first reported example of the
successful cycloisomerization of the cyclohexyl 1,6-enyne 53. Having
established the high reusability of the polymer-supported catalyst, the
batch reactivity of this catalyst was next investigated, the results of which

will be discussed in the following section.

Section C: Batch Reactivity of the Polymer-Supported Rhodium
Catalyst-Organic Framework 41 for the Cycloisomerization of 1,6-

Enynes

Before performing batch reactivity studies with COF 41, former co-
worker Michael Hass investigated the use of various solvents that exhibit
lower toxicities than 1,4-dioxane. The solvents that were chosen for this
study were cyclopentylmethyl ether (CPME), 2-methyltetrahydrofuran (2-
MeTHF), 1,2-dimethoxyethane (DME) and methanol. Without going into
significant detail, with 1 mol% rhodium, 2 mol% AgSbFs in 2-MeTHF
solvent at 50°C, the cyclohexyl substrate 53 was successfully
cycloisomerized to the product 59 in 100% vyield by the polymer-supported
rhodium catalyst-organic framework, which is an improvement on the
results obtained when 1,4-dioxane was used as the solvent. Under the
same conditions, the use of CPME, DME or methanol only resulted in

conversions ranging from 50 to 64%. Thus, 2-MeTHF, along with 1,4-
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dioxane, were chosen as solvents for the batch reactivity studies of the
COF 41.

Interestingly, attempts at catalyst reuse in 2-MeTHF were
completely unsuccessful. As a result, it was postulated that perhaps 1,4-
dioxane is capable of stabilizing the rhodium centers through coordination
in the absence of substrate or product and even during catalysis itself. In
fact, the coordination of 1,4-dioxane to metal centers is known,?” which
lends support to this claim. In addition, the coordinating ability of 2-MeTHF
is thought to be quite a bit lower than 1,4-dioxane due to steric interactions
arising from the presence of a methyl group on the alpha carbon.
Therefore, the use of 2-MeTHF should theoretically provide a higher rate
of reaction and overall TON than 1,4-dioxane in batch reactions of the
cycloisomerization of 1,6-enynes as it cannot competitively coordinate to
the rhodium catalytic centers. On the other hand, 1,4-dioxane would be a
better choice for catalyst reuse studies as it is capable of coordinating and
stabilizing the rhodium centers not only during catalysis but also between
catalytic runs.

Once the solvents were chosen, the batch reactivity of COF 41 was
investigated in the cycloisomerization of the cyclohexyl 1,6-enyne 53. The

results of this study are given in Table 3-3.
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Table 3-3. Batch reactivity results for the cycloisomerization of the
cyclohexyl 1,6-enyne substrate 53 catalyzed by the polymer-supported

rhodium catalyst-organic framework 41.2

(St(t))?Ang;r/]Fg]{h) Solvent Time (h) TONP ee® (%)

2 200 >905
1000/5/1 1,4-dioxane

45 800 >905

2 500 >95
1000/5/1 2-MeTHF

4 630 >95
500/5/1 2-MeTHF 2 500 >95

@ The reactions were carried out in 2.0M solutions of substrate 53 in 1,4-
dioxanes or 2-MeTHF at 70°C. ! TONs were determined by *H-NMR. ©
ee was determined by chiral NMR shift reagent.

As theoretically predicted, the cycloisomerization of the cyclohexyl 1,6-
enyne 53 went much faster in 2-MeTHF than 1,4-dioxane. For example,
with a S/C ratio of 1000:1, after two hours the reaction was 50% complete
(TON of 500) in 2-MeTHF. However, under the same conditions, the
reaction was only 20% complete (TON of 200) when 1,4-dioxane was
used. As well, it was observed that the rate of reaction decreased
significantly when 1,4-dioxane was chosen as 45 hours were required to
achieve a total TON of 800. These results support the proposition that
perhaps 1,4-dioxane is competitively coordinating to the rhodium catalytic
centers during catalysis, which is not the case for 2-MeTHF. It can
therefore be concluded that 2-MeTHF is in fact a better solvent for batch

1,6-enyne cycloisomerization reactions. It should also be noted that the
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enantioselectivity of the cycloisomerized product 59 was not affected by
choice of solvent.

The results presented in Table 3-2 also suggest that in 2-MeTHF
solvent a S/C ratio of 500 is optimal for the cycloisomerization of the
cyclohexyl 1,6-enyne 53. After two hours at this substrate loading, 100%
conversion (TON of 500) was achieved with no drop in catalytic activity
over the course of those two hours. This corresponds to a TOF of 250
hour, where TOF is a direct representation of the rate of reaction. This
result is particularly remarkable considering that the cycloisomerization of
ten equivalents of 1,6-enyne substrate in ten minutes, a TOF of 60 hour™,
is the precedent in the literature. It should also be noted that attempts at
catalyst reuse were unsuccessful under these conditions, which again is in
accordance with the theoretical predictions mentioned earlier.

The batch reactivity of the COF 41 was also investigated for the
cycloisomerization of the phenyl 1,6-enyne substrate 46. The results of
this study are presented in Table 3-4. Here, with a S/C ratio of 500:1, a
total TON of 480 was obtained after 23 hours of reaction time in 1,4-
dioxane. Under a higher S/C loading of 1600:1, 890 TOs were obtained in
20 hours in 2-MeTHF. This result confirms the finding of the previous
study that 2-MeTHF is in fact a better solvent choice for batch reactivity
than 1,4-dioxane. As well, the enantioselectivity of the cycloisomerized

product 47 was not affected by the choice of solvent.
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Table 3-4. Batch reactivity results for the cycloisomerization of the phenyl
1,6-enyne substrate 46 catalyzed by the polymer-supported rhodium

catalyst-organic framework 41.%

(St(t))?Ang;r/]Fg]{h) Solvent Time (h) TONP ee® (%)
500/5/1 1,4-dioxane 23 480 >99.9
1600/5/1 2-MeTHF 20 890 >09.9

@ The reactions were carried out in 2.0M solutions of substrate 46 in 1,4-
dioxanes or 2-MeTHF at 70°C. ™ TONs were determined by *H-NMR and
by comparison to authentic samples. ! ee was determined by chiral GC.

Similar to the results obtained from the reuse studies, it was found
that COF 41 was more active for the cycloisomerization of the cyclohexyl
1,6-enyne substrate 53 than the phenyl substrate 46. For example, a TOF
of 250 hour® was obtained in the cycloisomerization of cyclohexyl 1,6-
enyne 53 in 2-MeTHF solvent while a TOF of 44 hour™ was obtained in
the cycloisomerization of phenyl 1,6-enyne 46 in 2-MeTHF solvent. As
discussed previously, this difference in activity was attributed to the
competitive n°-binding of the aromatic ring in the phenyl 1,6-enyne
substrate 46, which is not present for the cyclohexyl 1,6-enyne substrate
53.

In summary, the polymer-supported rhodium catalyst-organic
framework 41 provided overall TONs as high as 800 and 890 in the
intramolecular cycloisomerization of 1,6-enynes 53 and 46, respectively.
To the best of our knowledge, these are the highest TONs reported for any

cycloisomerization reaction. It was also discovered that the coordinating
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ability of the solvent has a significant effect on the reusability and batch
reactivity of the catalyst, however choice of solvent has no effect on the
overall enantioselectivity. Thus, the catalyst-organic framework can be
tailored for reuse or batch reactions simply by selecting an appropriate
solvent.

Having investigated both the reusability and batch reactivity of the
immobilized catalyst, a comparison of the rhodium catalyst-organic
framework to the homogeneous [Rh((R)-BINAP)]" catalyst for the
cycloisomerization of the 1,6-enyne substrates 53 and 46 was studied
next. The results of this comparison will be discussed in the following

section.

Section D: Comparison of the Polymer-Supported Rhodium Catalyst-

Organic Framework 41 to the Homogeneous Catalyst Analogue

As mentioned previously, the intramolecular cycloisomerization of
the cyclohexyl 1,6-enyne 53 was never reported in the literature prior to
this study. With such a large substrate scope already reported, the
omission of the cyclohexyl 1,6-enyne substrate 53 was quite intriguing.
Therefore, as a means of comparison, the homogenous catalyst analogue
[RhCI((R)-BINAP)] was synthesized and studied for the cycloisomerization
of the cyclohexyl 1,6-enyne substrate 53. In addition, Zhang’'s in situ

synthesis of the highly active [RhCI((R)-BINAP)] homogeneous catalyst
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was also utilized, with the catalyst being used in the cycloisomerization of
the cyclohexyl 1,6-enyne 53 as well.

In the first study, the intramolecular cycloisomerization of cyclohexyl
1,6-enyne 53 was performed under the following conditions: 2.5 mol% of
[RhCI((R)-BINAP)],10 mol% of AgSbFs and a 0.1M solution of substrate
53 in 1,4-dioxane at 40°C. After two hours of reaction time, 100%
conversion had been achieved (TON = 20), however a complex mixture of
products was obtained. It was postulated that isomerization of the desired
product was responsible for the mixture of products that was generated.

In the second study, the [RhCI((R)-BINAP)] homogeneous catalyst
was generated in situ from reaction between 5 mol% of [RhCI(COD)], and
10 mol% (R)-BINAP in DCE solvent. Once the catalyst was generated, 20
mol% of AgSbFs was added followed by the cyclohexyl 1,6-enyne
substrate 53. It should be noted that these conditions are the most
common in the literature for the cycloisomerization of 1,6-enynes. After
five minutes of reaction time at room temperature all of the substrate had
been consumed (TON = 10 and 100% conversion). However, as in the
previous study, a complex mixture of products, likely arising from the
isomerization of the desired product, was obtained. The poor selectivity of
the homogeneous catalyst in the cycloisomerization of the cyclohexyl 1,6-
enyne substrate 53 explains why this substrate was never reported in the

literature prior to this study.
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Based on these results, it was determined that the COF 41 was
more selective than the homogeneous catalyst analogue [RhCI((R)-
BINAP)] in the cycloisomerization of 1,6-enyne 53. To the best of our
knowledge, this is the first enantioselective catalytic reaction where the
immobilized catalyst is more selective than the homogeneous catalyst.

As mentioned, the cycloisomerization of the phenyl 1,6-enyne
substrate 46 has previously been reported in the literature.’®** The best
reported homogeneous catalyst for the cycloisomerization of this substrate
was developed by Hashmi. Here, 10 mol% of [Rh(COD),](BF4) and 10
mol% of (R)-BINAP were reacted in DCE at 50°C to give the
cycloisomerized product 47 in 93% vyield with an ee of 99%.?° Despite the
remarkable enantioselectivity exhibited by this catalyst, the total TON
obtained was only 9.3. On the other hand, the polymer-supported rhodium
catalyst-organic framework 41 provided 890 TOs of the cycloisomerized
product 47 in twenty hours of reaction time and was successful with
catalyst loadings as low as 0.06 mol%. This catalyst loading is 160 times
lower than the 10 mol% of homogeneous catalyst reported in the literature
for the cycloisomerization of this substrate. As well, the polymer-supported
catalyst provided the cycloisomerized product in >99.9% ee, which is
identical to the ee obtained with the homogeneous catalyst. To the best of
our knowledge, this is the first immobilized catalyst that provided higher
TONs than the homogeneous catalyst analogue while still exhibiting

remarkable enantioselectivity.
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There are many possible factors that contribute to the high
activity/selectivity of the supported catalyst. These include
catalyst/framework-support interactions (i.e. the BaSO, interaction with
catalytic active sites and/or the framework, swellability, etc.) and
framework-catalyst interactions (i.e. cross-linking, size exclusion, etc.).
Future research in the Bergens group is in part focused on
understanding/determining the origins of this high activity and, as a result,
a more in depth discussion will be presented in the conclusions and future
work chapter of this dissertation (Chapter 6).

In summary, the COF 41 is the first immobilized catalyst that is both
more selective and more active than the homogeneous catalyst analogue

for the intramolecular cycloisomerization of 1,6-enynes.

Section E: Production of a (+)-Pilocarpine Precursor

As discussed earlier in this chapter, Zhang reported the synthesis
of the lactone 52, which can be converted into the pharmaceutical (+)-
pilocarpine in two subsequent synthetic steps. This lactone was obtained
from the [Rh((R)-BINAP)]" catalyzed cycloisomerization of the 1,6-enyne
ester 51, followed by a 1,3-hydrogen shift to generate the aldehyde
functionality in the product (see Scheme 3-7).}"? In particular, the lactone
52 was produced in 99% vyield and 99% ee after 10 minutes of reaction
time from the following conditions: 5 mol% [RhCI((R)-BINAP)] and 20
mol% AgSbFs in DCE at room temperature. Despite the high
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enantioselectivity, this only corresponds to a total TON of 10. Therefore,
the COF 41 was utilized in an attempt to increase the overall TON of this
industrially relevant reaction.

The results obtained from the use of the polymer-supported catalyst

are summarized in Table 3-5.

Table 3-5. Synthesis of lactone 52; a precursor to the pharmaceutical (+)-
pilocarpine.?

H

| ‘ f\/OH rhodium catalyst-organic framework 41 WO

o~ o 70°C, 1,4-dioxane 0~ o
51 52
Loading : b ¢ (o0
(Sub/Ag/Rh) Time (h) TON ee” (%)
100/5/1 2.5 100 >99.9
300/5/1 48 285 >99.9

[ The reactions were carried out at 70°C in 0.9 mL of 1,4-dioxane. ™
TONs were determined by *H-NMR and by comparison to authentic
samples. [ ee was determined by chiral GC.

With a S/C ratio of 100:1 (1 mol% rhodium), the product lactone 52 was
produced in 100% vyield and >99.9% ee. This corresponds to a total TON
of 100, which is already ten times the TON obtained with Zhang's
homogeneous catalyst. At the higher S/C ratio of 300:1 (0.33 mol%

rhodium), the above reaction was 90% complete after 24 hours and 100%

complete after 48 hours, with 5% of the product identified as isomerization
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by-products. Thus, the total TON of the desired lactone 52 was 285, which
is 28.5 times more TOs than that obtained by Zhang. These are the
highest reported TONs for the synthesis of the product lactone 52. As well,
these results lend additional support to the claim that the COF 41 provides
higher TONs than the homogeneous catalyst analogue for the
cycloisomerization of 1,6-enynes. It should also be noted that the above
reaction was attempted in 2-MeTHF solvent, however, a mixture of
products was obtained, which was attributed to isomerization. This was an
interesting development as this was the only reaction performed where the
product obtained was solely solvent dependent. Further study is required

to explain the nature of this solvent dependence.
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Conclusion

In summary, this is the first report of a polymer-supported catalyst
that is both more active and more selective than the parent, homogeneous
catalyst. In the intramolecular cycloisomerization of 1,6-enynes 53 and 46,
the polymer-supported rhodium catalyst 41 was reused up to six times and
provided the highest TONs to date (up to 890) with no drop in
enantioselectivity (95-99.9% ee) and with catalyst loadings ranging from
0.2 to 0.06 mol%. As well, a key intermediate in the production of the
pharmaceutical (+)-pilocarpine was synthesized in >99.9% ee, illustrating
the industrial potential of the polymer-supported rhodium catalyst-organic
framework.

In addition to these remarkable results, some other notable
discoveries and developments were made along the way. For example, a
more practical procedure for synthesizing 1,6-enyne substrates was
developed and successfully utilized. As well, it was discovered that the
catalyst can be tailored for reuse or batch reactions simply by selecting an
appropriate solvent. These developments are major contributors to the
practicality of not only the catalyst system but to the catalytic reaction as

well.
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Experimental

General procedures and methods. 'H-NMR and **C-NMR
spectra were recorded using Varian Inova (300, 400, 500 MHz) or Varian
Unity (500 MHz) spectrometers. *H-NMR and **C-NMR chemical shifts are
reported in parts per million (d) relative to TMS with the solvent as the
internal reference. Selected NMR spectra have been vertically and
horizontally enhanced to better show characteristic chemical shifts. Gas
chromatography analyses were carried out using a Hewlett-Packard 5890
chromatograph equipped with a flame ionization detector, a 3392A
integrator, and a Supelco Beta Dex™ 120 fused silica capillary column
(30m x 0.25mm x 0.25um). Polarimetry data was recorded using a Perkin
Elmer 241 Polarimeter and using the sodium D line (589nm) with a cell
length of 10.002 cm.

Unless otherwise stated, all experiments were performed under an
inert atmosphere using standard Schlenk and glove-box techniques.
Argon and nitrogen gas (Praxair, 99.998%) were passed through a drying
train containing 3A molecular sieves and indicating Drierite™ before use.
All solvents were dried and distilled under a nitrogen atmosphere using
standard drying agents, unless otherwise noted. All common reagents and
solvents were obtained from Sigma-Aldrich Co. and used without further

purification, unless otherwise stated. (R)-BINAP was obtained from Strem
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Chemicals, Inc. and used without further purification. [Rh(NBD)](SbFe)*®

and [RhCI(C2Ha)2].*° were synthesized according to literature procedures.

Synthesis of cis-2-penten-1-bromide (58). In 60 mL of diethyl
ether, 5.2 mL of cis-2-penten-1-ol 57 (4.643g, 53.4 mmol) and 0.5 mL of
pyridine were cooled to -40°C. To this mixture, 2.03 mL of phosphorous
(111) bromide (5.7849, 21.3 mmol) was added via syringe. This mixture was
allowed to stir and warm to room temperature slowly over 2 hours, and
then maintained at room temperature for an additional hour. The reaction
was then quenched by addition of 100 mL of saturated NaHCOg3 in distilled
water. The aqueous layer was extracted with 3 x 50 mL diethyl ether; the
organic layer was then dried over MgSO, and filtered. The product was
isolated as a colorless liquid and then purified by silica gel flash
chromatography using 50:1 petroleum ether : diethyl ether as eluent, R; =
0.4. Yield = 5.973 g (39.8mmol, 75%). *H-NMR (300 MHz, CDCl;) & ppm
1.03 (t, J=7.6Hz, 3H), 2.17 (quintet, J=7.3Hz, 2H), 4.01 (d, J=8.1Hz, 2H),

5.56-5.72 (M, 2H).

Synthesis of propargyl alcohols (e.g. 55). Under an inert
atmosphere, 38.8 mmol of the desired acetylene in 30 mL of THF was
cooled to -78°C. To this, 39 mmol of 1.6M n-butyllithium in hexanes was
added dropwise over 30 minutes. The solution was then warmed to 0°C.

62 mmol of paraformaldehyde was then added as a solid while flushing
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with N2, and the solution warmed to room temperature over 1 hour, after
which it was heated to 45°C for 90 minutes. This solution was then cooled
to room temperature and quenched with 125 mL of 10% NH4CI in distilled
water. After separation of phases, the aqueous layer was extracted with 3
x 50 mL diethyl ether; the organic layer was then dried over MgSO,4 and
filtered. The product was isolated as a yellow oil and was purified by silica

gel flash chromatography using 60:40 CH,Cl, : hexanes as eluent.

O%OH

Yield = 4.962 g (35.9mmol, 93%). "H-NMR (300 MHz, CDCls) & ppm 1.26-
1.66 (m, 7H), 1.69-1.81 (m, 2H), 1.81-1.93 (m, 2H), 2.38-2.52 (m, 1H),

4.33 (d, J=1.8Hz, 2H).

@%OH

Yield = 4.611 g (34.9mmol, 90%). *H-NMR (300 MHz, CDCl3) & ppm 4.53

(s, 2H), 7.27-7.36 (m, 3H), 7.40-7.43 (m, 2H).

Synthesis of 1,6-enyne substrates (53 and 46). In a typical
experiment, a 200 mL round-bottom flask equipped with a stir bar was
charged with 1.301 g of a 30 wt% dispersion of KH in mineral oil (0.390g,
9.7 mmol). The flask was then evacuated and backfilled 3 times with
nitrogen gas. The KH was then rinsed with 4 x 5 mL THF to quantitatively
remove the mineral oil. To the KH, another 20 mL of THF was added, and

the mixture cooled to 0°C. Next, 1.002 g (6.7 mmol) of cis-2-penten-1-
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bromide 58 was added by cannula under an inert atmosphere, followed by
2 x 5 mL THF rinses. This was followed by addition of 6.1 mmol of the
propargyl alcohol via cannulation under an inert atmosphere, followed by 2
x 5 mL THF rinses. Upon addition of the alcohol, H, gas evolves, and the
reaction mixture goes to a bright orange color. The reaction was allowed
to warm up to room temperature, and then stirred for 3 hours, after which
the reaction was quenched with 50 mL distilled water. The aqueous phase
was then extracted with 3 x 50 mL of diethyl ether; the organic layer was
then dried over MgSO, and filtered. The product was isolated as a yellow
oil and was purified by silica gel flash chromatography using 50:1

petroleum ether : diethyl ether as eluent.

o

HW\A

Yield = 0.852 g (4.1mmol, 68%), R; = 0.3. *H-NMR (400 MHz, CDCl3) &
ppm 0.91 (t, J=7.6Hz, 3H), 1.15-1.29 (m, 3H), 1.29-1.48 (m, 3H), 1.57-
1.66 (m, 2H), 1.67-1.76 (m, 2H), 2.03 (qd, J=1.2, 7.4Hz, 2H), 2.28-2.37
(m, 1H), 4.00-4.03 (m, 2H), 4.03 (d, J=2.2Hz, 2H), 5.35-5.57 (m, 2H); *3C-
NMR (101 MHz, CDCls) & ppm 14.05, 20.76, 24.70, 25.80, 28.99, 32.52,
57.19, 64.28, 75.82, 90.60, 124.80, 135.74; anal. calcd. for CysH0

(206.32): C 81.50, H 10.75; found C 81.51, H 10.68.
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HW\A

Yield = 0.610 g (3.0mmol, 49%), R; = 0.2. *H-NMR (400 MHz, CDCls) &
ppm 1.07 (t, J=7.5Hz, 3H), 2.14-2.28 (m, 2H), 4.25 (d, J=6.6Hz, 2H), 4.43
(s, 2H), 5.56-5.64 (m, 1H), 5.68-5.76 (m, 1H), 7.30-7.42 (m, 3H), 7.47-7.56
(m, 2H); anal. calcd. for C14H160 (200.28): C 83.96, H 7.99; found: C

83.60, H 8.36.

Synthesis of the 1,6-enyne ester substrate (51). A 200mL round-
bottom flask, equipped with a stir bar, was charged with 16 mmol (1.35 g)
of 2-butynoic acid and 0.16 mmol (19.6 mg) of 4-dimethylaminopyridine
(DMAP). The flask was then evacuated and backfilled 3 times with
nitrogen gas. These were then dissolved in 32 mL of dry CH,CI, resulting
in the formation of a yellow solution. Next, 16 mmol (1.41 g, 1.31 mL) of
(2)-2-buten-1,4-diol was added to the flask and the solution was then
cooled to 0°C. Finally, 17.6 mmol (3.64 g) of 1,3-dicyclohexylcarbodiimide
(DCC) dissolved in 16mL of CH,Cl, was added dropwise to the flask at
0°C over a period of 2 hours. Upon addition of DCC, solid 1,3-
dicyclohexylurea (DCU) is produced. After 2 hours, the product solution
was filtered and the product concentrated via rotary evaporation to give a
yellow oil. The crude product was a 50:50 mixture of the desired mono-

ester compound and the undesired di-ester compound. The product was
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further purified by silica gel flash chromatography using 100% CH,Cl, as
eluent, R = 0.1. Yield = 1.157g (7.5mmol, 47%). *H-NMR (300 MHz,
CDCl3) 6 ppm 1.98 (s, 3H), 4.26 (t, J=4.5Hz, 2H), 4.75 (d, J=5.1Hz, 2H),

5.68-5.61 (M, 1H), 5.91-5.85 (m, 1H).

Representative procedures for the intramolecular
cycloisomerization of 1,6-enynes catalyzed by the polymer-
supported rhodium catalyst-organic framework 41. All substrates and
solvents were bubbled for 30 minutes under argon or nitrogen gas prior to
use.

Low-loading cycloisomerizations of 1,6-enynes with reuse. In a typical
experiment, a Schlenk flask equipped with a Teflon™ valve was charged
with 0.4736 g of the polymer-supported rhodium catalyst on BaSO,
(41/BaS0y,) (5.66 mg of “[RhCI((R)-5,5-dinorimido-BINAP)],”, 2.61 x 107
mmol) under an inert atmosphere. An NMR tube was charged with 1.05 x
10 mmol of AgSbFs under N, in the dark and sealed using a rubber
septum. 0.105 mmol of substrate was then added into the flask containing
the catalyst, rinsed in with 0.5 mL of 1,4-dioxanes and stirred for 1 minute.
Next, 0.1 mL of 1,4-dioxanes was added to the AgSbFs, which was then
cannulated onto the substrate/catalyst mixture, along with 5 x 0.1 mL
rinses of 1,4-dioxanes. The Schlenk flask was then sealed with the
Teflon™ valve and then placed into an oil bath set at 60°C. After 3 hours,

an aliquot was taken via inverse filtration under an inert atmosphere, and
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analyzed by *H-NMR. Upon confirmation that the initial batch reaction was
complete, the Schlenk flask was charged with 5 mL of 1,4-dioxanes and
stirred for 5 minutes. The solvent and cycloisomerized product was then
removed by inverse filtration, and the catalyst was again treated with
another 5 mL of 1,4-dioxanes. As soon as the 2 x 5 mL rinses of 1,4-
dioxanes were collected, the Schlenk flask containing the catalyst was
charged with 0.525 mmol of substrate and 2.61 mL of 1,4-dioxanes. The
flask was then sealed and again immersed in an oil bath. The temperature
of the oil bath was modified depending on the amount of conversion
obtained. All further reuses were carried out in this manner.

High-loading cycloisomerizations of 1,6-enynes. For these
experiments, the polymer-supported rhodium catalyst-organic framework
(41/BaS0,) and the AgSbFs were weighed into the same flask.

In a typical experiment, under nitrogen or argon atmosphere, a Schlenk
flask equipped with a Teflon™ valve was charged with 0.1011 g of the
polymer-supported rhodium catalyst (41/BaS0O,) (1.24 mg of “[RhCI((R)-
5,5’-dinorimido-BINAP)],”, 5.74 x 10* mmol) and 5.74 x 10° mmol of
AgSbFe. Next, 0.575 mmol of substrate in 0.6 mL of 2-MeTHF was
cannulated onto the catalyst/silver mixture and the Schlenk flask was
sealed with the Teflon™ valve. The Schlenk flask was then placed in an oil
bath set at 70°C. After 2 hours, an aliquot was taken via inverse filtration

and the extent of reaction determined by *H-NMR.
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Optimized cycloisomerizations of 1,6-enyne ester substrate 51. In
these optimized experiments it was found that swelling the polymer-
supported rhodium catalyst-organic framework 41 in the presence of
AgSbFs for 30 minutes at 40°C maximized the initial rate and yields
obtained from the catalyst.

A Schlenk flask equipped with a Teflon™ valve was charged with 0.1090 g
of the polymer-supported rhodium catalyst (41/BaSO,) (1.33 mg of
“[RhCI((R)-5,5'-dinorimido-BINAP],”, 6.16 x 10” mmol) and 6.16 x 10
mmol of AgSbFe. The Schlenk flask was then removed from the glove box
and covered in tinfoil. Next, 0.4 mL of 1,4-dioxanes was added to the
Schlenk flask and stirred at 40°C for 30 minutes. 0.123 mmol of the 1,6-
enyne ester substrate 51 in 0.2 mL of 1,4-dioxanes was cannulated onto
the catalyst/silver mixture followed by a 0.3 mL rinse of 1,4-dioxanes. The
Schlenk flask was then sealed with the Teflon™ valve and placed in an oil

bath set at 70°C. Conversion was monitored by *H-NMR of aliquots.

o

'H-NMR (300 MHz, CDCl3) & ppm 1.00-1.30 (m, 6H), 1.54-1.59 (br m, 3H),
1.67-1.74 (br m, 1H), 1.71 (dd, J=1.6, 6.6Hz, 3H), 1.88 (m, 1H), 3.19 (q,
J=6Hz, 1H), 3.40 (t, J=6.4Hz, 1H), 4.00 (t, J=6Hz, 1H), 4.30 (dt, J=1.7,
10Hz, 1H), 4.40 (d, J=9.6Hz, 1H), 5.01-5.06 (m, 1H), 5.17-5.25 (m, 1H),

5.45-5.58 (m, 1H); MS (El) m/z: [M*] 206; >95% ee.
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o

oA

'H-NMR (300 MHz, CDCl3) & ppm 1.76 (dd, J=1.5, 6.9Hz, 3H), 3.38-3.50
(m, 2H), 4.06-4.12 (m, 1H), 4.60 (dt, J=2.2, 14.1Hz, 1H), 4.74 (dd, J=2.1,
14.1Hz, 1H), 5.29-5.40 (m, 1H), 5.60-5.71 (m, 1H), 6.25 (g, J=2.3Hz, 1H),
7.12-7.17 (m, 2H), 7.18-7.24 (m, 1H), 7.29-7.37 (m, 2H); MS (EI) m/z: [M*]

200; >99% ee.

H

wo

(0 M o)

'H-NMR (300 MHz, CDCl3) & ppm 2.21 (dd, J=1.8, 7.2Hz, 3H), 2.72 (dd,
J=8.5, 18.8Hz, 1H), 2.88 (dd, J=5.1, 18.9Hz, 1H), 3.43-3.57 (br m, 1H),
3.84 (dd, J=5.4, 9.3Hz, 1H), 4.55 (t, 8.7Hz, 1H), 6.29 (dg, J=1.9, 7.5Hz,

1H), 9.82 (s, 1H); MS (EIl) m/z: [M"] 154; >99% ee.

Homogeneous cycloisomerization of 1,6-enyne 53 in dioxane.
6.3 mg of [RhCI(BINAP)], (3.99 x 10 mmol) and 5.5 mg of AgSbFs (1.59 x
102 mmol) were weighed out in a glove box into separate NMR tubes and
sealed with rubber septa. The catalyst was then dissolved in 0.6mL of 1,4-
dioxane and transferred to a Schlenk flask equipped with a Teflon™ valve,
followed by 2 x 0.2mL rinses of 1,4-dioxane. Next, the AgSbFs was rinsed
into the Schlenk flask with 0.2mL of 1,4-dioxane, followed by a further 2 x
0.2mL of 1,4-dioxane. Lastly, 32.9 mg of cyclohexyl 1,6-enyne substrate
53 (0.159 mmol) was added to the Schlenk flask. The flask was then
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sealed and stirred in an oil bath set at 40°C. After 2 hours, an aliquot was
taken and *H-NMR showed that 100% conversion had been achieved and
a mixture of cycloisomerization products had been obtained, probably due

to olefin isomerization in the product.

Homogeneous cycloisomerization of 1,6-enyne 53 using
Zhang’s in situ [Rh((R)-BINAP]" catalyst. 3.7 mg of [RhCI(COD)], (7.5 x
10mmol), 10.3 mg of AgSbFs (3.0 x 10 mmol) and 9.4 mg of (R)-BINAP
(1.5 x 10 mmol) were weighed in a glove box into separate NMR tubes
and sealed with rubber septa. The (R)-BINAP was dissolved in 0.5mL of
DCE and cannulated onto the [RhCI(COD)], followed by a 0.1mL rinse of
DCE. This was followed by addition of 31 mg of cyclohexyl 1,6-enyne
substrate 53 (0.150 mmol) to the catalyst/ligand solution. Next, the
AgSbF¢ was dissolved in 0.4mL of DCE and this was cannulated into the
NMR tube containing the substrate, ligand and catalyst. The solution
turned from a dark red color to an orange/brown color immediately and a
solid (AgCl) was visible in the NMR tube. The NMR tube was then shaken
for 5 minutes at room temperature and then run immediately through a
Fluorosil™ plug to remove any metal residues. *H-NMR showed 100%
conversion and that a complex mixture of products was obtained.

Determination of enantiomeric excess. For these experiments, a
racemic sample of the desired product was synthesized, analyzed and

then compared to the spectrum/chromatogram obtained for the product
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synthesized from the polymer-supported rhodium catalyst-organic
framework 41.

Synthesis of racemic products. 6.8 mg of [Rh(NBD),](SbFe) (1.3 x 10
“mmol) dissolved in 1 mL of DCE and 1.3 x 10 mmol of substrate in 0.3
mL of DCE were both cannulated into a Schlenk flask, followed by 2 x 0.4
mL rinses of DCE. The Schlenk tube was then placed in an oil bath at
65°C. Within 5 minutes the reaction solution went from red to brown in
color. After 1.5 hours, 100% conversion to the racemic product was
achieved.

Determination of the ee for the cyclohexyl 1,6-enyne product 59. 12.6
mg of racemic cyclohexyl product 59 (6.11 x 102 mmol) was dissolved in
0.6 mL of benzene-d®in an NMR tube. A solution of 22.1 mg of europium-
tris[3-(heptafluoropropylhydroxymethylene)-(+)-camphorate] (1.85 x 1072
mmol) in benzene-d® was also prepared. The europium solution was
added in 10pL increments until the signal originally at 3.4 ppm had shifted
to ~6.5 ppm, where the peak was cleanly resolved into two signals ina 1:1
ratio (Figure 3-3). Only one signal, that at 8=6.3ppm, was observed when
the experiment was repeated with cyclohexyl product 59 obtained from the
polymer-supported rhodium catalyst-organic framework catalyzed
cycloisomerization (Figure 3-4). From the spectra obtained, it was
determined that the ee was >95%. Absolute configuration was not

determined.
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Determination of the ee for the phenyl 1,6-enyne product 47. The ee
of the phenyl cycloisomerized product 47 was determined with chiral gas
chromatography and confirmed with the racemic product. The
cycloisomerization product 47 was passed through a Fluorosil™ plug
using CH,Cl, as eluent. The eluted compound was concentrated under
reduced pressure, and a solution was prepared in CH,Cl, at a
concentration of 2 mg per 1 mL. Next, 1 uL was injected into the GC under
the following conditions: helium carrier gas (20 psig); initial temperature of
100°C, rate of 0.4°C/min up to 220°C; injector temperature of 220°C;
detector temperature of 220°C. Retention time for the racemic product:
122.6 minutes for enantiomer 1 and 123.4 minutes for enantiomer 2. From
the chromatograms, it was determined that the ee was >99.9%. Absolute

configuration was not determined.

Determination of the ee for the lactone product 52. [a] = +51.79, ¢=0.2,
CH.Cl,; From Zhang et al.,'"® for the (R) enantiomer, [a] = +92.400, c=1,
CHsCI.

The ee of lactone 52 was determined with chiral gas chromatography
followed by comparison to the racemic product. Sample preparation was
the same as mentioned above. 1pL of the solution was injected into the
GC under the following conditions: helium carrier gas (20 psig;
temperature of 140°C; injector temperature of 220°C; detector temperature

of 220°C. Retention time for the racemic product: 37.057 minutes for
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enantiomer 1 and 38.840 minutes for enantiomer 2. From the

chromatograms it was determined that the ee was >99.9%.
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Chapter 4

The Solvent-Free Isomerization of Allylic Alcohols?®

Introduction

A prominent strategy to minimize the cost and environmental
impact of chemical synthesis is to develop atom-economical reactions that
occur over reusable catalysts in inexpensive, non-toxic solvents.' The
catalytic isomerization of primary and secondary allylic alcohols into the
corresponding aldehydes or ketones (Equation 4-1) is an ideal candidate
for such a transformation because it occurs with 100% atom economy and

produces useful, versatile products.?

Equation 4-1. Isomerization of primary and secondary allylic alcohols into

aldehydes and ketones.

R, Ry H
Isomerization of S catalyst
primary allylic R, OH —— Ry (o]
alcohols to aldehydes R; R;
o Ry Ry R; Ry
Isomerization o.f S catalyst
secondary allylic R, OH ——— Ry o
alcohols to ketones R, R,

* A version of this chapter has been published. Elizabeth G. Corkum, Suneth

Kalapugama, Michael J. Hass, Steven H. Bergens. “Solvent-Free Isomerization of Allylic
Alcohols Catalyzed by a Rhodium Catalyst-Organic Framework.” RSC Advances. 2012,

2, 3473. All work presented in this chapter is that of Elizabeth G. Corkum.
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Perhaps the most prominent example of the industrial application of this
type of catalytic transformation is the [Rh((S)-BINAP)(sol),]" (sol = solvent)
catalyzed asymmetric isomerization of N,N-diethylgeranylamine to give,
after hydrolysis, enantiopure (R)-citronellal (Scheme 4-1).2 This reaction is
a key step in the industrial synthesis of (-)-menthol (see Chapter 1 for a

more in depth discussion of this reaction).

Scheme 4-1. Isomerization to produce enantiopure (R)-citronellal.

)\/\)\/\ L [Rh«S)-BINAP)(SOI)Z]:)\/\/'\/\
N NON(CH), TN So

2) H,0*

(R)-citronellal

The mechanism of the isomerization of allylic alcohols has been
extensively studied and the most accepted conclusion is that these
reactions proceed via an intramolecular net 1,3-hydride shift (Scheme 4-
2).2 Specifically, the reaction begins with n?-complexation of the allylic
alcohol on the transition metal catalyst M (I). Next, there is a migration of
the hydrogen linked to the carbinol center onto the metal (i.e. allylic C-H
oxidation addition), resulting in the formation of a m-allyl metal hydride
intermediate Il. Elimination of this hydride to the other side of the m-allylic
system leads to the n?-m-complexed enol (lIl). Dissociation regenerates
the catalytic species M and gives the enol, which can tautomerize to the
carbonyl product IV in the presence of acid or base. Alternatively, it is

possible that complex Il can undergo another 1,3-hydride shift, where the

167



alcohol hydrogen migrates first to the transition metal M (V) (i.e. allylic C-H
oxidation addition) and then to the carbon vicinal to the carbonyl to give
the m-C=0 complex VI. Dissociation regenerates the catalyst M and gives

the carbonyl product IV.

Scheme 4-2. Proposed mechanism for the isomerization of allylic

alcohols.
v tautomerization 7’1,_/0H
%_/OH B

&%‘i_“ J K: “IWOHH

&%gfg

The majority of the reports on the isomerization of allylic alcohols
are performed in organic media and are catalyzed by homogeneous,
precious metal containing catalysts.*® Although there are obvious
disadvantages in using such homogeneous catalytic systems, which has
been discussed in detaill in Chapter 1, the relatively high
enantioselectivities obtained with the rhodium* and iridium-containing
catalysts® justifies their continued study. As an example, Fu and

coworkers reported the in situ synthesis of a rhodium-phosphaferrocene
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(60) complex, which was subsequently utilized in the isomerization of

various allylic alcohol substrates (Scheme 4-3).%®’

Scheme 4-3. The isomerization of allylic alcohols catalyzed by Fu's

rhodium-phosphaferrocene catalyst.

R 5 mol% [Rh(COD),](BF,) Ry O

RZ)\/\OH 5 mol% 60 RZMH

THF, 70°C

|
v}

60

Me\@jpph2
M

R, = Ph, Pr, Cy, Aryl
R, = Me, 'Pr, Ph

Enantioselectivities and yields as high as 86% and 91%, respectively,
were obtained under the following conditions: S/C = 20, 70°C in THF. Prior
to this report, the highest enantioselectivity reported for these reactions
was 53%, obtained with the [Rh((S)-BINAP)(sol),]" catalyst system.® Fu’s
rhodium-phosphaferrocene catalyst is the most selective, rhodium
asymmetric catalyst for the isomerization of allylic alcohols to date.
Despite the promising results obtained by Fu, the high catalyst loadings
and the inability for reuse limits the industrial applicability of this catalyst
system.

In an effort to design more sustainable, environmentally friendly
and industrially applicable catalytic systems for the isomerization of allylic
alcohols, current research is focused on utilizing “greener’ solvent

systems, such as water,? and developing methods to separate and reuse
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the catalyst. The most common strategy is to synthesize water-soluble
catalysts that can be separated from the organic isomerized products by
an aqueous-biphasic solvent system or liquid-liquid extraction.’® The
majority of these reports utilize ruthenium-containing catalysts as they are
the most active catalysts to date for the isomerization of allylic alcohols.®

In general, the ruthenium-based water-soluble catalysts have
exhibited relatively high activity, with catalyst loadings typically ranging
from 0.2 — 1.6 mol%." The aqueous-biphasic solvent system typically
allows up to four catalyst reuse runs.*?> The most successful reusable,
ruthenium-based water-soluble catalysts to date were reported by Gimeno
and coworkers. In this study, ruthenium(ll)-(n°®-p-cymene) complexes (61,
62, and 63) were evaluated in the isomerization of 1-octen-3-ol (64,

Scheme 4-4).*3

Scheme 4-4. The isomerization of 1-octen-3-ol 64 by Gimeno’s

ruthenium(l1)-(n°-p-cymene) complexes 61, 62 and 63.

| isbFel,
1 mol% catalyst |
/Y\/\/ — /WV catalyst = CI’BU'PPh (OCH,CH,NVey)
OH 5 mol% t-BuOK o cl 3-n 2CH, 3)n
64 water, 75°C

n=1(61), 2 (62), 3 (63)

Through liquid-liquid extraction, the catalysts were successfully separated
and reused in the isomerization of 1-octen-3-ol. Catalyst 63 proved to be

the most successful, sustaining up to nine reuses and providing a total of
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990 TOs. However, catalyst deactivation was observed over time as the
final run required 215 minutes, compared to 35 minutes in the first run, to
achieve 99% vyield of the isomerized product. Deactivation was attributed
to catalyst leaching into the organic phase during extraction. As well, the
overall TONs obtained with these catalysts were relatively low, despite the
extensive catalyst reuse. Nevertheless, taken altogether these results are
promising and optimization of these water-soluble ruthenium-based
catalysts is currently underway.

Due to the success of Gimeno’s catalysts, the immobilization of
similar catalyst systems has recently been reported.***> Immobilization not
only allows for easy catalyst separation and reuse, but it introduces the
possibility for solvent-free catalysis, an unavailable option for
homogeneous, biphasic catalyst systems. Thus, the environmental impact
of immobilized catalyst systems should theoretically be lower than the
biphasic systems. There are few reports of the use of immobilized
catalysts in the isomerization of allylic alcohols. The majority of
immobilized catalysts that have been reported to date are based on
Gimeno’s water-soluble ruthenium catalysts.

In a recent study, Polshettiwar and coworkers reported the
immobilization of a ruthenium(ll)-arene-1,3,5-triaza-7-
phosphatricyclo[3.3.1.1]decane (RAPTA) catalyst on silica-coated ferrite

nanoparticles (66, Scheme 4-5).*
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Scheme 4-5. Polshettiwar’s immobilized RAPTA catalyst 66.
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Preparation of the immobilized RAPTA catalyst 66 involved the initial
dispersion of preformed silica-coated Fe3O, nanoparticles in chloroform
and subsequent treatment with the alkylated ligand 65. The phosphorus
loading of the resulting ligand-functionalized nanoparticles was 10 wt% as
measured by ICP-AES (inductively coupled plasma atomic emission
spectroscopy). Further reaction with [RuCI(u-Cl)(n°-p-cymene)], in
methanol at room temperature for 24 hours afforded the Fe3zO4-RAPTA
nanoparticles 66. ICP-AES analysis showed that only 40% of the available
ligand sites were metallated by the ruthenium precursor. Despite the
incomplete metallation, which could potentially affect the catalytic activity
(refer to Chapter 1 and Chapter 2), the Fe3zO4 supported RAPTA catalyst
66 was utilized in the isomerization of 1-octen-3-ol 64. Using 1.6 mol% of
the catalyst in water at 150°C, the isomerized product (3-octanone) was

obtained in 99% vyield after 15 minutes. Magnetic separation allowed for
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easy catalyst reuse and, in fact, the immobilized catalyst sustained an
additional three reuses before significant loss in catalytic activity was
observed. The authors did not speculate on the origins of catalyst
deactivation however it is probable that significant metal leaching from the
Fes;04 support was responsible for the gradual loss in activity.

Although the Fe3O, supported RAPTA catalyst was not as
successful as Gimeno’s water-soluble ruthenium catalyst 63, comparable
initial activity was obtained with the homogeneous and immobilized
RAPTA catalysts (TOFs of 253 h™ and 283 h™, respectively). In addition,
the immobilized catalyst sustained more reuses (four vs three) and
exhibited slightly better overall activity (total TONs of 283 vs 210) than the
homogeneous catalyst. The authors attributed this difference to the
method of catalyst separation employed during reuse for the different
catalysts. For example, the homogeneous catalyst could only be
separated by liquid-liquid extraction, which resulted in a gradual loss of
catalyst into the organic phase. Conversely, magnetic separation was
employed for the immobilized catalyst due to the magnetic nature of the
Fe30O4 nanoparticles, which proved to be more successful in retaining the
catalyst for reuse.

Cadierno and coworkers attempted to improve the reusability and
activity by utilizing a different support.® In this case, the mononuclear
RAPTA complex 67 was synthesized by the reaction of dimeric [RuCl(u-

C1)(n°-CsHe)]2 with excess 1-methyl-3,5-diaza-1-azonia-7-
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phosphaadamantane chloride (PTA-Me) ligand in THF at room

temperature for a period of 24 hours (Scheme 4-6).

Scheme 4-6. Synthesis of Cadierno’s RAPTA complex 67.
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Once synthesized, the RAPTA complex 67 was then immobilized on the
commercially available clay Montmorillonite K-10 via solvent-impregnation.
In particular, a solution containing 0.4 mmol of 67 in 15 mL of CH,Cl, was
treated with 1 gram of the clay until complete discoloration of the solutions
was observed. The resulting solid was then washed with CH,Cl, and dried
under vacuum. ICP-MS analysis showed that only 73% of the total
ruthenium was incorporated into the clay (2.5 wt%), indicating that some of
the RAPTA complex 67 was either not adsorbed by the clay initially or was
leached from the clay during the CH,CI, washings.

In the isomerization of 1-octen-3-ol (64), the immobilized RAPTA
complex 67 was recycled by filtration and reused 10 times with no
significant loss in catalytic activity and provided a total of 872 TOs under
the following conditions: S/C ratio of 80:1, 3.12 mol% of K,COj3 in THF at
75°C for 1-4 hours of reaction time. Cadierno and coworkers attributed the
high activity and extensive reusability of this catalyst system to the lack of

ruthenium leaching from the clay support. In fact, ICP-MS of the product
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solutions showed a ruthenium content of only 28 ppm. This study
illustrates that the nature of the support can greatly affect the overall
catalytic activity and reusability and, in fact, the Montmorillonite K-10
supported RAPTA catalyst 67 is the most successful immobilized catalyst
to date for the isomerization of allylic alcohols.

Despite these advances there are still significant improvements that
have yet to be made. For example, although the existing immobilized and
homogeneous, water-soluble catalysts exhibit reusability, the overall TONs
obtained from these systems are relatively low. As well, in most cases,
organic solvents are still an integral part of the reaction mixture and/or the
catalyst separation step(s) despite their toxicity and the need to minimize
waste. In fact, to the best of our knowledge, there are no reports of
solvent-free isomerization reactions catalyzed by an immobilized catalyst.
Therefore, our goal was to utilize the rhodium catalyst-organic framework
41, which had previously exhibited remarkable reusability and batch
reactivity (refer to Chapter 3), in high substrate loading, solvent-free
isomerization reactions of allylic alcohols. If successful, these will be
among the first solvent-free, 100% atom economical catalyzed reactions; a
prominent step forward in the development of sustainable,

environmentally-friendly catalytic systems.
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Results and Discussion

Section A: Isomerization of Primary Allylic Alcohols

The primary allylic alcohol 2-propen-1-ol (68) was initially chosen in
the evaluation of the polymer-supported rhodium catalyst-organic
framework (COF) 41 as this substrate is the smallest primary allylic
alcohol. With 0.01 mol% of rhodium and 0.05 mol% of AgSbFs at 70°C in
the absence of solvent, 6400 TOs were obtained after 45 minutes

(Scheme 4-7).

Scheme 4-7. The attempted isomerization of 2-propen-1-ol 68 catalyzed
by rhodium catalyst-organic framework 41.

0.01 mol% catalyst 41

0.05 mol% AgSbFg H
Ho\/\ OY\ + Ho\/\ + /\/0
70°C H OH
68 69 68 70
44% 36% 20%

The reaction mixture contained 36% of unreacted starting material 68 and
44% of the desired aldehyde product 69. The remaining 20% was
comprised of an unknown side product. The *H-NMR of the reaction

mixture is shown in Figure 4-1.
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Figure 4-1. 'H-NMR spectrum of the reaction mixture from the solvent-

free isomerization of 2-propen-1-ol 68.%
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As shown in the NMR spectrum, the isomerized product 69 has peaks for
the aldehyde proton at 9.7 ppm (H.), the methylene protons at 2.4 ppm
(Hp) and the methyl protons at 1.1 ppm (H,). Unreacted starting material
68 was also present in the reaction mixture as the peak at 4.15 ppm (Hg)
is diagnostic for 2-propen-1-ol 68. When evaluating the integration values
for the starting material peaks (Ha, Hc, Hp), we realized that protons from
the unknown product were under these signals, implying that this side
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product contains a 2-propen-1-ol fragment. As well, new methylene and
methyl proton signals were present at 1.65 ppm (H?) and 0.91 ppm (H%),
respectively, along with two signals at 4.1 ppm (H* and 4.5 ppm (H°)
(refer to the insets in Figure 4-1 for a blow-up of these regions). Based on
these observations, we postulated that this side product was hemiacetal
70 formed from reaction between the aldehyde 69 and 2-propen-1-ol 68.
The hemiacetal 70 contains olefinic protons (H® and H’) and an alcohol
proton (H®) that have almost identical chemical environments to the same
protons found in the 2-propen-1-ol 68 starting material (Hc, Hp, Ha),
explaining the chemical shift overlap of these protons in the NMR. As well,
the hemiacetal 70 contains both a methylene and methyl group (H? and
H®, respectively) that appear upfield from the methylene and methyl
groups in the aldehyde product 69 (H, and H,) due to the absence of the
carbonyl group in the hemiacetal 70. We tentatively assigned the
hemiacetal proton H° to the peak found at 4.5 ppm. The signal at 4.1 ppm,
which we assigned to protons H*¥H*, has a unique splitting pattern
because the chiral carbon center in hemiacetal 70 rendered the protons
H*H* diastereotopic. Thus, H* would be coupled by H*, H’, H®> and H°,
resulting in a doublet of doublet of doublet of triplets. H* would also have
the same complicated splitting pattern, which is consistent with the
splitting observed in the NMR spectrum. In conclusion, the NMR evidence
strongly suggests the formation of the side product hemiacetal 70 during

the solvent-free isomerization of 2-propen-1-ol. We believe that the
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solvent-free conditions encouraged the reaction between the aldehyde
product and allylic alcohol starting material.

As a result of this finding, we decided to abandon primary allylic
alcohols and focus on the isomerization of secondary allylic alcohols. In
fact, in a preliminary reaction with secondary allylic alcohol 3-buten-2-ol 71
(0.025 mol% rhodium, 0.125 mol% AgBF4, 70°C, solvent-free), the
reaction was complete after 1.25 hours generating 2-butanone 72 as the

sole detectable product (TON = 4000) (Scheme 4-8).

Scheme 4-8. Solvent-free isomerization of 3-buten-2-ol 71 catalyzed by
rhodium catalyst-organic framework 41.

0.025 mol% rhodium catalyst-organic framework 41

OH 0.125 mol% AgBF, o
)\/ )I\/
70°C
71 72

Therefore, the formation of hemiacetal/hemiketal side products was
successfully avoided by switching from primary to secondary allylic alcohol

substrates.
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Section B: The Effect of Silver Salts on the Catalytic Activity of the

Polymer-Supported Rhodium Catalyst-Organic Framework 41

There are many factors that play a role in the activity of the
polymer-supported COF 41. Two of the more prominent factors include the
extent of activation of the rhodium centers by removal of the bridging
chlorides by the silver salt and the coordinating ability of the silver salt
anion. We screened a variety of silver salts for the isomerization of 3-
buten-2-ol 71 in order to determine which silver salt was the most effective
in activating the rhodium metal centers. The results are presented in Table

4-1.

Table 4-1. Solvent-free isomerization of 3-buten-2-ol 71 using different

silver salts.?
TONP
Entry Silver Salt
1h 2h 24 h 48 h
1 AgSbFe 6000 9200 25,600 28,800
2 AgBF4 6400 9600 31,200 35,200
3 AgOTf 3600 5200 17,200 | 22,400°
4 AgClO4 1200 1800 20,800 | 34,000°

A All runs were performed under solvent-free conditions at 70°C with
Sub/Ag/Rh = 40,000/5/1. ™ TON was determined by *H-NMR and by
comparison to authentic samples. ' These TONs are after 68 hours of
reaction time.
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The SbFg and BF, silver salts (entries 1 and 2) produced catalysts with
higher activities than the OTf and ClO, salts (entries 3 and 4). The BF,
silver salt effected the isomerization of 3-buten-2-ol 71 with the highest
initial TON and highest TON after 48 hours (6400 and 35,200,
respectively, entry 2). In addition, although the CIO, silver salt resulted in
the catalyst with the lowest initial activity (entry 4), after 24 hours this
catalyst had provided more TOs than the OTf salt (entry 3).

The order of solubility of the silver salts in 3-buten-2-ol 71 was
AgBF;,>AgSbFs>AgOTf>AgCIO, and this degree of solubility is in
accordance with the catalytic activity with the exception of AgOTf and
AgCIOq. It is probable that the solubility in 3-buten-2-ol 71 affects the silver
salt’s ability to reach and activate the rhodium sites within the catalyst-
organic framework. The solubility argument does not explain why the
catalyst activated by AgCIlO, provided higher overall TONs than the
catalyst activated by AgOTTf. In this case, it is likely that the coordinating
ability of the anion affected the overall catalytic activity. Specifically,
rhodium(l)-triflate complexes are known® and they are quite stable. It is
likely that the rhodium centers are partially deactivated through relatively
strong coordination by OTf. It should also be noted that rhodium(l)-
hexafluoroantimonate, -tetrafluoroborate, and —perchlorate complexes are
not known in the literature.

In addition to the solubility of the silver salt and the coordinating

ability of the silver salt anion, there are other potential factors/interactions
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that could affect the overall catalytic activity of the COF 41. For example,
abstraction of the bridging chlorides will convert the COF 41 from a neutral
framework  (poly-[RhCI((R)-5,5'-dinorimido-BINAP)],)  crosslinked at
rhodium to a more open, charged framework (poly-[Rh((R)-5,5'-dinorimido-
BINAP)]"). The nature of the silver salt anion could potentially influence
the structure, and by extension the reactivity, of such a charged
framework.

In conclusion, the nature of the silver salt and the resulting counter-
ion have a definite effect on the catalytic activity of the COF 41. In
particular, we found that AgBF, was the best catalyst activator as this
silver salt resulted in the highest TON for the solvent-free isomerization of
3-buten-2-ol 71 (Table 4-1, entry 2). As a result, AgBF, was used in all

further experiments as the chloride abstractor.

Section C: Isomerization of Secondary Allylic Alcohols

The polymer-supported rhodium catalyst-organic framework 41
proved to be very active in the solvent-free isomerization of 3-buten-2-ol
71, producing 2-butanone in 100% yield with no detectable side products.
The results from the isomerization of a variety of different secondary allylic

alcohols with varying alkyl chain lengths are shown in Figure 4-2.
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Figure 4-2. Secondary allylic alcohol substrates chosen for the rhodium
catalyst-organic framework 41 catalyzed solvent-free isomerization
reactions.

OH OH OH OH OH

3-buten-2-ol 1-penten-3-ol 1-hexen-3-ol 1-hepten-3-ol 1-octen-3-ol
7 73 74 75 64

In addition to preventing side product formation, these substrates would
allow us to study the effect of chain length on the rate and extent of
isomerization. This information is crucial in elucidating the nature and
structure of the polymer-supported catalyst-organic framework. For
example, the catalytic activity of a pore-channel -catalyst-organic
framework would be much more dependent on substrate size than a high
surface area catalyst-organic framework.

The results from the solvent-free isomerization of secondary allylic

alcohols are presented in Table 4-2.
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Table 4-2. Solvent-free batch isomerization reactions of secondary allylic

alcohols catalyzed by rhodium catalyst-organic framework 41.2

Entry | Sub | Sub/Ag/Rh (O-E) Tzrrlr;e (T'cl;l('g’l\l::_l) % Yield®
1 71 | 40005511 | 70 | 1.25 (;1388) 100
1 (2388) 16
2 71 | 4000051 | 70 ° (Zggg) >
: o 31,200 o

(1300)

48 3(57’§§)° 88
1 (3288) 9
3 | 71° | 4000051 | 70 24 ‘z’fé%%()’ 75
48 3(%’8%0 95
4 | 73 | so00551 | 8 | 15 (gggg) 100
5 | 74 | 5000511 | 85 1 (2888) 100
15 (ggg) 16
6 | 75 | 5000511 | 85 17 5’11833 63
48 ‘82? 90
7 64 | 3000/51 | 100 | 22 (215156% 85

a All runs were carried out under solvent-free conditions with AgBF,4 as an
activator. ® TON and % yield were determined by *H-NMR and by
comparison to authentic samples. ! Ba-L-tartrate, rather than BaSO,4, was
used as the catalyst support for this run.

3-buten-2-ol 71 (entries 1-3) is the most active secondary allylic alcohol

substrate. With a catalyst loading of 0.025 mol%, 3-buten-2-ol 71 was

completely isomerized to the 2-butanone product after 1.25 hours at 70°C
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(entry 1). Decreasing the catalyst loading by a factor of ten (0.0025 mol%)
resulted in a TON of 35,200 after 48 hours at 70°C (entry 2). We also
investigated the use of Ba-L-tartrate as a support for the COF 41 in the
isomerization of 3-buten-2-ol (entry 3). The Ba-L-tartrate supported
catalyst exhibited lower initial activity than the BaSO, supported catalyst
(3600 vs 6400 TOs) but provided a higher overall TON (38,000 vs 35,200
TOs). These differences in activity may be due to Ba-L-tartrate/rhodium,
Ba-L-tartrate/substrate and/or Ba-L-tartrate/framework interactions. These
are the largest TONs and the lowest catalyst loadings reported to date in
the isomerization of secondary allylic alcohols catalyzed by a rhodium-
containing catalyst.

With the higher substrate loading runs (entries 2 and 3) the catalyst
underwent significant deactivation over time. For example, after one hour
of reaction time a TOF of 6400 h™ was obtained while after 48 hours the
TOF decreased by almost a factor of ten to 733 h™. Product inhibition
could be responsible for the catalyst deactivation if competitive binding of
the allylic alcohol substrate and ketone product exists. If this were the
case, as more substrate was converted into product then there would be
more competition for binding sites on the rhodium metal centers, which
would result in an eventual decrease in catalytic activity over time.

As shown in entries 4 and 5, the rate and extent of isomerization
were nearly identical for 1-penten-3-ol 73 and 1-hexen-3-ol 74 with both

reactions going to completion after 1.5 hours and 1 hour, respectively. The
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rate and extent of isomerization of 1-hepten-3-ol 75 (entry 6) was
significantly lower as after 1.5 hours the reaction had only proceeded by
16%. The isomerization had still not gone to completion (90%) after 48
hours. These results suggest that there exists a substrate size threshold
that, if exceeded, results in a significant decrease in the catalytic activity of
the COF 41. For example, in the isomerization of substrates 71, 73 and
74, which all contained alkyl chains with three carbons or less, the rates
and extents of isomerization were all quite similar, and did not seem to be
significantly dependent on alkyl chain length. Although, it should be noted
that higher temperature was required for 1-penten-3-ol 73 and 1-hexen-3-
ol 74 (85°C) compared to 3-buten-2-ol 71 (70°C) suggesting a mild
decrease in catalytic activity within these substrates. However, in the
isomerization of substrate 75, which contained an alkyl chain with more
than three carbons, the rate and extent of reaction were significantly
decreased.

As mentioned previously, the effect of substrate size on the rate
and extent of reaction can help to elucidate the nature and structure of the
supported catalyst-organic framework. Since there appears to be a size
threshold, we postulated that the polymer-supported COF 41 likely adopts
a pore-channel type of structure, similar to that of a metal-organic
framework.'” In such a framework, considering only substrate size,
substrates small enough to fit in the pores and travel down the channels to

the catalytic active sites should have similar rates of reaction. Those
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substrates that are too large or encounter unfavorable steric interactions
during diffusion to the active sites should have significantly slower rates of
reaction. That being said, this conclusion is speculation at this point and
more in depth framework characterization is required to confirm the actual
structure adopted by the COF 41 (refer to Chapter 6).

In order to confirm the possibility of a substrate size threshold within
the rhodium catalyst-organic framework 41, the solvent-free isomerization
of 1-octen-3-ol 64, which also contains an alkyl chain longer than three
carbons, was investigated next (entry 7). In this case, the rate and extent
of reaction were even lower than that obtained in the isomerization of 1-
hepten-3-ol 75 (entry 6). As well, a higher temperature (100°C) was
required to promote this reaction. This result lends support to the
existence of a substrate size threshold within the COF 41.

Despite these remarkable batch reactivity results, attempts at
catalyst reuse were unsuccessful. This suggests that the COF 41 became
deactivated during the course of the initial run or between catalytic runs.
This deactivation could be due to catalyst decomposition or rhodium
leaching from the framework. Neutron activation analysis (see Chapter 5
for an indepth discussion) of the catalyst before and after should be done
to determine if rhodium leaching did occur.

In summary, we reported the largest TONs (up to 38,000) and the
lowest catalyst loadings (0.03-0.0025 mol%) to date for the rhodium

catalyzed isomerization of secondary allylic alcohols. These results are
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particularly remarkable as typical rhodium catalyst loadings range from
0.2-5 mol% for these reactions.* We were also successful in eliminating
the use of organic solvents entirely, which is integral in the development of
sustainable catalytic processes. In addition, we discovered that within the
polymer-supported rhodium catalyst-organic framework exists a substrate
size threshold that, if exceeded, results in a substantial decrease in

catalytic activity.

Section D: Comparison of the Polymer-Supported Rhodium Catalyst-

Organic Framework 41 to the Homogeneous Catalyst Analogue

The COF 41 displayed remarkably high activity in the isomerization
of secondary allylic alcohols compared to most other reported rhodium
catalysts. We synthesized [RhCI((R)-BINAP)], according to literature
procedures®® and tested the catalyst in the solvent-free isomerization of 3-
buten-2-ol 71. The results afforded by the homogeneous catalyst and the

COF 41 are presented in Table 4-3.
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Table 4-3. Comparison of the rhodium catalyst-organic framework 41 and
the homogeneous [RhCI((R)-BINAP)]. catalyst in the solvent-free

isomerization of 3-buten-2-ol 71.2

TONP

Entry Catalyst
1h 2h 24 h

rhodium catalyst-
organic framework 41

2 [RhCI((R)-BINAP)], | 2000 | 3400 | 17,600

@ Both runs were carried out under solvent-free conditions at 70°C with
Sub/AgBF4/Rh = 40,000/5/1. ™! TON was determined by *H-NMR and by
comparison to authentic samples.

1 6400 9600 31,200

Both the homogeneous and supported catalysts afforded the ketone as
the only detectable product, however the COF 41 was almost twice as
active as the homogeneous catalyst after 24 hours. Therefore, even
though the supported catalyst could not be reused in high substrate
loading runs, it still provided substantially more TOs than the
homogeneous [RhCI((R)-BINAP)], catalyst. This result is consistent with
the results from the 1,6-enyne cycloisomerization study (refer to Chapter
3, section D) and, therefore, we can conclude that the COF 41 is
inherently more active than the homogeneous catalyst analogue. This is
rare, if not unique, in the field of catalysis.

There are many possible factors that contribute to the high activity
of the supported catalyst. These include catalyst/framework-support
interactions (i.e. the BaSO, interaction with catalytic active sites and/or the

framework, swellability, etc.) and framework-catalyst interactions (i.e.
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cross-linking, size exclusion, etc.). Future research in the Bergens group is
in part focused on understanding/determining the origins of this high
activity and, as a result, a more in depth discussion will be presented in

the conclusions and future work chapter of this dissertation (Chapter 6).
Section E: Kinetic Resolution of 3-Buten-2-ol

The secondary allylic alcohols that were chosen for our
isomerization study (see Figure 4-2) were all racemic mixtures that were
isomerized to the achiral ketone products. It was possible that a kinetic
resolution occurred during these isomerizations as illustrated in Equation

4-2.

Equation 4-2. The kinetic resolution of secondary allylic alcohols.

OH (0]

OH OH 0
R/é\/ - R/'\/ or R/\/ + R)K/

To the best of our knowledge, there are only three reports on the
kinetic resolution of allylic alcohols in the literature.*® The highest ee (91%)
reported to date was obtained by Noyori and coworkers in the [Rh((R)-
BINAP)(MeOH),](ClO,4) catalyzed (R)-enantio-enrichment of 4-hydroxy-2-
cyclopentenone 76 (Scheme 4-9).'*° Despite the high enantioselectivity, a
very long reaction time was required (14 days), a low temperature (0°C)

had to be maintained throughout the process and only 28% vyield of the
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enantio-enriched allylic alcohol starting material was obtained, making this

process impractical for large scale kinetic resolution of allylic alcohols.

Scheme 4-9. Noyori’s kinetic resolution of 4-hydroxy-2-cyclopentenone

(o] (o) o o
0.5 mol% [Rh((R)-BINAP)(MeOH),](ClO,) . .
THF, 0°C, 14 days
OH OH (o]
N J
Y

76.

OH
76

72% yield
28% yield
91% ee

The most recent study by Gimeno and coworkers reported the use
of [RuCly(n®-arene){(R)-PR-(binaphthoxy)}]-type catalysts in the (S)-
enantio-enrichment of a-vinylbenzyl alcohol 77 and related allylic
alcohols.'® The best result obtained by Gimeno is outlined in Scheme 4-

10.

Scheme 4-10. Gimeno’s kinetic resolution of a-vinylbenzyl alcohol 77.

OH 1 mol% [RuCl,(n®-p-cymene)(L)] OH OH o
2 mol% t-BuOK
= ° = + = +
THF, 45°C, 0.25 hours
N J
77 N 55% yield
OO 45% yield
o. ,Ph 17% ee
L= P-O
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Here, a 45% vyield of the enantio-enriched a-vinylbenzyl alcohol 77 was
obtained, however the ee was only 17%. They attributed the low overall
selectivity of the catalyst to the relative orientation of the chiral
binaphthoxy unit to the arene Iligand. In particular, the best
enantioselectivities (up to 17%) were obtained with more sterically rigid
arene ligands (i.e. p-cymene). As a result, Gimeno is currently focused on
synthesizing more structurally rigid arene-ruthenium complexes containing
chiral phosphate ligands in an attempt to increase the kinetic resolution
enantioselectivity.

These previous reports highlight that both high enantioselectivity
and high yield of the enantio-enriched allylic alcohol are required for
practical, large scale kinetic resolution of allylic alcohols. As a result, we
chose to study the kinetic resolution of 3-buten-2-ol 71 as this was the
most active substrate with our COF 41 (see Table 4-2). The reaction
conditions employed for the kinetic resolution and the results that we

obtained are outlined in Scheme 4-11.

Scheme 4-11. The kinetic resolution of 3-buten-2-ol catalyzed by rhodium
catalyst-organic framework 41.

0.025 mol% rhodium

QH 0.12 1% AgBF 't 't o
.12 mo H
}\/ PROR /k/ M )J\/
solvent-free, 30°C, N J
7 21 hours e 38% yield
62% yield
15% ee
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A 62% vyield of the enantio-enriched 3-buten-2-ol 71 was obtained after 21
hours of reaction time under solvent-free conditions and had an ee of
approximately 15%. Although relatively low, the enantioselectivity afforded
by COF 41 was comparable to the aforementioned Gimeno arene-
ruthenium catalyst system.’® We are currently investigating different
secondary allylic alcohol substrates and optimizing reaction conditions in

an attempt to better the enantioselectivity of the kinetic resolution.
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Conclusion

In summary, this is the first report of an immobilized catalyst utilized
in the solvent-free isomerization of allylic alcohols, which is a prominent
step forward in the development of sustainable chemical and catalytic
processes. The polymer-supported rhodium catalyst-organic framework 41
provided the highest TONs to date (up to 38,000) for the rhodium
catalyzed isomerization of secondary allylic alcohols, with catalyst
loadings as low as 0.0025 mol%. The rhodium catalyst-organic framework
also provided higher TONs than the parent homogeneous catalyst, which
is rare, if not unique, in the field of catalysis. As well, we reported the
kinetic resolution of secondary allylic alcohol 3-buten-2-ol 71 with
enantioselectivity comparable to the most recent literature report published
by Gimeno and coworkers'® (15% ee vs 17% ee, respectively).

In addition to these results, some other notable discoveries and
developments were made along the way. For example, we discovered that
the solvent-free isomerization of primary allylic alcohol 1-propen-3-ol
resulted in the formation of not only the isomerized aldehyde product but
also a hemiacetal side product (formed from reaction between the
aldehyde and the starting allylic alcohol). As well, it was discovered that
the identity of the silver salt plays a substantial role in the catalytic activity
of the polymer-supported rhodium catalyst-organic framework. Finally, we

discovered that the framework appears to contain a substrate size
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threshold that, if exceeded, significantly affects the rate and extent of
reaction. These developments are very important in elucidating the factors
that affect the catalytic activity of the rhodium catalyst-organic framework
and can help us understand the overall structure of the framework, which

is important for system optimization.
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Experimental

General procedures and methods. 'H-NMR spectra were
recorded using Varian Inova (300, 400, 500 MHz) spectrometers. *H-NMR
chemical shifts are reported in parts per million (d) relative to TMS with the
solvent as the internal reference.

Unless otherwise stated, all experiments were performed under an
inert atmosphere using standard Schlenk and glove-box techniques.
Argon and nitrogen gas (Praxair, 99.998%) were passed through a drying
train containing 3A molecular sieves and indicating Drierite™ before use.
All allylic alcohols and Mosher’s acid chloride were obtained from Sigma-
Aldrich Co. and the allylic alcohols were distilled under a nitrogen

atmosphere.

Representative procedure for the isomerization of allylic
alcohols catalyzed by the polymer-supported rhodium catalyst-
organic framework 41. For these experiments, the allylic alcohols were
bubbled with either nitrogen or argon gas for 30 minutes prior to use.

In a typical experiment, under nitrogen or argon atmosphere, a
Schlenk flask equipped with a Teflon™ valve was charged with 0.0987 g
of the polymer-supported rhodium catalyst-organic framework on BaSO4
(1.16 mg of “[RhCI((R)-5,5"-dinorimido-BINAP)],”, 5.27 x 10 mmol) and

5.27 x 10 mmol of the desired Ag salt. Next, the desired amount of allylic
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alcohol was added to the catalyst/Ag mixture and the Schlenk flask was
sealed with the Teflon™ valve. The Schlenk flask was then placed in an oil
bath set to the desired temperature. Conversion was monitored by *H-

NMR of aliquots.

Homogeneous isomerization of 3-buten-2-ol 71. For this
experiment, 3-buten-2-ol was bubbled with nitrogen gas for 30 minutes
prior to use.

1.2 mg of [RhCI((R)-BINAP)], (7.88 x 10 mmol) was weighed out
in a glove box into an NMR tube equipped with a rubber septum. 1.5 mg
(7.88 x 10 mmol) of AgBF, was weighed out in a glove box into a
Schlenk flask equipped with a Teflon™ valve. The catalyst was then
dissolved in 1 mL of 3-buten-2-ol and transferred to the Schlenk tube,
followed by another 1 mL rinse of 3-buten-2-ol. The remainder of the
substrate (4.55 g, 63.1 mmol, 5.45 mL total) was then added directly to the
Schlenk flask. The flask was then sealed and stirred in an oil bath set to

70°C. Conversion was monitored by *H-NMR of aliquots.

Determination of ee from the kinetic resolution experiments.
For these experiments, the CDCI; and pyridine were distilled over CaH,
prior to use.

1 equiv. of the 3-buten-2-ol reaction solution was weighed out into

an NMR tube and sealed with a rubber septum. 0.7 mL of CDCI; was then
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added to the NMR tube. Next, 6 equiv. of pyridine were added to the NMR
tube and this was shaken for 5 minutes. Finally, 3 equiv. of Mosher’s acid
chloride ((S)-(+)-a-methoxy-a-trifluoromethyl-phenylacetyl chloride) (78)
was added to the NMR tube and this was periodically shaken for 30

minutes before being analyzed by *H-NMR (Figure 4-3).

MeO, CF;
{__O—~"H
AN diastereomer
MeO_ CF; OH excess @ o) § (R,S)
<__Cl
+ )\/ — N +

| X
o CDClj, rt, 30 mins MeO, CF, N7
& H

b—Ln _ cr
(S)-Mosher's acid 71 > diastereomer
chloride 78 o / (R.R)
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Figure 4-3. 'H-NMR spectrum of the kinetic resolution reaction mixture

mixed with Mosher’s acid chloride 78.
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Chapter 5

The Continuous-Flow, Asymmetric Hydrogenation of Olefins

Introduction

Section A: Rhodium-BINAP Catalyzed Asymmetric Hydrogenation

Reactions

Rhodium-catalyzed asymmetric hydrogenations are among the first
asymmetric catalytic reactions to be successfully utilized in industry. In
fact, the [Rh((R,R)-DIPAMP)(sol),]" (sol = solvent, (R,R)-DIPAMP = 1,2-
ethanediylbis[(2-methoxyphenyl)phenylphosphine]) catalyzed
hydrogenation of (Z)-2-acetamido-3-(3,4-dihydroxyphenyl)acrylic acid 79 is
the first industrial application of an asymmetric catalyst used to produce a
highly enantiopure product.® This catalytic process is utilized by the
Monsanto Company in the production of L-Dopa (Scheme 5-1), a
treatment for Parkinson’s disease, and Knowles received the 2001 Nobel
Prize in chemistry for inventing this technology.?® Knowles’ synthesis of L-
Dopa encouraged the development of numerous rhodium-based catalysts
for the asymmetric hydrogenation of unsaturated substrates.® In fact, there
are a number of pharmaceuticals industrially synthesized using rhodium-

catalyzed hydrogenation reactions (Figure 5-1).
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Scheme 5-1. The [Rh((R,R)-DIPAMP)(sol),]" catalyzed synthesis of L-

Dopa.
O 1) 0.005 mol% [Rh((R,R)-DIPAMP)(sol),]* o P.‘\Q

MeO Hz HO MeO [

X

on 2) H,0* OH P

HN_o 2H; NH,
AcO \f HO

79 L-Dopa (95% ee) MeO

(R,R)-DIPAMP

Figure 5-1. Pharmaceuticals synthesized utilizing rhodium-catalyzed

hydrogenation reactions.

CF
OH \_ H /©/ 3 NH,
- N_ o__oO
S /\‘/go
0O,
o N =

F°
ONa Ph O
d Tipranivir2® Levitiracetam?2¢ Warfarin2d

Noyori’s Rh(R)-BINAP/(S)-BINAP catalyst system is among the first
rhodium catalysts for asymmetric hydrogenations. This system has
potential pharmaceutical applications* and is highly enantioselective in the
asymmetric hydrogenation of dehydro amino acids. For example, in the
asymmetric hydrogenation of (Z)-a-benzamidocinnamic acid 80 (S/C =
100:1), the [Rh((R)-BINAP)(sol),]" catalyst afforded the N-
benzoylphenylalanine product 81 in 97% vyield and in 99.9% ee (Scheme

5-2).°
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Scheme 5-2. Noyori's [Rh((R)-BINAP)(sol),]" catalyzed asymmetric

hydrogenation of (Z)-a-benzamidocinnamic acid 80.

(o] (o)

" o [R((RI-BINAP)(CH;OH),ICIO, ©/\‘)koH
HNYPh 4 atm H, HN\[(Ph
o EtOH, rt o

80 81

Although this catalyst works well for the hydrogenation of dehydro amino
acids, the overall substrate scope of this catalyst system is narrow, being
limited to olefin containing substrates. In addition, the industrial application
of this catalyst system is limited by Halpern and Brown’s discovery that the
asymmetric hydrogenation reactions must be conducted with a relatively
low substrate concentration and under a low pressure of H, (< 4 atm). If
these conditions are not met, both diastereomeric olefin/rhodium
complexes are competitively hydrogenated, resulting in poor
enantioselectivity. It should be noted that the mechanism for this reaction
is well known and has been extensively studied.®

A significant amount of research has been focused on improving
the enantioselectivity and efficiency of the [Rh(BINAP)(sol),]" catalyst
system.” The main approach that is employed is functionalization of the
BINAP ligand.”® The interested reader is directed to a recent review on
the subject.”® As an example, Keay and coworkers synthesized a series of
3,3'-disubstituted BINAP ligands for use in rhodium catalyzed asymmetric
8a,b

hydrogenations (Figure 5-2).
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Figure 5-2. Keay’s 3,3'-disubstituted BINAP ligands.
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They postulated that these modifications would have a large effect on the
steric and electronic properties of these ligands due to the proximity of
these positions to the phosphorus atoms. Specifically, substitution at the 3
and 3' positions are thought to have the most effect on the electron density
of the phosphorus donor atoms, due to the strong ortho-directing effect of
the phosphine groups,® and on the steric environment around the catalytic
site by sterically interacting with the R groups on the phosphorus atoms. In
fact, exchange of BINAP for all of the 3,3'-disubstituted BINAP ligands,
with the exception of ligand 82, resulted in an increase in enantioselectivity

in the hydrogenation of cyclic enamide 86 (Scheme 5-3).
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Scheme 5-3. Asymmetric hydrogenation of 86 using 3,3'-disubstituted

BINAP ligands 82-85.

o 1 mol% [Rh(NBD),](BF ) o

HNJ\ 1.1 mol% ligand HNJ\

2 atm H,
MeOH, rt, 24 h

86 87

Ligand 85 provided the largest increase in enantioselectivity compared to
BINAP (57% and 17%, respectively), however, despite these
improvements, the overall enantioselectivity remained moderate at best.
For a more detailed discussion on BINAP modification, refer to Chapter 2
of this dissertation.

In addition to improving the enantioselectivity and the substrate
scope, significant research has been directed towards immobilizing the
BINAP ligand. The interested reader is directed to the following review and
the references therein.”® Immobilization would allow for relatively easy
recovery of the catalyst from the product mixture and catalyst reuse, thus
improving the potential industrial applications of this catalyst system (refer
to Chapter 1 for a more in depth discussion). Despite the obvious
advantages of immobilization, there are surprisingly few reports involving
[Rh(BINAP)(s0l),]".%*¢112 As an aside, biphasic solvent systems have
been employed for [Rh(BINAP)(sol);]" catalyzed asymmetric
hydrogenations as an additional method for catalyst recovery and reuse.°
However, as this dissertation is focused on the immobilization of rhodium-
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BINAP based catalysts, the remaining examples will be focused on
catalyst immobilization rather than the use of biphasic solvent systems.
The most common method of immobilizing the [Rh(BINAP)(sol),]"
catalyst system for asymmetric hydrogenations involves grafting the
catalyst to a silica support.'*? As an example, Vizza and coworkers
reported the synthesis of an immobilized [Rh(NBD)((S)-BINAP)](OTf)
catalyst (NBD = norbornadiene, OTf = trifluoromethanesulfonate or triflate)
on porous silica. Here, using the solvent impregnation method with
CH.Cl,, hydrogen-bonding between the triflate counter-ion and the silica
support resulted in the immobilization of the [Rh(NBD)((S)-BINAP)]

complex (Figure 5-3).*

Figure 5-3. Vizza’s silica supported [Rh(NBD)((S)-BINAP)](OTf) catalyst.

Based on ICP-AES (inductively coupled plasma atomic emission
spectroscopy), the grafting procedure was complete and reproducible for
metal loadings up to 1 wt%. Once immobilized, the [Rh(NBD)((S)-BINAP)]"
complex could not be extracted back into CH,Cl, solutions. It was also

discovered that replacing the triflate counter-ion with a counter-ion
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incapable of hydrogen-bonding, such as (BPhy)", resulted in a complete
lack of immobilization of the catalyst.

The immobilized catalyst was then tested in the asymmetric
hydrogenation of dimethyl itaconate 88 (Scheme 5-4). With a S/C ratio of
100:1, 88 was hydrogenated in 99% vyield with an ee of 32% after a period
of four hours at 60°C in n-heptane. Although the enantioselectivity was
quite low, this result was nearly identical to that obtained with the parent
homogeneous catalyst, which hydrogenated 88 in a 100% vyield with an ee
of 33% in MeOH. It should be noted however that the use of solvents of
different polarity (i.e. n-heptane and MeOH) rules out a reliable

comparison between the immobilized and homogeneous catalysts.

Scheme 5-4. Hydrogenation of dimethyl itaconate 88 catalyzed by silica

supported [Rh(NBD)((S)-BINAP)](OTf).

CH, O silica supported CH; O
MeO OMe [Rh(NBD)((S)-BINAP)](OTf)= MeO ! OMe
o 20 bar H, oHf
88 n-heptane, 60°C, 4 h

The immobilized catalyst was recovered and reused for three consecutive
hydrogenation reactions with no loss in activity or selectivity and no
detectable rhodium leaching (< 1 ppm). However, the choice of solvent is
crucial as significant rhodium leaching was observed in CH,Cl,, EtOH and
MeOH under catalytic conditions. This observation suggests that the
immobilized could sustain multiple reuses in the hydrogenation of 88 due
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primarily to its insolubility in n-heptane rather than an intrinsic
improvement to the catalyst itself. Therefore, although the immobilized
catalyst system is comparable to homogeneous [Rh(NBD)((S)-
BINAP)](OTf) catalyst, the overall low enantioselectivity, coupled with the
high solvent dependence, limits the industrial application of this silica
supported catalyst.

In another example, van Koten and coworkers synthesized a
modified BINAP ligand 90 which was then immobilized on silica by

covalent Si-O bonding (Scheme 5-5).%

Scheme 5-5. van Koten’s synthesis of a silica supported BINAP ligand 90.
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In this synthesis, 5,5'-diamino-BINAP-dioxide 34 was coupled with 3-
(triethoxysilyl)propyl-1-isocyanate in the presence of triethylamine to give
the di-ureyl compound 89. This compound was then reacted with silica,
followed by reduction of the phosphine-oxides with trichlorosilane in
phenylsilane to give the silica immobilized BINAP ligand 90. 90 was then
metallated with [Rh(COD),](BF4) (COD = 1,5-cycloctadiene) to produce a
silica immobilized rhodium-BINAP catalyst. Elemental analysis of the
immobilized catalyst showed a phosphorus/rhodium ratio of 2:1, indicating
that most, if not all, of the BINAP ligand sites were successfully metallated.
As well, the silica support was only 0.20 wt% phosphorus by mass,
suggesting that there was a relatively low overall loading of ligand.

The silica immobilized [Rh(COD)((R)-BINAP)](BF,) catalyst was
evaluated with the asymmetric hydrogenation of trans-a-(acetamido)-

cinnamic acid 91 (Scheme 5-6).

Scheme 5-6. Hydrogenation of trans-a-(acetamido)-cinnamic acid 91

catalyzed by silica supported [Rh(COD)((R)-BINAP)](BF4).
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With a S/C ratio of 150:1, 91 was hydrogenated in 100% yield and in 85%
ee after a period of four hours at room temperature. This is identical to the
results obtained with the homogeneous catalytic reaction. Despite this
promising result, the catalyst could not be reused without a significant
decrease in yield (56%) and complete loss of selectivity. The poor
reusability of the immobilized catalyst was attributed to catalyst instability
during washing and recycling and decomposition from oxygen
contamination.

The examples presented above represent many of the common
challenges associated with [Rh(BINAP)(sol);]* catalyzed reactions. In
particular, the enantioselectivity and substrate scope are limited for both
homogeneous and heterogeneous catalyzed reactions. As well, the
reported immobilized [Rh(BINAP)(sol),]" type catalysts suffer from poor
reusability, instability and significant solvent dependence, rendering them
unsuitable for industrial use (refer to Chapter 1 for a more in depth
discussion). We reasoned that our polymer-supported rhodium catalyst-
organic frameworks (COFs), having already shown remarkable reusability,
batch reactivity and enantioselectivity (see Chapters 3 and 4), would be
ideal for use in the asymmetric hydrogenation of olefinic substrates and
could potentially address the Ilimitations encountered with other
immobilized [Rh(BINAP)(sol),]" type catalysts. As well, the modular

structure of our COFs (i.e. the support, spacer monomer and catalyst
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monomer) allows for easy modification if enantioselectivity enhancement

is required.

Section B: Continuous-Flow Hydrogenation Reactions

Within the last 20 years, the requirement for environmentally
friendly and sustainable chemical processes has increased exponentially
due, in part, to concerns regarding the negative impact of industry on the
environment. Specifically, environmentalists have been focused on
minimizing industrial pollution and waste. As a result of these concerns,
industry has been attempting to reduce chemical waste, maximize atom
economy and increase production, all while minimizing the total energy
input, utilizing safe chemical processes and maximizing catalytic
efficiency.™® As a result of this initiative, a significant amount of research
has been focused on developing continuous-flow catalytic reactors and
processes that can be applied to industrial-scale preparations. The
interested reader is directed to recent reviews on this subject.*®**

Although often requiring time intensive initial equipment set-up and
optimization of concentrations, temperatures, pressures and flow rates,
continuous-flow catalytic processes, have the potential to address many of

the environmental and industrial demands mentioned above.®'* For

example:
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1)

2)

3)

Parameters such as mixing speed, temperature, pressure and even
reactor geometry can affect the overall product quality (e.qg.
enantioselectivity) and vyield. In batch reactors these parameters
can be quite difficult to control due to the large reactor size,
however in smaller, continuous-flow reactors they can be strictly
monitored and controlled, resulting in the production of a large
volume of highly regular material.

Reactive species can be easily separated from the reaction mixture
in continuous-flow processes, potentially minimizing the production
of undesirable side products and increasing reaction yields. This in
turn could perhaps eliminate the need for costly clean-up steps thus
reducing chemical waste. For example, if the product reacts further
with the catalyst (e.g. isomerization), then removing the product
with a continuous-flow reactor will prevent the formation of
undesired side products. If the same problem existed in a batch
reactor, the reaction between product and catalyst could not be
avoided and the reaction mixture would have to undergo clean-up
to remove the undesired side product that was formed.

In continuous-flow reactors, the substrate is continuously
percolating through a bed of an immobilized catalyst. This may
improve the mass transport of the substrate to the catalyst thereby
increasing the rate of the reaction and maximizing catalytic

efficiency.
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4) A continuous-flow reactor is ideal for substrate screening as a wide
variety of substrates can be circulated through a single bed of
immobilized catalyst at a fairly rapid rate. This has the potential to
reduce screening time and minimize production costs while
providing important information regarding the reactivity of the
catalyst itself.

5) Continuous-flow operations can be utilized in the development of
safe chemical process by consuming toxic or highly reactive
compounds as they are formed or by generating the minimum
amount of a particular toxic or reactive reagent required for
complete consumption. The accumulation of such materials can
thus be prevented and a potential accident can be avoided. For
example, an industrial continuous-flow process has been developed
for the generation and complete consumption of highly reactive
diazomethane in the synthesis of HIV protease inhibitor drug
intermediates. This process avoids the potentially hazardous
accumulation of diazomethane thus minimizing the possibility for
industrial accidents.**

For these reasons, many homogeneous and heterogeneous catalysts are

being adapted for use in continuous-flow reactors and processes.™**°

Figure 5-4 shows some of the most recent catalysts that have been

utilized in continuous-flow reactions.*®"
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Figure 5-4. Recent examples of catalysts used in continuous-flow

processes.
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In addition to designing and adapting catalysts for continuous-flow
processes, there has been a significant amount of research focused on
the development of continuous-flow reactors themselves.** Common lab
scale continuous-flow reactors found in the literature include, (a) fixed-bed

7

reactors,”’ where immobilized catalysts are fixed in and the flowing

substrate occupies the vacancies between the catalyst particles; (b)

trickle-bed reactors,*®

where, in a downward movement, a particular
substrate is allowed to move over a packed bed of immobilized catalyst
particles; and (c) tube reactors,’® where the homogeneous catalyst,
combined with the substrate, is pumped through a tubular column of

varying length to an outlet valve. At present, these continuous-flow
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reactors are still undergoing “proof of concept” experiments and have not
been made commercially available.

Recently, Thales Nanotechnology® reported the development of
the first commercially available continuous-flow reactor.?’ The reactor,
named the H-Cube®, combines hydrogen, generated from the electrolysis
of water, with a continuous-flow system, resulting in the efficient
hydrogenation of numerous substrates catalyzed by a variety of
commercially available, immobilized catalysts. A schematic of the H-

Cube® is shown in Figure 5-5.

Figure 5-5. Schematic representation of the H-Cube®.

P 5 ]
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Here, the solvent, or the substrate solution, is delivered to the H-Cube®
through the HPLC pump A. Once the solution enters the reaction line, it is
passed through the inlet pressure sensor B and is combined with the

generated hydrogen in the substrate/hydrogen mixer C. Next, the
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gas/solution mixture is passed through the bubble detector D, which
determines if there is hydrogen in the reaction line, and then into the
catalyst cartridge (CatCart®) heating unit E. The CatCart® itself (F)
contains the immobilized catalyst and is situated within the CatCart®
heating unit E. It should be noted that in addition to providing a variety of
pre-packed CatCarts®, Thales Nanotechnology® also supplies empty
CatCarts® allowing users to test their own immobilized catalysts in the H-
Cube®. After the gas/solution mixture is exposed to the immobilized
catalyst, it flows out of the CatCart® F and through the outlet pressure
sensor G and the back-pressure regulator H. The back-pressure regulator
H can restrict the flow of solvent/substrate through the system to maintain
the desired hydrogen pressure throughout the system. Finally, the solution
exits the H-Cube® through the hydrogenated product collector | and
enters the collection reservoir.

The H-Cube®, like any other continuous-flow reactor, provides a
significant number of benefits over the traditional batch reactors found in
industry. These benefits have been discussed in detail previously in this
chapter. In addition, the H-Cube® generates hydrogen through the
electrolysis of water, thus removing the hydrogen cylinder from the
hydrogenation equation. As well, all of the generated hydrogen is used in
situ, preventing the unsafe build-up of hydrogen pressure within the

instrument.
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For the aforementioned reasons, the H-Cube® has been utilized in

a wide variety of transition metal catalyzed hydrogenation/reduction

reactions (Scheme 5-7).2%%2

Scheme 5-7. Examples of

transition

metal catalyzed

hydrogenation/reduction reactions performed in the H-Cube®.
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As illustrated in Scheme 5-7, common H-Cube® operating conditions are

1.0 mL/min flow rate, 20-30°C and 1 bar of H,, although hydrogen

pressures as high as 40 bar have been reported. Additionally, substrate

solutions typically range from 0.5 — 0.01M in solvents such as MeOH or

EtOH. Under such conditions, the immobilized catalysts performed quite

well in the H-Cube® hydrogenation reactor affording the desired products

in high vyields. However, it should be noted that the majority of the
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immobilized catalysts that have been tested for use in the H-Cube® (i.e.
Pd/C, Pt/Al,O3, Raney-nickel, etc.) are high surface area, commercially
available, achiral, metal nanoparticle catalysts. Nevertheless, these
preliminary examples illustrate the versatility and potential of the H-Cube®
in continuous-flow catalytic reactions.

The H-Cube® technology is quite new and, as a result, there are
very few reports of rhodium catalyzed asymmetric hydrogenations utilizing
the H-Cube®.?** However, the rhodium-based immobilized catalytic
systems that have been reported are very promising. In one example,
Ding and coworkers synthesized a self-supported rhodium metal-organic
framework 92 by mixing a MonoPhos-based ligand with [Rh(COD)|BF4

(Figure 5-6).%

Figure 5-6. Ding’s rhodium-MonoPhos metal-organic framework 92.

[Rh] = [Rh(COD)]BF,

92
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The self-supported immobilized rhodium metal-organic framework 92 was
then deposited on activated carbon and used in the asymmetric
hydrogenation of (Z)-methyl-2-acetamidobut-2-enoate 93 (Scheme 5-8).
Under continuous-flow conditions, the rhodium catalyst afforded the
desired hydrogenated product 94 in 99% vyield and in 97% ee over a

period of 144 hours without a drop in activity or selectivity.

Scheme 5-8. Asymmetric hydrogenation of (Z)-methyl-2-acetamidobut-2-

enoate 93 in continuous-flow.

(0] o
/\HkOCHs rhodium metal-organic framework 92 /\:)J\OCH3
HN\[( toluene, rt, 3 atm of H, HN
o 0.05 mL/min, [93] = 1g/200mL \g/
93 94

This activity corresponds to a constant daily production of 0.36 g, giving an
overall yield of 2.52 g of 94 after the 144 hours of reaction time. As well,
ICP spectroscopy studies showed that only 1.7% (0.13 ppm) of the total
rhodium content leached from the metal-organic framework over the
course of the reaction.

Despite these remarkable results, the overall activity of this system
is quite low with only 15 mg of product being produced every hour.
Moreover, the loading of catalyst used (60 mg of catalyst per 90 mg of
activated carbon) was relatively high, considering the loading of our

rhodium catalyst-organic framework 42 on BaSO, is 10 mg of catalyst per
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1 g of support. In addition, it should be noted that the percent catalyst
loading and total TONs are typically not included in continuous-flow
literature reports, which is the case for this example. As well, the
supported rhodium metal-organic framework 92 was only used in the one
144 hour long run and reuse was not reported. Furthermore, it was
discovered that use of only the rhodium metal-organic framework 92 (i.e.
in the absence of activated carbon) resulted in system blockage over time.
Therefore, additional supports, such as MgSO,, TiO, and activated
carbon, were required to ensure that the metal-organic framework
remained insoluble and to improve the flow properties of the packed
catalyst. That being said, activated carbon was the only support that did
not lead to a decrease in catalytic activity; in fact, the overall activity
increased. The authors attribute this to improved dispersion of the
immobilized metal-organic framework in the reaction mixture in the
presence of activated carbon.

In a more recent example, Bakos and coworkers reported the
synthesis of a phosphine-phosphoramidite ligand 96 (Scheme 5-9) that
was reacted in situ with [Rh(COD);]BF, to generate the catalyst
[Rh(COD)(96)]BF4+.%** The [Rh(COD)(96)]BF, catalyst was then
immobilized on an Al,O3 support using phosphotungstic acid (PTA) as an
anchoring agent. The PTA, anchored to the alumina through hydrogen-
bonding, is believed to interact with rhodium either covalently, through the

formation of a direct rhodium-oxygen bond, or electrostatically where the
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rhodium cation interacts with an oxygen anion on the PTA.2* In this case,
an electrostatic interaction is more likely as the rhodium complex is

charged.

Scheme 5-9. Bakos’ synthesis of phosphine-phosphoramidite ligand 96.
(Y 1) /Pr-NH, - 1) BuLi OO
950 2) LIPPh, HN/\/LPPhZ A% O\P_,}i
0" "0 THF \( THF g g o
\ j\Pth
96

95 = (S)-chlorodinaphthodioxaphosphepine

Once immobilized, the [Rh(COD)(96)]BF, catalyst was evaluated in the H-
Cube® for the asymmetric hydrogenation of (Z)-a-acetamidocinnamic acid
methyl ester 97 (Scheme 5-10). It should be noted that Bakos did not
report the amount of Al,O3; support used in the immobilization process,
therefore there is no way of determining the percent loading of catalyst
used in the continuous-flow hydrogenation experiments and the overall

TON obtained.

Scheme 5-10. The asymmetric hydrogenation of (Z)-a-acetamidocinnamic

acid methyl ester 97 in the H-Cube®.

o) o
N OMe [Rh(COD)(96)]BF4IPTAIAI203= £ oMe
HN EtOAc, 25°C, 1 bar H, HN
71/ [97] = 0.05M, 0.1 mL/min 71/
o o
97 98
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During the first six hours of reaction time, the immobilized rhodium catalyst
afforded the desired hydrogenated product in 99% vyield and in 99% ee.
However, during the next six hours the activity and selectivity did decrease
to 90% conversion and 93% ee. Although this is not a substantial
decrease, these results, coupled with their batch reactivity/reuse data
(70% drop in yield over 8 runs), suggest that a constant decrease in
activity and selectivity over time occurred. Bakos attributed this decrease
in activity to catalyst decomposition, however it is also possible that
significant rhodium leaching could be a factor as the rhodium catalyst was
immobilized through non-covalent, electrostatic interactions. Such systems
are, by their very nature, cation exchange columns. Electrostatic
interactions are typically quite weak and, as a result, the majority of
immobilized catalysts that utilize these interactions typically experience
significant metal leaching over time. However, as no rhodium leaching
data was reported by Bakos, this theory is speculation at this point in time.

This review illustrates many of the industrial and academic
benefits of continuous-flow reactors in the field of catalysis. As well, the
examples that have been presented show that the commercially available
H-Cube® can be and has been successfully used in continuous-flow
catalytic hydrogenation reactions. That being said, there still remains a
significant amount of research to be done on developing suitable
immobilized, asymmetric catalysts for use in the H-Cube®. Currently, the

existing catalytic systems have been plagued by low activity (TOF),

225



decreases in activity and selectivity over time and metal leaching. We
reasoned that our polymer-supported rhodium catalyst-organic
frameworks (COFs) could potentially resolve these problems as they have
already shown remarkable batch and reuse activity in the intramolecular
cycloisomerization of 1,6-enynes and allylic alcohol isomerizations
(Chapters 3 and 4). As well, by utilizing the H-Cube® in the asymmetric
hydrogenation of olefinic substrates, the industrial viability of the polymer-
supported rhodium catalyst-organic frameworks will be realized. The
remainder of this chapter discusses the continuous-flow reactivity of the
polymer-supported rhodium catalyst-organic frameworks and efforts

undertaken to understand the origin(s) of catalyst deactivation.
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Results and Discussion

Section A: Activation of the Poly-[Rh(NBD)(N-BINAP)](SbFs)/BaSO,

Catalyst-Organic Framework 42 via Hydrogenation of 3-Buten-2-ol

The COF poly-[Rh(NBD)((R)-5,5"-dinorimido-BINAP)](SbFs)/BaSO,
42 was chosen for initial experiments in the H-Cube® continuous-flow
hydrogenation reactor because this catalyst does not require a silver salt
to generate the active catalyst. Rather, the NBD ligand is removed by
hydrogenation during the catalytic hydrogenation reaction, generating the
active catalytic species [Rh((R)-5,5'-dinorimido-BINAP)]* 43. Once
generated, the active catalyst 43 most likely exists as a disolvento
complex,?*® or perhaps forms bonds to the support or framework (e.g. n°-

25b

arene bonds), until substrate is present in the reaction mixture“>” (Figure

5-7). Refer to Chapter 2 for a more in depth discussion.

Figure 5-7. Possible catalyst resting states.
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The COF 42 was first evaluated using 3-buten-2-ol (71) as an olefin
substrate for the hydrogenation. We chose this substrate because, in a
previous study, we found that 3-buten-2-ol was a highly active substrate
for allylic alcohol isomerizations.?® The high activity of this substrate
suggests that adequate swelling of the catalyst-organic framework is
achieved (refer to Chapter 4). Therefore, we reasoned that 3-buten-2-ol
could act as a satisfactory activating agent for the catalyst. In addition to
the high activity and suspected swelling properties, 3-buten-2-ol can
undergo both olefin hydrogenation and isomerization (Equation 5-1), which
would allow the activity of the COF to be evaluated for both hydrogenation

and isomerization.

Equation 5-1. Olefin isomerization and hydrogenation of 3-buten-2-ol 71.

S SR S

7 99 72

The first experiments using the poly-[Rh(NBD)((R)-5,5"-dinorimido-
BINAP)](SbF¢)/BaSO4 COF in the H-Cube® are summarized in Table 5-1.
It should be noted that the same CatCart® was used for all of these
experiments. Here, entry 1 represents the first experiment that was
performed in the H-Cube®. As a result, the reaction conditions for this run
were essentially a starting point for optimization. Nevertheless, 54%

conversion of the 3-buten-2-ol substrate was obtained under the following
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conditions: S/C ratio of 2000/1, 30 bar H,, 50°C, 0.8 mL/min flow rate and

a concentration of substrate of 0.23 M in THF solvent.

Table 5-1. Catalyst activation with 3-buten-2-ol.2

Loading H, pressure | Conversion®
Entry (Sub/Rh) [Sub] (bar) (%)
1 2000/1 0.23 M 30 54
2 2000/1 0.077 M 30 100
3 1000/1 0.077 M 30 100
4 1000/1 0.077 M 60 100
5 1000/1 0.077 M 0 0
6 20,000/1 0.077 M 30 100
7 1000/1 0.077 M 30 100
4 The reactions were carried out in THF at 50°C with a flow rate of 0.8
mL/min. The same poly-[Rh(NBD)((R)-5,5'"-dinorimido-

BINAP)](SbF¢)/BaSO,4 CatCart® (30 x 4 mm) was used for every entry.
Conversion was determined by *H-NMR and by comparison to authentic
samples.
In order to achieve 100% conversion, the concentration of the substrate
solution was diluted by a factor of three, to 0.077 M in THF, while the other
reaction conditions were kept constant (entry 2). The reaction conditions
for entry 2 (30 bar H,, 50°C, 0.8 mL/min flow rate, [substrate] = 0.077 M)
were used as the standard H-Cube® operating conditions to activate the
COF.

Once the catalyst was conditioned, the reaction was carried out

under 60 bar (entry 4) and O bar (entry 5) to investigate the effect of
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hydrogen pressure on the ratio of isomerized product 72 to hydrogenated
product 99. It was discovered that increasing the hydrogen pressure did
not have any effect on the percent conversion (100%) or product
distribution (7% isomerized product in both entries 3 and 4). Interestingly,
there was 0% conversion in the absence of hydrogen (entry 5). While
hydrogenation was not expected, the absence of isomerization suggests
that when hydrogen is not present, the catalyst forms a relatively stable,
catalytically inactive complex (or resting state). This discovery suggests
that the catalyst can be stored in between catalytic runs without
decomposing. However, this result is not consistent with the postulated
catalyst resting states shown in Figure 5-7. The disolvento complex 44
contains a 16-electron Rh center, which would isomerize 3-buten-2-ol in
the absence of hydrogen. The n®-arene complex 45 contains two 18-
electron Rh centers, however, in the presence of coordinating solvents or
substrates, this bonding interaction is disfavored.?®® Moreover, this
complex should isomerize 3-buten-2-ol in the absence of hydrogen as
well. Fortunately, solid state **P-NMR would help determine the COF
resting state but was not within the scope of this project (see Chapter 6 for
a discussion of future work).

From these results we speculated that the mechanism of
hydrogenation and isomerization proceeds via metal hydride intermediates
as shown in Figure 5-8. Here, the Rh resting state complex (M")

undergoes oxidative addition with hydrogen followed by olefin

230



complexation to form I. | then undergoes hydride insertion to form Il, that
can either reductively eliminate to produce the hydrogenated product or 3-
hydride eliminate to form Ill. Dissociation gives the enol IV, that can either
tautomerize or re-enter the catalytic cycle to give the isomerized product.
In the absence of hydrogen, neither the hydrogenated nor the isomerized
product would be produced, which is consistent with the results mentioned

above.

Figure 5-8. Proposed mechanism for the isomerization and hydrogenation

of olefins via metal hydride intermediates.
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The COF 42 was tested in a large substrate loading run (S/C ratio
of 20,000:1, 0.005 mol% catalyst, entry 6) using the standard operating
conditions for the H-Cube, mentioned above. The catalyst achieved
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20,000 TOs (100% conversion) of the 3-buten-2-ol substrate in a total of
15 hours. This result is remarkable considering that most rhodium-BINAP
catalyzed hydrogenation reactions are performed with 0.5 — 1 mol% of
catalyst;”*? 100 — 200 times more catalyst than this run. The catalyst
provided an additional 1000 TOs after the large substrate loading run
(entry 7), indicating that the catalyst is still highly active and can sustain

additional reuse in the H-Cube®.

Section B: Secondary Allylic Alcohol Size Effects

In a previous study on the isomerization of a series of allylic
alcohols catalyzed by the poly-[RhCI((R)-5,5"-dinorimido-BINAP)]./BaSQO4
(+ AgSbFs) COF,?® we showed that increasing the chain length decreased
the rate of isomerization. In particular, secondary allylic alcohols
containing alkyl chains with more than three carbons resulted in a
decrease in catalytic activity (see Chapter 4 for a more in depth analysis).
The now activated poly-[Rh(NBD)((R)-5,5'"-dinorimido-
BINAP)](SbFs)/BaSO, COF was used for the hydrogenation of a series of
allylic alcohols to confirm/investigate the size effect.

The substrates that were chosen for this study include 3-buten-2-ol
(71), 1-penten-3-ol (73), 1-hexen-3-ol (74) and 1-hepten-3-ol (75) and the

results are summarized in Table 5-2.
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Table 5-2. Continuous-flow hydrogenation/isomerization of allylic alcohol
substrates catalyzed by rhodium catalyst-organic framework 42.%

OH

OH o
rhodium catalyst-organic framework 42
R)\/ > R)\/ + R)k/

THF, 50°C, 30 bar H,
[Sub] = 0.077 M, 0.8 mL/min

R = CH; (71), C,H5 (73), C3Hy (74), C4H, (75)

: Total Product Distribution® (%)
Loading b
Sub (Sub/Rh) Conversion
(%) Hydrogenated | Isomerized
71 2000/1 100 91 9
73 2000/1 100 75 25
74 2000/1 100 61 39
75 2000/1 70 - -

4 The reactions were carried out in THF at 50°C under 30 bar H, with a
flow rate of 0.8 mL/min and substrate concentrations of 0.077 M. The
same poly-[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFs)/BaS0O, CatCart®
(30 x 4 mm) was used for every entry. ' Conversion and product
distribution was determined by *H-NMR and by comparison to authentic
samples.

Substrates 71, 73 and 74 were converted in 100% vyield into a mixture of
hydrogenated and isomerized product by the COF 42. However, under the
same conditions, substrate 75 only underwent 70% conversion. This result
is consistent with our previous findings in that the only substrate that was
not fully converted into product contained an alkyl chain that was longer
than three carbons, suggesting that larger allylic alcohols do in fact lead to

a decrease in catalytic activity and rate of reaction. However, unlike the

previous results, the substrates 71, 73 and 74 were all fully converted into
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product despite differences in alkyl chain length. This suggests that the
rhodium catalyst-organic framework 42 has a substrate size threshold that
should not be exceeded for optimal catalytic activity (refer to Chapter 4 for
a more in depth discussion).

Interestingly, the product distribution (i.e. hydrogenation versus
isomerization product) was also dependent on the length of the allylic
alcohol hydrocarbon chain. From Table 5-2 it is apparent that increasing
hydrocarbon chain length resulted in an increase in the amount of
isomerized product obtained. From the metal hydride mechanism of
hydrogenation/isomerization (see Figure 5-8) we postulated that 3-hydride
elimination is more favored (or occurs faster) than the reductive
elimination step as the alkyl chain length increases. This theory is
speculation and beyond the scope of this project, however deuterium

labeling studies could perhaps elucidate the nature of this effect.

Section C: Hydrogenation of Dehydro Amino Acid Derivatives

As mentioned previously in the introductory section of this chapter,
Noyori’'s homogeneous [Rh((R)-BINAP)(sol),]" catalyst system has shown
remarkable activity and selectivity in the hydrogenation of certain dehydro
amino acids. As a result, a-acetamidocinnamic acid 100 was chosen as

the next substrate for this investigation.
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Table 5-3 summarizes the results obtained from the hydrogenation

of substrate 100 by COF 42 in the H-Cube®.

Table 5-3. Continuous-flow hydrogenation of a-acetamidocinnamic acid

100 catalyzed by rhodium catalyst-organic framework 42.2

o) o
N OH  rhodium catalyst-organic framework 42 Y~ "OH
HN\( THF, 50°C, 30-50 bar of H, HNT(
(o) 0.8 mL/min 0
100
0 H, Pressure . b
Entry Temp (°C) (bar) TON Yield” (%)
1 50 30 22 11
2 50 50 46 23

[l These reactions were carried out with 0.028 M solutions of a-
acetamidocinnamic acid in THF under the following conditions: Sub/Rh =
200/1, 0.8 mL/min flow rate. The same poly-[Rh(NBD)((R)-5,5'-dinorimido-
BINAP)](SbFs)/BaSO, CatCart® (30 x 4 mm) was used for both entries.
Yield was determined by 'H-NMR and by comparison to authentic
samples.
The yield was 11% (TON = 22) under our standard conditions (entry 1)
and increased to only 23% (TON = 46) under 50 atm of H;, (entry 2).
Based on these results, we postulated that the poor reactivity was due to a
substrate size effect; specifically, the COF 42 substrate size threshold was
exceeded by the a-acetamidocinnamic acid substrate.

The results obtained from hydrogenation of the smaller substrate,
methyl 2-acetamido acrylate (MAA), by COF 42 in the H-Cube® are

summarized in Table 5-4.
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Table 5-4. Continuous-flow hydrogenation of MAA catalyzed by rhodium

catalyst-organic framework 42.2

O CH, O CH,

OCH, rhodium catalyst-organic framework 42 _ JJ\ L OCH,
HC H o THF, 20-50°C, 10-50 bar of H, HyC H 5
0.8 mL/min
MAA 101
0 H, Pressure . b c
Entry Temp (°C) Yield™ (%) ee” (%)
(bar)
1 50 50 100 9.0
2 50 30 100 15
3 50 20 100 12
4 50 10 98 17
5 40 20 100 6.6
6 30 20 100 5.9
7 20 50 100 4.6
8 20 30 100 16
a The reactions were carried out with 0.028 M solutions of MAA in THF

under the followin% conditions: Sub/Rh = 200/1, 0.8 mL/min flow rate, 30 x
4 mm CatCart®. ™ Yield was determined by *H-NMR and by comparison
to authentic samples. [ ee was determined by chiral GC.

Unlike 100, MAA was hydrogenated in 100% yield (TON = 200) under
standard conditions and 50 atm of H, (entries 1 and 2). This result
supports our hypothesis that the substrate size threshold within COF 42
was exceeded as the less bulky substrate (MAA) was hydrogenated at a

higher rate and to a larger extent than the bulky a-acetamidocinnamic acid

substrate 100. This finding is of particular importance as it suggests that
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the COF 42 could be used to selectively hydrogenate specific substrates
within a given mixture based on substrate size exclusion; a feat not
possible with homogeneous catalysts.

The temperature and H, pressure were systematically varied to
investigate the effect these parameters have on the yield and ee (see
Table 5-4 for the summarized results). Changes in these reaction
parameters have little or no effect on the overall yield of this reaction.
100% vyields were obtained over the temperature range 20-50°C and H
pressure range 10-50 bar for every run. We found the ee generally
increased with decreasing pressure of H, (entries 1, 2 and 4) and with
increasing temperature (entries 3, 5 and 6). The highest ee (17%, entry 4)
was obtained with an H, pressure of 10 bar and temperature of 50°C. The
ee values are not optimized as we could not eliminate overlap of the
enantiomer peaks in GC experiments with a chiral column.

The likely reaction profile for hydrogenations in the H-Cube® is
outlined in Figure 5-9. Initially, the concentration of reactant ([R]) and
hydrogen ([H2]) is high and the concentration of product ([P]) is low as very
little, if any, of the reactant has been hydrogenated into product. As the
substrate solution proceeds through the CatCart® (i.e. increased reaction
time), the [P] will steadily increase while the [R] and [H;] decrease until a
point is reached where all of the reactant has been hydrogenated. At this
point, the [P] and [H;] remain constant and the product solution along with

the remaining hydrogen exits the CatCart®.
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Figure 5-9. Reaction profile for H-Cube® hydrogenations.
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Traditional batch/homogeneous hydrogenations typically involve rapid
stirring and a replenishing hydrogen source, rendering the [H2] essentially
constant throughout the reaction. However, in a flow reactor, it is likely that
the hydrogen is not replenished throughout the run, resulting in a decrease
in the [Hy] during the run and necessitating the need for higher H,
pressures. As mentioned previously in the introduction of this chapter, the
enantioselectivity of dehydro amino acid hydrogenations is very sensitive
to H, pressure.® Specifically, at low pressures (<4 atm), the minor
olefin/rhodium diastereomer is hydrogenated much faster than the major
diastereomer, resulting in high enantioselectivity. However, at high

pressures, the major diastereomer is competitively hydrogenated resulting
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in poor enantioselectivity. Therefore, the low enantioselectivity obtained in
the hydrogenation of MAA likely resulted from the H-Cube® higher H,
pressure requirement. It is also possible that there exists an unfavorable
substrate/framework or catalyst/framework interaction that is responsible
for the low enantioselectivity.

As the reaction profiles of batch/homogeneous and continuous-flow
catalysis are likely quite different, comparing results is quite difficult and
many new factors need to be considered (i.e. [H2], flow rate, etc.). Further,
future investigations should focus on rapid screening of catalysts and
substrates to find systems that are compatible with this new reaction
profile. In fact, systems that are unsuitable for homogeneous or batch

catalysis may be more suited for use in the H-Cube®.

Section D: Hydrogenation of Itaconic Acid

Itaconic acid (102) is known to give high enantioselectivities with a
number of homogeneous rhodium-phosphine catalysts.?” For example,
Zhang and coworkers hydrogenated 102 in 99% ee with their
[Rh(TangPhos)(NBD)](SbFs) catalyst (TangPhos = (1S,1S',2R,2R’)-1,1'-di-
tert-butyl-(2,2')-diphospholane, S/C = 200, 20 psi H, 25°C).?’® The results
obtained from the hydrogenation of itaconic acid 102 catalyzed by COF 42

in the H-Cube® are summarized in Table 5-5.
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Table 5-5. Continuous-flow hydrogenation of itaconic acid 102 catalyzed

by rhodium catalyst-organic framework 42.2

O CH, O CH,
)UKH/OH rhodium catalyst-organic framework 42 J\/KH/OH
HO > HO *
o THF, 50°C, 20-40 bar of H, o
0.4-0.8 mL/min
102 103
Flow Rate | H,Pressure Yield? (%) e o
Entry | mL/min) (bar) (TON) ee” (%)
1 0.8 30 90 (180) 21
2 0.8 40 81 (162) -
3° 0.6 30 92 (184) 30
4° 0.4 20 93 (186) -
5&¢ 0.8 30 98 (196) -
4 The reactions were carried out with 0.028 M solutions of itaconic acid in

THF under the following conditions: Sub/Rh = 200/1, 50°C. The same
poly-[Rh(NBD)((R)-5,5"-dinorimido-BINAP)](SbFs)/BaSO, CatCart® (30 x 4
mm) was used for every entry. ™ The reactions were carried out with
0.014 M solutions of itaconic acid in THF under the following conditions:
Sub/Rh = 200:1, 50°C. [ The substrate solution was run through the H-
Cube twice. @ Yield was determined by *H-NMR and by comparison to
authentic samples. ¥ ee was determined by chiral HPLC.

In the first run (entry 1), under our standard H-Cube® conditions (30 bar
H,, 50°C and 0.8 mL/min flow rate), the hydrogenated product 103 was
obtained in 90% yield (TON = 180). The yield actually dropped from 90%
to 81% (TON = 162) when the pressure was increased to 40 bar (entry 2).
This result indicates that the catalyst underwent some sort of decrease in

activity from inhibition by itaconic acid. Reducing the flow rate and diluting

the substrate concentration in half (entries 3 and 4) increased the yields to
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92% (TON = 184) and 93% (TON = 186), respectively. The passing of the
reaction mixture twice through the H-Cube® (entry 5) resulted in a yield of
98% (TON = 196).

In a recent study, Heller and coworkers reported that the
homogeneous catalyst, [Rh(DIPAMP)(MeOH),](BF,4), deactivates during
the hydrogenation of itaconic acid.?® Through extensive mechanistic
studies, Heller postulated the in situ formation of a catalytically inactive
rhodium(lll)-alkyl complex (Figure 5-10). The itaconic acid displaces two
MeOH solvento molecules to form the bis-chelating diastereomeric olefin-
carbonyl complexes (I). Next, in the deactivation pathway, the B-carboxyl
group undergoes deprotonation to form the rhodium(l) carboxylate
complex Il and eliminate HBF,4. Coordination of the a-carboxyl group with
protonation of the rhodium(l) metal center gives the rhodium(lll) complex
lll. Olefin insertion gives the rhodium(lil)-alkyl complex. This rhodium(lil)-
alkyl complex is proposed to be stable, resulting in the deactivation of the

homogeneous [Rh(DIPAMP)(MeOH),](BF,4) hydrogenation catalyst.
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Figure 5-10. Catalyst deactivation through formation of a rhodium(lil)-alkyl

complex.

YU et
V/N’ o l/g

&\% (O lﬁo

o]
HOM rhodium(lll)-alkyl

o complex

Hydrogenation Pathway Deactivation Pathway

An interesting feature of this mechanism is the loss of the BF,4
counter-ion as HBF,4. In the COF 42, SbFs is the weakly coordinating
counter-ion and, if the COF 42 does undergo deactivation via Heller’'s or a
similar deactivation pathway, one would expect the loss of the SbFg as
HSbFs. In addition, as our reactions are performed in a continuous-flow
reactor, the SbFg that is lost should exit the reactor with the product
solution. Therefore, quantifying the amount of antimony in the catalyst
before and after use could potentially provide some insight into whether
the COF 42 undergoes formation of rhodium-carboxylates similar to those
proposed by Heller. The actual quantification of the antimony present in
the catalyst before and after use will be discussed in more detail later in
this chapter.
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As our catalyst was not fully deactivated however (i.e. we were still
able to reuse it), it is likely that Rh-carboxylates, less active than the actual
catalyst but not completely inactive like the rhodium(lll)-alkyl complex,
were formed. The reaction likely proceeds through an equilibrium between

substrate/product/carboxylate binding as shown in Equation 5-2.

Equation 5-2. Rhodium-carboxylate equilibrium.

" T OH i OH R0 9 OH i OH
- + - +
o HO o HO

o o o o

As the reaction proceeds in the CatCart®, the equilibrium will shift to the
right resulting in more competition for binding for the itaconic acid
substrate. This would prevent the complete conversion of itaconic acid into
product.

The highest ee that was obtained for the hydrogenation was 30%
(Table 5-5, entry 3). As mentioned previously, the literature value for the
homogeneous catalyst systems is 99% ee.?’ The lower enantioselectivity
of the COF 42 suggests that there exists an unfavorable
substrate/framework or catalyst/framework interaction that is not present in
the homogeneous systems. As well, it is also possible that the high H,
pressures are to blame for the low enantioselectivity. That being said, the
unprecedented high activity exhibited by the COF did justify further

substrate investigation.
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Section E: Hydrogenation of Dimethyl Itaconate

The results from the hydrogenation of dimethyl itaconate 88

catalyzed by the COF 42 in the H-Cube® are summarized in Table 5-6.

Table 5-6. Continuous-flow hydrogenation of dimethyl itaconate 88

catalyzed by rhodium catalyst-organic framework 42.2

o cH, (o) CH;
OCH, rhodium catalyst-organic framework 42 . )K/*KH/OCH?*
H3COW THF, 30-50°C, 10-50 bar of H, HaCO o)
0.8 mL/min
.5 104
Entry | Temp (°C) | ' I?Liiiure Yield® (%) ee’ (%)

1 50 50 100 0.5

, 50 30 100 6.4

; 50 10 100 16

. 20 50 100 1.2

c 30 30 100 3.7

3 20 10 100 12

7b 50 30 72 i

4 The reactions were carried out with 0.028 M solutions of dimethyl
itaconate in THF under the following conditions: Sub/Rh = 200/1, 0.8
mL/min  flow rate. The same poly-[Rh(NBD)((R)-5,5'-dinorimido-
BINAP)](SbF¢)/BaSO,4 CatCart® (30 x 4 mm) was used for every entry.
The reactions were carried out with 0.077 M solutions of dimethyl
itaconate in THF under the following conditions: Sub/Rh = 10,000:1.
Yield was determined by 'H-NMR and by comparison to authentic
samples. ¥ ee was determined by chiral HPLC.
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As shown in entries 1-6, changes in temperature (30-50°C) and H,
pressure (10-50 bar) had no effect on the yield of the hydrogenated
product 104. In fact, every run went to 100% completion. The
enantioselectivity increased with decreasing H, pressure (entries 1-3, 4-6).
Also, the enantioselectivity increased with increasing temperature (entries
3 and 6). These trends are similar to those for the hydrogenation of MAA,
suggesting that the optimal conditions for obtaining high
enantioselectivities with the COF 42 involve the use of low H, pressures
and high temperatures. The homogeneous analogue [Rh(NBD)((S)-
BINAP)](BF,) hydrogenated dimethyl itaconate in 67% ee (S/C = 100, 5
bar H,, room temperature)?® compared to the 16% ee obtained with the
COF (entry 3). This again suggests that either the high H, pressures (>10
bar) or the existence of an unfavorable substrate/framework or
catalyst/framework that is not present in the homogeneous systems is
responsible for the lower enantioselectivity.

Due to the high activity exhibited by the COF 42 in the
hydrogenation of dimethyl itaconate (entries 1-6), two large scale runs
were performed to test the endurance of the catalyst. With a S/C ratio of
10,000:1, a TON of 7200 was achieved under the following conditions:
50°C, 30 bar of H, 0.8 mL/min flow rate with a concentration of dimethyl
itaconate of 0.077 M in THF (entry 7). In an attempt to increase the total
percent yield, the H, pressure was increased from 30 bar to 50 bar. This

increase in Hy pressure resulted in a 20% increase in the yield, which
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corresponds to a total TON of 9200 (entry 8). We attributed this
requirement for higher pressures to the relatively high concentration of the
dimethyl itaconate solutions. For example, for the large 10,000:1 runs, a
substrate concentration of 0.077 M was used, which is 2.75 times more
concentrated than the smaller, 200:1 runs (0.028 M, entries 1-6). We
decided to use a higher substrate concentration for the high loading runs
as the experiment run times were a reasonable 8 hours. If the substrate
concentration had been kept at 0.028 M, the run time would have
increased to 22 hours. Thus, despite the requirement for higher H
pressure and the decrease in yield, the TOF for the 10,000:1 runs (entries
7 and 8) was actually 2.5 times faster than the 200:1 runs (entries 1-6).

In summary, the results for the hydrogenation of dimethyl itaconate
catalyzed by the COF 42 also suggest that either the high H, pressure or
the existence of an unfavorable substrate/framework or catalyst/framework
interaction is responsible for the lower enantioselectivity. However, the
activity, versatility and endurance of the COF 42 continued to be truly

remarkable and unprecedented.

Section F: Kinetic Resolution/Hydrogenation of a-Vinylbenzyl

Alcohol

As the high activity of the COF 42 had been illustrated and verified

with a variety of substrates, we decided to investigate whether the catalyst
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could be used for the kinetic resolution of racemic substrates. In this case,
kinetic resolution would result from the preferential
hydrogenation/isomerization of one enantiomer of the starting material
over the other. a-Vinylbenzyl alcohol (77) was chosen as this substrate is
known to provide good kinetic resolution of the starting allylic alcohol (up
to 17% ee) (Equation 5-3).°° Refer to Section E of Chapter 4 of this

dissertation for a discussion on the kinetic resolution of this substrate.

Equation 5-3. The kinetic resolution of a-vinylbenzyl alcohol 77.

OH OH OH OH o
¥ ¥ N
©)\/ I ©/k/ or ©/\/ . ©)\/ and ©)’J\/
N J
77 e

kinetically resolved starting material

The results from the hydrogenation of a-vinylbenzyl alcohol 77

catalyzed by the COF 42 are summarized in Table 5-7.
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Table 5-7. Continuous-flow hydrogenation of a-vinylbenzyl alcohol 77

catalyzed by rhodium catalyst-organic framework 42.2

OH OH o

_rhodium catalyst-organic framework 42
THF, 25-50°C, 0-50 bar of H, ©/K/ and ©)K/
0.1-2 mL/min

77 105 106

Flow H> PR

Entry [Sub] Rate T(eog)p Pressure Con\zoe/g)smn

(mL/min) (bar)
1 0.028 M 0.8 50 50 100
2 0.028 M 0.8 50 30 100
3 0.028 M 0.8 50 10 100
4 0.077 M 1.2 50 10 100
5 0.077 M 1.6 50 10 100
6 0.077 M 1.6 25 10 100
7 0.077 M 2.0 25 10 100
8 0.1M 2.0 25 10 100
9 0.1M 2.0 25 1 100
10 0.1M 2.0 25 0 0

11° 0.1M 2.0 25 1 97

eI The reactions were carried out in THF with Sub/Rh = 200/1. The same
poly-[Rh(NBD)((R)-5,5"-dinorimido-BINAP)](SbFe)/BaSO, CatCart® (30 x 4
mm) was used for every entry. ! This reaction was carried out in EtOH. [
Conversion was determined by *H-NMR and by comparison to authentic
samples.

Substrate 77 proved to be the most active substrate to date undergoing

100% conversion despite increasing the concentration (0.028-0.1M) and
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flow rate (0.8-2.0 mL/min) and decreasing the temperature (25-50°C) and
H, pressure (1-50 bar) (entries 1-9). In fact, TOFs as high as 4150 hour™
were obtained when flow rates of 2.0 mL/min were used (entries 8 and 9).
These activities are even more remarkable considering that in typical
asymmetric continuous-flow hydrogenation reactions, flow rates of <0.1

mL/min are used to ensure complete conversion®*?*

(refer to the
introduction of this chapter). Thus, the COF 42 is 20 times more active
than most other reported continuous-flow chiral hydrogenation catalysts.
As well, batch reactions having similar S/C ratios typically require a
number of hours to achieve the same conversion that the COF 42 afforded
in a matter of minutes. The one downside of this extremely high activity
was that we were unable to detect any kinetic resolution that may have
taken place. In fact, we purposefully manipulated the reaction conditions
outlined in entries 1-9 to prevent the complete conversion of the substrate
77 and, despite our best efforts, we were unsuccessful.

As the kinetic resolution could not be analyzed we took this as an
opportunity to confirm/investigate additional points of interest. We first
decided to confirm the finding that in the absence of hydrogen the COF 42
is no longer catalytically active. As expected, under 0 bar of H, pressure,
the catalyst was completely unsuccessful in converting substrate 77 into
either product 105 or 106 (entry 10). This result is in accordance with our

previous result (refer to Table 5-1, entry 5) and lends support to our claim

that in the absence of hydrogen, the catalyst forms a relatively stable,
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catalytically inactive complex. As mentioned previously, this property is
significant in that it suggests that the catalyst can be stored in between
catalytic runs without decomposing. As well, this confirms that the
mechanism for hydrogenation occurs via rhodium-hydride formation (refer
to Figure 5-8).

Next, we investigated if changes in solvent would affect the catalytic
activity in the hydrogenation of substrate 77. In preliminary batch studies,
it was discovered that the COF 42 was completely inactive in EtOH and
highly active in THF. This difference in activity was attributed to the
difference in the swellability of the catalyst in these two solvents.
Surprisingly, the rhodium catalyst-organic framework 42 exhibited nearly
the same activity in EtOH as in THF with only a slight decrease in the
percent conversion (entry 11, 97% conversion in EtOH and 100%
conversion in THF). This result highlights the remarkable activity,
versatility and flexibility of our catalyst system; attributes that are currently
absent in the majority of reported continuous-flow catalysts but that are

essential for any sustainable, industrially applicable catalyst system.
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Section G: Overall Summary of the Poly-[Rh(NBD)((R)-5,5'-
dinorimido-BINAP)](SbFg)/BaSO,4 Catalyst-Organic Framework 42

Activity

The preliminary results that have been discussed in sections A to F
of this chapter were obtained using three different CatCarts® loaded with
the poly-[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFs)/BaSO, COF 42. A
summary of the catalyst longevity and the overall TONs obtained from the

individual CatCarts® are illustrated in Table 5-8.

Table 5-8. Summary of the longevity and total TONs obtained from the

CatCarts® loaded with the rhodium catalyst-organic framework 42.

Longevity? # of Different
Entry (days) Total TONs Substrates Tested
7 (71,73, 74, 75, MAA,
1 25 36,500 100, 102)
2 30° 55,700 3 (71, MAA, 88)
3 27° 17,600 2 (71, 77)

@ The longevity refers to the number of consecutive days that the catalyst
was present in the H-Cube® and remained active. After the indicated
period of time, the catalyst was removed from the H-Cube® and was not
used in any further catalytic experiments. ™ The catalyst was still active
upon removal from the H-Cube®.

The first CatCart® that was loaded with the COF 42 remained catalytically
active in the H-Cube® for a period of 25 days and produced approximately

36,500 TOs (entry 1). These 36,500 TOs were obtained from the

continuous-flow hydrogenation of seven different substrates. To the best
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of our knowledge, this is the largest number of substrates that have been
hydrogenated using the same CatCart®. These results indicate that a
single CatCart®, and thus the H-Cube® itself, would be ideal for rapid
substrate screening.

After the initial exploratory experiments performed with the first
CatCart®, we were able to extend the lifetime of the catalyst to 30 days
and obtained approximately 55,700 TOs with the second CatCart® (entry
2). It should be noted that the COF 42 was still catalytically active at the
time of removal from the H-Cube®. However, after 30 days of continual
use, the CatCart® itself began to degrade which resulted in system
clogging and required the removal of the loaded CatCart® from the H-
Cube®. Specifically, the rubber o-rings used for sealing the CatCart®
degraded from the sheer volume of THF (approximately 4-5 liters) passed
through the H-Cube®.

The third CatCart® was used for the completion of the preliminary
substrate screening experiments and thus was not used as extensively as
the first two CatCarts®. Regardless, the third CatCart® provided a total of
approximately 17,600 TOs over a period of 27 days. Similar to the second
CatCart®, the catalyst was still catalytically active at the time of removal
from the H-Cube®.

In summary, the CatCarts® containing the poly-[Rh(NBD)((R)-5,5'-
dinorimido-BINAP)](SbFs)/BaSO, catalyst-organic framework provided

total TONs as high as 55,700 and sustained reuse for a period of up to 30
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days before the CatCart® itself began to degrade in the H-Cube®. To the
best of our knowledge, these are the largest TONs and longest catalyst
lifetimes reported for any chiral catalyst utilized in a continuous-flow
reactor. As well, a variety of different substrates were hydrogenated using
a single CatCart®, which illustrates the suitability of the H-Cube® for rapid

screening purposes.

Section H: CatCart® Removal from the H-Cube®

Having demonstrated extraordinary catalytic activity and longevity
with the COF 42 in the H-Cube®, it was imperative to characterize the
catalyst before and after use. Such a comparison could potentially provide
insight into the origin(s) of the high catalytic activity and
sustainability/reusability. As well, this study could result in a better
understanding of the origin(s) of catalyst deactivation. That being said, the
method of removal of the CatCarts® from the H-Cube® was extremely
important in maintaining the integrity and minimizing any changes to the
catalysts themselves.

As shown in the previous section, the first CatCart® provided
36,500 TOs over a period of 25 days (Table 5-8, entry 1). At the end of
that 25 day period, the COF 42 had lost a considerable amount of activity.
The second CatCart® (Table 5-8, entry 2) gave the largest TONs and was

still catalytically active when physical degradation of the CatCart® itself
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caused system clogging. Both of these CatCarts® were removed from the
H-Cube® in air and quickly placed under a nitrogen atmosphere. The
second CatCart® was first flushed with a solution of COD (100 equiv. per
Rh, 0.028 M solution in THF, 0.2 mL/min, O bar H) in an attempt to store
the catalyst as the [Rh(COD)((R)-5,5'"-dinorimido-BINAP)]" complex.

In the literature, catalyst decomposition and metal leaching are the
most common reasons for poor catalytic activity and reusability (refer to
Chapter 1). Therefore, we utilized solid state NMR to probe the chemical
environment of the phosphines and neutron activation analysis (NAA) to
guantify the amount of rhodium in the catalyst samples before and after
use. Together, these analyses were used to determine whether catalyst
decomposition and/or metal leaching occurred for our COF 42 in the H-
Cube®. The results from these analyses are discussed in detail in the

following sections of this chapter.

Section I: Solid State NMR Analysis

Solid state *!P-NMR spectra were acquired of the monomer unit
[Rh(NBD)((R)-5,5"-dinorimido-BINAP)](SbFs) 40, the wunused poly-
[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFs)/BaSO, COF 42 and the poly-
[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFs)/BaSO, COF 42 that was
used in the first and second CatCarts®. The spectra are shown in Figure

5-11.
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Figure 5-11. *P-NMR spectra of used and unused samples of the

rhodium catalyst-organic framework 42.2

a) [Rh(NBD)((R)-5,5'-dinorido-BINAP)](ShF;)

b) Unused rhodium catalyst-
organic framework 42

¢) Rhodium catalyst-
organic framework 42
(used, from first CatCart®

d) Rhodium catalyst-organic
framework 42 (used, from
second CatCart ®)

T T T

T T T T T T
200 160 120 30 40 0 =40 -80 =120 =160

5C1P)ppm)
@] 500.3 MHz. For spectrum (a), a 2.5 mm probe and a magic angle
spinning (MAS) frequency of 18 kHz (1820 scans) were used. For
spectrum (b), a 4.0 mm probe and MAS frequency of 10 kHz (30144
scans) were used. For spectrum (c), a 4.0 mm probe and MAS frequency
of 10 kHz (32724 scans) were used. For spectrum (d), a 4.0 mm probe
and MAS frequency of 10 kHz (34124 scans) were used.

The *'P-NMR spectrum for the monomer unit [Rh(NBD)((R)-5,5'-
dinorimido-BINAP)](SbFg) (Figure 5-11a) contained one peak at ~30 ppm,
due to the BINAP phosphines, and a smaller, broader side peak at ~40
ppm. The identity of the side peak remains unknown, however it is likely

from the rotational isomers of the (R)-5,5'-dinorimido BINAP ligand (see

Chapter 2). More importantly, the 3'P-NMR spectrum of the unused COF
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42 (Figure 5-11b) was almost identical to that of the monomer. This
confirms that the alternating ROMP assembly does not alter the electronic
environment of the rhodium metal centers. The only difference between
the two spectra is the emergence of three spinning side bands at ~80
ppm, ~-20 ppm and ~75 ppm in the unused COF 42 spectrum (Figure 5-
11b), which were subsequently identified as phosphine oxide peaks
(Figure 5-12). The presence of these oxides were attributed to handling as
no oxide peaks were present in the solution *P-NMR spectrum (refer to
Figures 2-9 and 2-10 in Chapter 2). Specifically, the NMR probe was
packed with the COF and handled in air. Comparison of the *P-NMR
spectra of the used COF 42 (Figure 5-11c) to the unused COF 42 shows
that the intensity of the phosphine oxide peaks was greatly increased and
that the peak located at ~30 ppm, from the BINAP, was still present,
suggesting that some active rhodium centers are still present in the
catalyst.

The solid state *'P-NMR spectrum of oxidized (R)-5,5'-dinorimido-

BINAP ligand is shown in Figure 5-12.
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Figure 5-12. 3P-NMR spectral comparison of the (R)-5,5'-dinorimido-
BINAP-dioxide ligand with the used and unused poly-[Rh(NBD)((R)-5,5'-

dinorimido-BINAP)](SbFs)/BaSO, catalyst-organic framework.?

a) Unused rhodium catalyst-
organic framework 42

b} Rhodium catalyst-organic
framework 42 (used, from first

CatCart) M
S ANAANY

¢) (R)55"-dinorimido-BINAP-
dioxide

240 260 ‘JGIO l2|0 SlO 4I0 [I] —éIIO —ISO —1|20 —1|60 —2|00
{ppm)

&) 500.3 MHz. For spectrum (a), a 4.0 mm probe and MAS frequency of 10
kHz (30144 scans) were used. For spectrum (b), a 4.0 mm probe and
MAS frequency of 10 kHz (32724 scans) were used. For spectrum (c), a
4.0 mm probe and MAS frequency of 8 kHz were used.

The spectra provided in Figure 5-12 confirm that there are phosphine
oxides present in both the unused and used COF samples. As mentioned
previously, the phosphine oxides present in the unused catalyst sample
(Figure 5-12a) were attributed to sample handling. Comparison of the
signal intensities in the unused and used catalyst spectra (Figures 5-12a
and 5-12b) indicate that there are more oxides present in the used
sample. This suggests that oxidation of the phosphines occurred in the H-

Cube® and was at least partly responsible for catalyst deactivation. As

well, it can be concluded that since deactivation occurred slowly over time,
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the oxidation of the phosphines was probably quite slow over the 25 days
of catalyst use in the H-Cube®. As an aside, it should be noted that both
phosphine oxides and rhodium-phosphines have isotropic chemical shifts
of ~ 30 ppm in the solid state *P-NMR.*! However, the interaction of the
phosphine-oxide with the external magnetic field results in the formation of
spinning side bands, which are not present in samples containing
unoxidized phosphines.®® Therefore, the presence of the side bands in
our spectra is diagnostic for the presence of phosphine oxides.

Solid state *!P-NMR analysis of the second CatCart® (Figure 5-
11d), after addition of COD, shows two phosphorus environments present
at ~45 ppm and ~35 ppm. The emergence of a new phosphorus
environment could be due to the presence of COD, however more
analysis is required. This spectrum also contains a very large spinning
side band at ~80 ppm, which has been attributed to the formation of
phosphine oxides in the H-Cube®.

In summary, the solid state *'P-NMR analysis suggests that slow
phosphine oxidation is a contributing factor to catalyst deactivation in the
H-Cube.® This analysis also confirmed that the alternating ROMP
assembly does not alter the electronic environment of the rhodium metal

centers.
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Section J: Neutron Activation Analysis

Neutron activation analysis (NAA) is a technique used to determine
the concentrations of specific elements in a given sample. In particular,
bombardment with neutrons causes the elements in the sample to form
radioactive isotopes. These isotopes will then decay via element specific
radioactive decay paths that have been well studied and documented and
that typically involve the emission of gamma radiation. The amount of
emitted radiation can then be compared to an elemental standard and the
concentration of the desired elements can be determined.® In our case,
NAA was performed on used and unused samples of the COF 42 in order
to determine the amount of rhodium present. These values were then
guantified through comparison with a rhodium standard and used to
determine the amount of rhodium leaching that had occurred over the
catalyst lifetime in the H-Cube®. In addition to quantifying the amount of
rhodium, the amount of antimony was also determined to investigate
whether anion exchange occurred (see section D of this chapter for an in

depth discussion). A summary of the NAA data is presented in Table 5-9.
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Table 5-9. Neutron activation analysis of the rhodium catalyst-organic

framework 42 before and after use in the H-Cube®.

Entry Catalyst [Rh] (ng/g) | [Sb] (ng/g)
1 unused 544 439
2 first CatCart® after use 355 46
3 unused 653 534
4 second® CatCart after use 548 41
5% initial solution 84 109

& This data was obtained from the initial solution that was collected from
the H-Cube® at the beginning of the second catalyst cartridge’s lifetime.

In the case of the first CatCart®, there was a difference of 188 ug/g
of rhodium between the unused and used COF samples (entries 1 and 2).
Assuming a uniform distribution of rhodium throughout the catalyst
samples, this corresponds to a loss of approximately 1.3 mg of rhodium
(34%) over the course of 25 days. We analyzed the initial solution
collected from the H-Cube® at the beginning of the catalyst lifetime for the
second CatCart®. This consisted of THF (~ 10 mL) that had been run
through the CatCart® at 0.8 mL/min before any addition of substrate. In
total, 105 pg/g of rhodium leached, corresponding to ~ 16% of the total
rhodium originally present in the CatCart®. 84 pg/g (~ 80%) of the total
rhodium leached (105 ug/g) were lost in the initial fractions (entry 5). This
result shows that the rhodium leaching is due to the loss of low molecular

weight rhodium-containing polymer at the beginning of the catalyst lifetime
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rather than gradual loss of rhodium throughout the entire lifetime of the
catalyst. In fact, only 21 pg/g of rhodium leached during the 30 days that
the catalyst was utilized. Therefore rhodium leaching does not significantly
contribute to the deactivation of the COF 42. We attribute this to relatively
strong rhodium/framework/support interactions that ultimately prevent
leaching of rhodium from the framework. Refer to Chapters 1 and 2 for a
discussion on our catalyst synthetic strategies.

We also quantified the amount of antimony in the unused and used
COF samples. Recall that Heller postulated the deactivation of his catalyst
through the formation of a rhodium(lll)-alkyl complex in the presence of
itaconic acid and that this deactivation pathway resulted in the loss of BF4
as HBF, (refer to section D for the complete mechanism). For our catalyst,
such a pathway would result in loss of SbFg as HSbFs. For both the first
and second CatCarts®, the loss in antimony was 90% (entries 1 and 2)
and 72% (entries 3, 4 and 5), respectively. We note that acidic substrates
were not used in the second CatCart® and a 72% loss in antimony still
occurred. Although it is plausible that itaconic acid formed carboxylate
intermediates, NAA experiments provide no information on this pathway.
Additional causes for loss of SbFg include catalyst decomposition by
oxidation and exchange by trace anions in the solvent. However, it
remains unclear at this point what is responsible for the loss of the majority

of the antimony and more study is required.
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In summary, the NAA results show that rhodium leaching from the
CatCarts® was not significant and thus does not contribute to the
deactivation of COF 42. Conversely, the lack of rhodium leaching could be
the main reason for the high activity and reusability of the COF 42. As
well, the results suggest that the use of acidic substrates could be a minor
contributor to catalyst deactivation, however, we currently cannot explain

the significant loss of antimony in our catalyst samples.

Section K: CatCart® Lifetime Assessment

The significant conclusion of the solid state *'P-NMR analysis is
that catalyst deactivation primarily results from oxidation of the phosphines
over the course of the 25-30 days of H-Cube® operation. Further, as
shown by the NAA results, rhodium leaching is not significant over this
operational time period. Taken together, these results strongly indicate
that neither metal leaching nor intrinsic catalyst lifetime limits the lifetime of
the COF 42 CatCarts®. Rather, slow oxidation of the catalyst occurs over
the 25-30 days of operation when 4 to 5 liters of THF solvent are passed
through the CatCart®. In fact, if the proper substrates are studied, i.e. no
acidic substrates, and appropriate precautions are taken to
reduce/eliminate dissolved oxygen in solvents and substrates, the
CatCart® itself is what limits the lifetime of the catalyst. For example, the

second CatCart® was still 100% active after 30 days and approximately
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55,700 TOs (Table 5-8, entry 2). However, after encountering clogging
problems with the H-Cube®, and subsequent removal of the CatCart®
from the H-Cube®, we noticed that the rubber o-rings on the CatCart®
had begun to degrade, likely due to the sheer volume of THF solvent that
had been passed through the CatCart® over the course of the 30 days.
Thus, the degradation of the CatCart® itself was most likely responsible
for the clogging issues we experienced and for CatCart ®-emoval, both of

which limited the lifetime of the catalyst.

Section L: Utilization of the Poly-[RhCI((R)-5,5'-dinorimido-
BINAP)]./Ba-L-tartrate 41 Catalyst-Organic Framework in the H-

Cube®

The achiral support BaSO,4 was replaced by Ba-L-tartrate and the
chloro-bridged dimeric COF poly-[RhCI((R)-5,5'-dinorimido-BINAP)]./Ba-L-
tartrate 41 was investigated in an effort to improve the ee’s of these
hydrogenations. This COF had previously afforded remarkable
enantioselectivity in the intramolecular cycloisomerization of 1,6-enynes
(Chapter 3) and exhibited remarkable activity in the isomerization of allylic
alcohols (Chapter 4). As well, we reasoned that the chiral Ba-L-tartrate
support could potentially increase the enantioselectivity afforded by the

catalyst.
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The COF 41 was inherently more difficult to adapt to use in the H-
Cube® as this catalyst requires a silver salt to abstract the bridging
chlorides in order to generate the active “[Rh((R)-5,5'-dinorimido-BINAP)]™
catalyst. As a result, it was decided to pack the CatCart® with both the
COF 41 and 25.5 equivalents of AgSbF¢ per rhodium center. 15.5
equivalents of AgSbFs were in the first layer of the CatCart® followed by a
mixture of 10 equivalents of AgSbFs and the rhodium COF 41. We
reasoned that the THF solvent would dissolve the AgSbFg at the start of
the CatCart® and trickle through the entire mixture of the rhodium catalyst-
organic framework. At the same time, the AgSbFg mixed throughout the
COF could potentially activate the more difficult to reach rhodium centers.
Thus, by packing the CatCart® in such a way, we intended to activate a
significant portion of the rhodium centers present in the framework.

Similar to the previously studied COF 42, the Ba-L-tartrate
supported COF 41 was first tested in the hydrogenation of 3-buten-2-ol. As
a reminder, this substrate was found to be highly active (see Chapter 4)
and we believe that it conditions the column. The results are given in

Table 5-10.
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Table 5-10. Continuous-flow hydrogenation of 3-buten-2-ol (71) catalyzed

by rhodium catalyst-organic framework 41.2

Entr Loading H, pressure Flow Rate Conversion®
y (Sub/Rh) (bar) (mL/min) (%)
1 1000/1 30 0.8 95
2 1000/1 30 0.8 91
3 5000/1 40 0.8 93
4 5000/1 40 0.6 95
3 The reactions were carried out with 0.077 M solutions of 3-buten-2-ol in

THF at 50°C. The same poly-[RhCI((R)-5,5'-dinorimido-BINAP)],/Ba-L-
tartrate CatCart® (30 x 4 mm) was used for every entry. ! Conversion
was determined by *H-NMR and by comparison to authentic samples.

The initial experiments (entries 1 and 2) were performed under our
standard operating procedures: 50°C, 30 bar of H,, 0.8 mL/min flow rate
and a substrate concentration of 0.077 M in THF. Unlike the previous
catalyst, which gave 100% conversion under these conditions (Table 5-1,
entry 3), the Ba-L-tartrate supported COF 41 gave 95% and 91%
conversion. In larger substrate runs (S/C = 5000), increasing the pressure
to 40 bar (entry 3) and decreasing the flow rate to 0.6 mL/min (entry 4) did
not appear to affect the % conversion at all (93% and 95% conversion,
respectively). We attributed this difference in catalyst activity to the
swellability of the COFs. The chloro-bridged COF 41 is inherently more
rigid than COF 42 because of the extra crosslinking from the chloro-
bridges (see Chapter 2). As a result, the Ba-L-tartrate supported COF 41

may require a longer swelling period than the BaSO,4 supported COF 42 to
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ensure high activity. In addition, as a direct consequence of poor swelling,
perhaps not all of the rhodium centers were activated by the AgSbFeg,
which would also negatively affect the overall catalytic activity.

Another difference between COFs 41 and 42 was the ratio of
isomerized product 72 to hydrogenated product 99. With the poly-
[Rh(NBD)((R)-5,5"-dinorimido-BINAP)](SbFs)/BaSO, catalyst, 7% of the
product was isomerized. With the poly-[RhCI((R)-5,5'-dinorimido-
BINAP)]./Ba-L-tartrate catalyst, only 1% of the product was isomerized.
The reason for this difference in product distribution is unknown, however
these results show that the isomerization pathway is not as competitive
when the Ba-L-tartrate catalyst system is used.

Itaconic acid (102) was chosen for study with this catalyst system
as this substrate provided the highest enantioselectivities from the
previously studied COF 42 (refer to section D). The results from the

hydrogenation of itaconic acid are provided in Table 5-11.
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Table 5-11. Continuous-flow hydrogenation of itaconic acid 102 catalyzed

by rhodium catalyst-organic framework 41.2

Loading | Flow Rate | H, Pressure | Yield® d 10
Entry | (Sub/Rh) | (mL/min) (bar) ) | (0
1° 200/1 0.6 30 62 >99.9
2 100/1 0.4 30 78 >99.9
3 100/1 0.4 50 91 >99.9

4 These reactions were carried out with 0.0071 M solutions of itaconic
acid in THF at 50°C. The same poly-[RhCI((R)-5,5'"-dinorimido-
BINAP)],/Ba-L-tartrate CatCart® (30 x 4 mm) was used for every entry. !
A 0.014 M solution of itaconic acid in THF was used for this run. ! Yield
was determined by *H-NMR and by comparison to authentic samples.
ee was determined by chiral HPLC.

In the first experiment, the hydrogenated product 103 was obtained
in 62% yield and >99.9% ee (entry 1). Under identical conditions, the poly-
[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFs)/BaSO, catalyst gave the
product 103 in a higher yield (92%) but with lower enantioselectivity (30%,
refer to Table 5-5). The Ba-L-tartrate catalyst 41 is less active, but is much
more selective, providing near perfect enantioselectivity in the
hydrogenation of itaconic acid.

Dilution of the substrate by half from 0.014 M to 0.0071 M and
lowering the flow rate from 0.6 mL/min to 0.4 mL/min (entry 2) resulted in
an increase in yield from 62% to 78%, and the enantioselectivity remained
high at >99.9%. Increasing the H, pressure from 30 to 50 bar (entry 3)

increased the yield increased to 91% while the ee remained at >99.9%. It

should be noted that 91% was the highest yield we were able to obtain
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due to the likely equilibrium that exists between product and substrate Rh-
carboxylate complexes (refer to Equation 5-2). Taken altogether, these
results show that the poly-[RhCI((R)-5,5'-dinorimido-BINAP)]./Ba-L-tartrate
COF is extremely selective in the hydrogenation of itaconic acid despite
the requirement for higher pressures of Hy, relatively slow flow rates and
dilute substrate solutions. We are currently investigating the use of other
substrates with this catalyst in the H-Cube® continuous-flow reactor.

The origin(s) of the high enantioselectivity of the poly-[RhCI((R)-
5,5'-dinorimido-BINAP)]./Ba-L-tartrate COF and the differences in
enantioselectivity among seemingly similar COFs are currently unknown
and are being investigated in our laboratories. That being said, there are
some factors that we believe play a role in the enantioselectivity of the
rhodium catalyst-organic frameworks. One such factor is the nature of the
support. For example, the Ba-L-tartrate supported catalyst provided
substantially higher ee values than the BaSO, supported catalyst in the
hydrogenation of itaconic acid. This suggests that there exists a possible
catalyst-support or substrate-support interaction that has the potential to
enhance enantioselectivity. In addition, we believe the close proximity of
the two rhodium metal centers in the poly-[RhCI((R)-5,5"-dinorimido-
BINAP)], COF may play a role in the high enantioselectivity exhibited by
this catalyst. In fact, there may exist some cooperativity between the two

rhodium metal centers in this catalyst that is not present in the poly-
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[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbFs) COF, resulting in improved

enantioselectivity.
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Conclusion

In summary, we have shown that the poly-[Rh(NBD)((R)-5,5'"-
dinorimido-BINAP)](SbFs)/BaSO, catalyst-organic framework is ideal for
the continuous-flow hydrogenation of olefin-containing substrates. In
particular, the catalyst showed remarkable activity in the hydrogenation of
a variety of substrates, including allylic alcohols, dehydro amino acids,
unsaturated dicarboxylic acids and unsaturated diesters, and sustained up
to approximately 55,700 TOs over a period of 30 days in the H-Cube®. In
addition, through solid state *'P-NMR and neutron activation analysis, it
was determined that catalyst deactivation was due to oxidation from the
sheer volume of solvent passed through the catalyst over a 30 day period
rather than rhodium leaching or an intrinsic catalyst lifetime. This suggests
that the catalyst lifetime can be extended past 30 days if the proper
precautions are taken and if the CatCart® does not significantly degrade.

In addition to these remarkable results, we have obtained >99.9%
ee in preliminary experiments involving the continuous-flow hydrogenation
of itaconic acid catalyzed by the poly-[RhCI((R)-5,5'-dinorimido-
BINAP)]./Ba-L-tartrate catalyst-organic framework. We are currently
optimizing this catalyst and investigating additional substrates for use in
highly enantioselective, continuous-flow hydrogenation reactions. In

conclusion, these results truly highlight the industrial viability of the
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rhodium catalyst-organic frameworks synthesized from alternating ROMP

assembly and commercialization of this technology is currently underway.
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Experimental

General procedures and methods. Gas chromatography
analyses were carried out using a Hewlett-Packard 5890 chromatograph
equipped with a flame ionization detector, a 3392A integrator, and a
Supelco Beta Dex™ 120 fused silica capillary column (30m x 0.25mm x
0.25um). HPLC analyses were performed using a Waters 600E
multisolvent delivery system equipped with Waters 715 Ultra WISP sample
processor, Waters temperature control system, Waters 990 photodiode
array detector, Waters 410 differential refractometer, Waters 5200 printer
plotter, and Daicel CHIRALPAK IB (4.6 mm i.d. x 250 mm) chiral column.
HPLC grade hexanes (Min. 99.5%) and 2-propanol (Min. 99.5%) were
obtained from Caledon Laboratories Ltd. Continuous-flow reactions were
performed using an H-Cube® SS continuous-flow hydrogenation reactor
equipped with a K-120 HPLC pump. CatCarts® and related packing
products were obtained from ThalesNano Nanotechnology Inc.

Unless otherwise stated, all experiments were performed under an
inert atmosphere using standard Schlenk and glove-box techniques.
Argon and nitrogen gas (Praxair, 99.998%) were passed through a drying
train containing 3A molecular sieves and indicating Drierite™ before use.
All solvents were dried and distilled under a nitrogen atmosphere using
standard drying agents, unless otherwise noted. All allylic alcohol reagents

and dimethyl itaconate were obtained from Sigma-Aldrich Co. and were
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distilled under a nitrogen atmosphere prior to use. Methyl a-acetamido
acrylate and itaconic acid were obtained from Sigma-Aldrich Co. and used
without further purification. a-Acetamidocinnamic acid was synthesized

according to literature procedures.*

Representative procedure for packing a CatCart® with the
poly-[Rh(NBD)((R)-5,5'-dinorimido-BINAP)](SbF¢)/BaSO4 catalyst-
organic framework 42. An empty CatCart® (30 x 4 mm) was brought into
the glove box and weighed (8.5267 g). In ~ 50 mg increments, the BaSO4
supported poly-[Rh(NBD)(N-BINAP)](SbFs) was added to the empty
CatCart® via scoopula. After each addition of catalyst, the CatCart® was
tapped for ~ 3 minutes to ensure that all of the catalyst added was tightly
and evenly packed in the CatCart®. Once the level of the catalyst reached
the lip of the CatCart® (slightly below where the CatCart® “top” would be
placed) no more catalyst was added and the full CatCart® was then
weighed (8.9491 g, 0.4215 g of BaSO, supported catalyst in the
CatCart®). The final loading of rhodium in the CatCart® was 4.16 mg
(9.88 mg of rhodium per gram of BaSO4 support). The packed CatCart®

was stored in the glove box until required.

Representative procedure for packing a CatCart® with the
poly-[RhCI((R)-5,5'-dinorimido-BINAP)]./Ba-L-tartrate catalyst-organic

framework 41. An empty CatCart® (30 x 4 mm) was brought into the
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glove box and weighed (8.4475 g). AgSbFg (0.0169 g, 4.92 x 10 mmol)
was added initially to the CatCart® and the CatCart® was tapped for ~ 3
minutes to ensure even packing. Next, AgSbFs (0.0109 g, 3.17 x 103
mmol) was mixed evenly with the Ba-L-tartrate supported poly-[Rh(N-
BINAP)CI], . The catalyst/AgSbFs mixture was then added to the CatCart®
via scoopula in ~ 50 mg increments. After each addition of catalyst, the
CatCart® was tapped for ~ 3 minutes to ensure that all of the catalyst
added was tightly and evenly packed in the CatCart®. Once the level of
the catalyst reached the lip of the CatCart® (slightly below where the
CatCart® “top” would be placed) no more catalyst was added and the full
CatCart® was then weighed (8.7362 g, 0.2609 g of Ba-L-tartrate
supported catalyst in the CatCart®). The final loading of rhodium in the
CatCart® was 3.09 mg (11.84 mg of rhodium per gram of Ba-L-tartrate
support). The final number of equivalents of AgSbFg per rhodium center
was 25.5 equivalents. The packed CatCart® was stored in the glove box

until required.

Representative procedure for pressing a packed CatCart®
loaded with a particular rhodium catalyst-organic framework. The
packed CatCart® was removed from the glove box for pressing. The
packed CatCart® opening was covered first with a piece of pre-cut filter
paper, followed by a pre-cut metal screen. Next, a rubber o-ring followed

by a thick rubber o-ring were placed on top of the metal screen. The thick
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rubber o-ring was pressed down slightly with tweezers to keep all the
components in place for pressing. Using an arbor press, the components
were pressed into the CatCart® thus sealing the contents. The CatCart®
was then immediately transferred to the H-Cube® CatCart® holder for

use.

Representative procedure for operating the H-Cube. A packed
and pressed CatCart® was inserted into the H-Cube® CatCart® holder
and the H-Cube® water reservoir was filled with triply distilled water. The
solvent and substrate were freshly distilled and bubbled with nitrogen gas
for 30 minutes prior to use in the H-Cube®. A substrate solution of desired
concentration was prepared in a purged round-bottom flask equipped with
a side-arm.

In a typical experiment, the H-Cube® and the connected HPLC
pump were first switched on. The H-Cube® water line was then purged for
~ 1 minute, followed by a purging of the HPLC pump inlet with the desired
solvent to remove and prevent any air bubbles from entering the pump
itself. Next, the desired parameters (i.e. temperature, H, pressure and flow
rate) were programmed into the H-Cube® using the H-Cube® interface.
The HPLC pump was then initiated and pure solvent was flushed through
the H-Cube for ~ 10 minutes. The H-Cube® was then started and the
internal pressures were allowed to build-up and stabilize over the course

of ~ 10 minutes. Once the system was stable, pure H, and solvent were
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flushed through the system for ~ 5 minutes before switching to the desired
substrate solution. Once all the substrate solution had been added to the
HPLC pump inlet reservoir, the reservoir was rinsed with ~ 3 x 10 mL of
the selected solvent to ensure that all of the substrate solution was flushed
through the H-Cube®. Next, the run was stopped by using the H-Cube®
interface and either new parameters were entered and the next run was
started or the H-Cube® was flushed with deoxygenated anhydrous ethanol

and the H-Cube® and connected HPLC pump were shut down.

Solid state NMR acquisition. All *P-NMR spectra were acquired
with magic angle spinning (MAS) and ramped cross-polarization (RAMP-
CP) on a Bruker Avance 500 NMR spectrometer, operating at 500.3 and
2025 MHz for 'H and 3P, respectively. The [Rh(NBD)((R)-5,5-
BINAP)](SbFs) sample was packed into a 2.5 mm outer diameter rotor and
spun at MAS frequencies 8 or 18 kHz; this sample was used to optimize
the experimental conditions for the RAMP-CP experiments for all samples.
The *H 90° pulse for the [Rh(NBD)((R)-5,5'-BINAP)](SbFs) sample was 2.0
ps, the contact time was 3.0 ms, the acquisition time was 30 ms and the
recycle delay was 3.0 s. All other **P-NMR spectra were acquired on the
same instrument, but were packed in 4.0 mm outer diameter NMR rotors.
Samples for the latter were spun at 8.0 or 10.0 kHz, with a *H 90° pulse of
4.0 ps. All other acquisition parameters were as outlined for the

[Rh(NBD)((R)-5,5"-BINAP)](SbFs) sample above.
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Neutron activation analysis acquisition. Instrumental neutron
activation analysis (NAA) was used to determine the rhodium (Rh), barium
(Ba), and antinomy (Sb) contents of used, and unused, catalyst samples.
Samples (each weighing < 55 mg) and standards were accurately weighed
(or pipetted) into polyethylene micro-centrifuge tubes (~175 uL volume),
hermetically sealed and individually irradiated in the University of Alberta
SLOWPOKE Il nuclear reactor for 100 s at a nominal thermal neutron flux of
1 x 10 n cm™? s™. Following a measured decay period (of between 20 - 30
s) the irradiated samples were individually counted for 100 s live-time at a
sample-to-detector distance of 3 cm to measure the induced Rh gamma-
ray activity. The Rh measurements were performed in open geometry
using a 22% relative efficiency ORTEC hyperpure Ge detector (full-width
at half maximum, FWHM, of 1.95 keV for the 1332.5 keV full energy peak
of ®Co). The Ge detector was connected to a PC-based Aptec
multichannel analyzer (MCA) card. Following a decay period of ~4 h the
samples were recounted for 1800 s to determine their Ba and Sb contents
on the end-cap of an ORTEC high-purity FX-Profile Ge detector (Model
GEM-FX8530P4) with a relative efficiency of 40% and a FWHM of 1.75
keV (for the 1332.5 keV ®°Co photopeak) housed in a 10 cm Pb cave with
Cu shield. The FX Profile detector was coupled to an ORTEC DSPEC-Pro
digital spectrometer. Elemental analysis was performed by the semi-
absolute method of activation analysis for Rh and Ba.** Antinomy was

determined by absolute instrumental NAA. The nuclear reactions and
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relevant nuclear data for the quantification of the three elements measured
are listed in the following table. A Sigma-Aldrich Fluka Analytical Rh AA
standard solution (977.0 ug Rh/mL in 5% HCI) was used in quantifying Rh.
Barium sulphate was used as comparator standard for the determination

of the Ba. As noted above Sb was determined by absolute (i.e., standard-

less) NAA.

Nuclear Reaction Half-life Principal y-ray(s)
193Rh (n,y) **Rh 42.3s 555.8 keV
138Ba (n,y) *°Ba 83.06 m 165.9 keV
1215k (n,y) '%?sb 2.7238d 564.1 keV

Determination of enantiomeric excess. The products from the
catalytic hydrogenations were concentrated under reduced pressure and
an aliquot was flushed through a Fluorosil™ plug using CH.Cl, as an
eluent to remove any catalyst residues. The retention times and chiral GC
or HPLC conditions for the products are given below and the retention
times were confirmed with racemic samples of the products. 'H-NMR

spectra recorded were identical to the authentic samples.
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The enantiomeric excess of the product from the hydrogenation of MAA
(101) was determined through chiral GC, however the peaks did not fully
separate on the column. The product was concentrated under reduced
pressure and a solution was prepared in CH,CI, at a concentration of 2
mg/mL. Next, 1 uL was injected into the GC under the following conditions:
helium carrier gas (20 psig); constant temperature of 80°C; injector
temperature of 220°C; detector temperature of 220°C. The retention times

for the two enantiomers were 75.7 min and 77.6 min.

O CH,

H
oy

o
103

The enantiomeric excess of the product from the hydrogenation of itaconic
acid (103) was determined through chiral HPLC and confirmed with the
racemic methylated compound (dimethyl methyl succinate, 104), which
was obtained from Sigma-Aldrich. The product was first methylated by
reaction with diazomethane. The methylated product was then
concentrated under reduced pressure and a solution was prepared in THF
at a concentration of 2 mg/mL. Next, 3 yL was injected into the HPLC
under the following conditions: 30°C, 0.8 mL/min flow rate, mobile phase
of 98:2 hexane: isopropanol. The retention times for the two enantiomers
of the racemic methylated compound 104 were 7.6 min and 9.9 min.

Methylated product from certain rhodium catalyst-organic framework
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reactions only contained the enantiomer at 9.9 min. Therefore, the ee was

determined to be >99.9%.

O CH,

OCH
Hscow 3

o
104

The enantiomeric excess of the product from the hydrogenation of
dimethyl itaconate (104) was determined through chiral HPLC and
confirmed with the racemic compound, which was obtained from Sigma-
Aldrich. The product was concentrated under reduced pressure and a
solution was prepared in THF at a concentration of 2 mg/mL. Next, 3 uL
was injected into the HPLC under the following conditions: 30°C, 0.8
mL/min flow rate, mobile phase of 98:2 hexane: isopropanol. The retention

times for the two enantiomers were 7.5 min and 9.7 min.
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Chapter 6

Concluding Remarks

Homogeneous asymmetric catalysis is arguably the most attractive
method for the production of enantiopure compounds,® however, there are
some inherent challenges that ultimately hinder its practical application.
Specifically, the catalysts themselves are typically quite expensive and
toxic,> and product contamination caused by metal leaching is often
encountered.® As a result, immobilization of homogeneous chiral catalysts
is often pursued as these catalysts can potentially be quantitatively
recovered from the product mixture and reused.™* However, the majority
of these attempts have failed, resulting in immobilized catalysts that
display lower activities and selectivities than their homogeneous catalyst
analogues. Further, the ideal immobilized homogeneous asymmetric
catalyst should be applicable to a wide variety of reactions, easily
recovered from the reaction mixture, sustain multiple reuses with constant
activity and selectivity, which are comparable or better than the
homogeneous analogue, and limit the amount of metal leached into the
reaction mixture. As well, the immobilization technique should be
adaptable to a variety of homogeneous catalysts. The research presented
in this dissertation is thus a major step forward towards achieving these

goals.
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Section A: Synthesis of Polymer-Supported Rhodium Catalyst-

Organic Frameworks via AItROMP Assembly

In this work, the previously synthesized ring-opening metathesis
polymerization (ROMP) active BINAP ligand, (R)-5,5'-dinorimido-BINAP
(36),> was utilized to prepare the metal containing monomers (MCMs)
[RhCI((R)-5,5"-dinorimido-BINAP)], (38) and [Rh(NBD)((R)-5,5'-dinorimido-
BINAP)]|(SbFe) (40) through reaction with [RhCI(C,Hy)2]2. (37) and
[Rh(NBD),](SbFe) (39), respectively. As was the case for 36, monomers
38 and 40 were formed as mixtures of three diastereomeric atropisomers,
two with a Cy-axis of rotation and one without. The origin of the three
NMR-distinct atropisomers was the relative rotameric orientations of the
norimido groups about the aryl-N bond. Interestingly, it was shown that
interconversion of the atropisomers was influenced by the electron density
of the rhodium metal center and the binaphthyl framework. Specifically,
the [Rh(I)CI] moiety of 38 was discovered to be a poorer 1r-donor than the
[Rh(I)(NBD)]" moiety of 40, resulting in a decrease in the rate of
interconversion between the atropisomers of 38 compared to 40. Future
investigations of these compounds should focus on determining the rates
of interconversion and studying the effect of interconversion on the
alternating ROMP (altROMP) assembly and the catalytic properties of the

resulting catalyst-organic frameworks.
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The previously developed altROMP assembly>® was employed to
prepare the polymer-supported catalyst-organic frameworks 41 and 42. By
design, altROMP between COE and the norbornyl groups in either 38 or
40, in the presence of the Grubbs 1% generation catalyst (23), resulted in
the assembly of extended, three-dimensional catalyst-organic frameworks
with the catalyst complex as the crosslinking units. Although more
characterization of frameworks 41 and 42 is required (see Section E of this
chapter), NMR studies suggest that the electronic environment of the
rhodium metal center was not significantly altered during polymerization.
Moreover, we showed that the altROMP methodology, previously utilized
in the preparation of ruthenium hydrogenation catalysts,>® can be easily
adapted and applied to other homogeneous catalysts. The frameworks
were deposited on either BaSO, or Ba-L-tartrate to improve mass
transport to the catalytic active sites and improve mechanical stability
toward rapidly stirred batch reactions and were then tested in the
intramolecular cycloisomerization of 1,6-enynes, isomerization of allylic

alcohols and continuous-flow hydrogenation reactions.

Section B: Intramolecular 1,6-Enyne Cycloisomerizations

In this work, the newly prepared catalyst-organic framework 41 was
tested in the intramolecular cycloisomerization of 1,6-enynes 53 and 46.

41 sustained six reuses with no loss in activity or selectivity (total TON =
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620, >95% ee) in the cycloisomerization of 53 and four reuses (total TON
= 360, >99.9% ee) in the cycloisomerization of 46 (S/C/AgSbFs = 20/1/2
for the first run and S/C = 100/1 for all subsequent runs). The difference in
activity between the two substrates was attributed to competitive n°-
binding of the aromatic ring on the substrate or cycloisomerized product of
46 to the rhodium metal center, which is not present in substrate 53.

In batch studies, 41 sustained up to 800 TOs (S/C/AgSbFs =
1000/1/5, >95% ee) and 890 TOs (S/C/AgSbFs = 1600/1/5, >99.9% ee) in
the cycloisomerization of 53 and 46, respectively. To the best of our
knowledge, these are the highest TONs reported for any
cycloisomerization reaction. It was also discovered that the coordinating
ability of the solvent has a significant effect on the reusability and batch
reactivity of the catalyst, however choice of solvent has no effect on the
overall enantioselectivity. Thus, the catalyst-organic framework can be
tailored for reuse or batch reactions simply by selecting an appropriate
solvent.

Comparison to the homogeneous analogue, [RhCI((R)-BINAP)],
showed that 41 was not only more active but also more selective in the
cycloisomerization of 53 as a mixture of isomerized products was obtained
with the homogeneous catalyst. This is the first example of a polymer-
supported catalyst that is both more active and selective than the
homogeneous catalyst analogue. Future work should be focused on

determining the origins of the high activity and selectivity of 41 (see
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Section E of this chapter). Framework 41 was also utilized in the
production of a key intermediate of the pharmaceutical (+)-pilocarpine
(S/C/AgSbFg = 300/1/5, TON = 285, >99.9% ee), illustrating the potential
industrial application of the polymer-supported rhodium catalyst-organic

framework.

Section C: Solvent-Free Allylic Alcohol Isomerizations

In this work, framework 41 was tested in the 100% atom economic,
solvent-free isomerization of primary and secondary allylic alcohols. 41
provided the highest TONs to date (up to 38,000) for the rhodium
catalyzed isomerization of secondary allylic alcohols, with catalyst
loadings as low as 0.0025 mol%. 41 also proved to more active than the
homogeneous catalyst analogue in the isomerization of 3-buten-2-ol (71).
As well, we reported the kinetic resolution of 71 with enantioselectivity
comparable to the most recent literature report published by Gimeno and
coworkers’ (15% ee vs 17% ee, respectively). Future work should be
focused on determining the origins of the high activity (see Section E of
this chapter) and optimizing the conditions for the kinetic resolution.

Interestingly, we discovered that the solvent-free isomerization of
primary allylic alcohol 1-propen-3-ol resulted in the formation of not only
the isomerized aldehyde product but also a hemiacetal side product

(formed from reaction between the aldehyde and the starting allylic
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alcohol). As well, it was discovered that the identity of the silver salt plays
a substantial role in the catalytic activity of the framework. Specifically, the
solubility and coordinating ability of the silver salt appear to dictate the
extent of catalyst activation and, by extension, the catalytic activity of the
framework. There are, however, many more factors that could be at play
and future work should be focused on determining what these factors are
and their effects on catalytic activity. Finally, we discovered that the
framework appears to contain a substrate size threshold that, if exceeded,
significantly affects the rate and extent of reaction. Future investigations
should be done on elucidating the structure and determining the size of
the pores within the framework, which would allow for better system

optimization.

Section D: Continuous-Flow Hydrogenations

In this work, frameworks 41 and 42 were adapted for use in the H-
Cube® continuous-flow hydrogenation reactor and then tested in the
asymmetric hydrogenation of olefin-containing substrates. Framework 42
exhibited remarkable activity in the hydrogenation of a variety of
substrates, including allylic alcohols, dehydro amino acids, unsaturated
dicarboxylic acids and unsaturated diesters, and sustained up to
approximately 55,700 TONs over a period of 30 days in the H-Cube®.

Through solid state *!P-NMR and neutron activation analysis, it was
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determined that catalyst deactivation was due to oxidation from the sheer
volume of solvent passed through the catalyst over a 30 day period rather
than rhodium leaching or an intrinsic catalyst lifetime. This suggests that
the catalyst lifetime can be extended past 30 days if the proper
precautions are taken and if the CatCart® itself does not significantly
degrade around the catalyst. As well, in preliminary experiments,
framework 41 supported on Ba-L-tartrate gave >99.9% ee in the
hydrogenation of itaconic acid.

Interestingly, it was discovered that 42 was completely inactive in
the absence of hydrogen, suggesting that the mechanism of
hydrogenation proceeds via the initial formation of metal-hydrides. As well,
we discovered that high concentrations of hydrogen are required for high
catalytic activity in the H-Cube® as hydrogen is continually lost throughout
each continuous-flow run preventing the regeneration of the catalytic
metal-hydride complex.

As this was a preliminary study, future investigations should be
focused on optimizing the frameworks and reaction conditions and
investigating additional substrates. As well, the trans-[RuCly((R)-5,5'-
dinorimido-BINAP)((R,R)-dpen)] framework (26), previously synthesized
by Corbin Ralph,®> should be adapted for use in the H-Cube® continuous-
flow reactor and tested in the asymmetric hydrogenation of ketones,

imines, etc.
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Section E: Future Directions

As was shown in this dissertation, the polymer-supported rhodium
catalyst-organic frameworks 41 and 42 have not only exhibited remarkable
reusability, but have also shown to be more active and selective than their
homogeneous catalyst analogues. We believe that the possible origins of
this enhanced activity and selectivity include catalyst/framework-support
interactions (i.e. the BaSO, interaction with catalytic active sites and/or the
framework, swellability, etc.) and framework-catalyst interactions (i.e.
cross-linking, size exclusion, etc.), but have yet to confirm these
suspicions. To this end, future efforts should be focused on extensive
catalyst characterization. Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) of the polymers before and after
deposition onto the barium salt support would be useful in obtaining the
morphology of the polymers as well as providing information on the
density/location of the catalytic active sites within the frameworks.
Dynamic Light Scattering (DLS) and Gel Permeation Chromatography
(GPC) would probe the poly-dispersity of the polymers and provide a
rough estimate of molecular weight. As well, solid state *'P-NMR and
193Rh-NMR spectroscopy would be useful in probing the environment of
the metal centers in the polymers, supported-polymers and active

catalysts.
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In addition to catalyst characterization, the modular nature of the
frameworks (i.e. the support, spacer monomer and catalyst monomer)
allows for relatively easy modification. By changing the support and
introducing spacer monomers with varying lengths, functional groups and
stereochemistry we may be able to identify the features of the frameworks
that dictate the overall activity of the catalyst. As well, these modifications
could potentially result in frameworks with even better selectivity, activity
and reusability.

As was demonstrated in this work, the altROMP methodology is a
superior method for preparing highly active, selective and reusable
polymeric catalysts and can be adapted quite easily to different
homogeneous catalysts. In addition, our utilization of solvent-free and
continuous-flow catalysis has highlighted the industrial viability of the
frameworks and the commercialization of this technology is currently
underway. It is our hope that this work will continue to contribute to the
development of more sustainable, cost-effective applications of

asymmetric catalysis.
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