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Abstract

In the industry, 80% of products were produced by catalysts, and most of the catalysts are
tiny particles with sizes less than 25 nm. In the first project (discussed in Chapter 1 and Chapter
2), we selected two types of bimetallic nanocatalysts (Pd/Au and Cu/Au) for our studies. The goals
are to use the nanocatalysts (Pd/Au and Cu/Au nanoclusters) to produce products with opposite
stereochemistry. A pair of chiral substituted poly-vinyl-N-pyrrolidones (CSPVP) were designed
and synthesized for the stabilization of nanocatalyst colloids (in water or dimethylformamide) to
synthesize products with opposite stereochemistry using different oxidants such as tertiary-butyl
hydrogen peroxide (TBHP) or hydrogen peroxide. We first studied the nanocatalyst colloid using
achiral poly-vinyl-N-pyrrolidones (PVP) to explore new catalytic reactions. Phthalan, indene,
norbornene and their derivatives were applied to these nanocatalysts using 30% hydrogen peroxide
or TBHP as oxidant. Results suggest that Cu/Au tends to activate sp3 carbons, and these carbons
are connected to benzene ring or oxygen, while Pd/Au exhibits catalytic potential to oxidize sp2
carbons. Chapter 1 focuses on the syntheses of chiral polymers and the corresponding colloidal
nanocatalysts. In the following chapter, a series of substrates were treated with nanocatalyst
colloids in different ingredients. Some of these substrates were treated with CSPVP supported
colloid, and results remain to be carefully studied. In the second project (discussed in Chapter 3),
two tricyclic pyrones were synthesized for the investigation of Alzheimer’s disease in a rat model.
We also attempted to synthesize a novel tricyclic pyrone to avoid the formation of two

stereoisomers by the insertion of an alkene.
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colloids in different ingredients. Some of these substrates were treated with CSPVP supported
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Chapter 1 - Synthesis and Characterization of Chiral Substituted

Polyvinylpyrrolidones and Bimetallic Nanoclusters

1.1. Introduction and Background

In the last decades, heterogeneous catalysts have been applied in many critical industrial
procedures to accelerate reaction with low cost, high conversion and product selectivity.> 2 In
industry, more than 80% of chemical products were produced by catalysts.? 3 In 2019, the global
catalyst market size was valued at USD 33.9 billion and was expected to grow in an annual growth
rate of 4.4% from 2020 to 2027.2 Most industrial catalysts exist as small nanoparticles with their
sizes less than 25 nm in high ratios of surface/volume* ®. The methods of preparing nanocatalysts
can be divided into two classes, the Top-Down and Bottom-Up methods (see Figure 1). It has
been widely accepted that nanoparticles (NPs) at the lower end of the nanoscale (composed of less
than ~100 atoms) are often referred to as nanoclusters (NCs).® An obvious different optical
properties in NCs and NPs with larger size can be observed.” For Au colloidal nanoparticles with
sizes larger than 5 nm, an intensive red colors can be observed by a naked eye.%°

Prior to our report,’? ligands or polymers are necessary to prevent the aggregation of NPs
or NCs. In some cases, these stabilizers (ligands or polymers) are considered unfavorable for their
application in catalytic reactions.!! The catalytic activity of stabilized NCs or NPs can be
jeopardized by: (1). The deactivation of the metal surface caused by functional groups of polymers;

(2). The blocking of reagents access caused by steric hindrance.'?
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Figure 1. Methods to prepare nanocatalysts.

It is widely accepted that the formation process of nanocatalyts include two stages of
nucleation and growth.* For the nucleation, lots of initial cores of NCs are formed rapidly and the
number of atomic particles increases.™® ! In this stage, the structure of these initial cores (or nuclei)
are influenced by the type of polymer, reducing ability of the reducing reagent and the temperature.
The growth stage refers the growth process of nanoclusters from its initial cores. In this stage, the
initial cores (or nuclei) begin to decrease with the diffusion of small nuclei to the surface of larger

nuclei. This process is much slower than nucleation to give the final NCs and NPs.*> !’ Also, the



size and connections between metals and polymers can be affected by the length of polymers. In
2017, Alexander and his coworkers simulated the ratios of metal-polymer bonded monomers (to
total monomers) using polymers in different lengths. The polymers with lengths ranging from 220
units to 1540 units exhibit percentages of metal-bonded monomer units/total monomer units from
52% to 16%, respectively.'® In 2013, Kamil and his coworkers reported their research on the
influence of polymer length on the size of nanoparticles by preparing a series of Au colloidal
nanoparticles with different PEGs ranging from the My of 2k to 48k to give the corresponding Au

nanoparticles sizes ranging from 15 nm to 175 nm (by transmission electron microscopy).®

1.2. Preparation of Chiral Substituted Poly-N-vinylpyrrolidones (CSPVP)

and Bimetallic Nanocatalysts

In 2016, Hua and his coworkers published their studies on chiral substituted poly-N-
vinylpyrrolidone (CSPVP) stabilized bimetallic nanocatalysts with good enantioselectivity in
various oxidation reactions®®. The design and synthesis of CSPVP are two starting points to obtain
nanocatalysts and to establish chiral pockets and reactive sites for catalytic reactions. In order to
catalyze substrates with opposite enantioselectivities, a pair of CSPVP with opposite
stereochemistry were designed by Hua, and | participated in the syntheses of these chiral polymers

and the preparation of corresponding NCs.



1.2.1. Synthesis of the Precursor for P-1-R

In order to synthesize P-1-R (see Scheme 1), the inexpensive and commercially available
D-isoascorbic acid (1) was selected as the starting material for the multi-step synthesis of the P-1-
R. D-isoascorbic acid (1) was treated with hydrogen peroxide to cleave the double bond and
potassium carbonate to hydrolyze the ester at 42 °C for 12 h. Then, active charcoal was added into
the solution with the temperature increased to 80 °C and stirred for 30 min to quench unreacted
hydrogen peroxide. The reaction mixture was filtered through Celite, and the filtrate was acidified
with HCI (6 N) to pH ~ 1. The filtrate was concentrated to dryness, diluted with ethyl acetate,
heated to reflux. The organic layer containing desired product was sealed and crystalized at a fridge
to obtain D-erythronolactone (2) in a yield of 69%.%% 21 After that, D-erythronolactone (2) was
treated with distilled acetone under the catalysis of concentrated sulfuric acid, and stirred for 12 h
at 25 °C to give the acetonide (3) in a yield of 79%.2% 22 The acetonide (3) was converted to azido-
acid (4) in a yield of 64% by treating it with sodium azide in N,N-dimethylformamide (DMF) at
120 °C for 12 h.?! After that, the azido-acid (4) was reduced by Pd/C under hydrogen atmosphere
(30 psi) in methanol at 25 °C for 12 h. The reaction mixture was filtered, concentrated to dryness,
washed with ethyl ether to give amino acid (5) in a yield of 98% as dry powders.?* The collected
dry powders were then sublimated slowly under vacuum (0.1 - 0.5 mm Hg) at 130 °C to furnish
the cyclized amide product (6) in a yield of 75%.2! The collected lactam (6) was treated with n-
butyl vinyl ether and a catalyst, 4,7-diphenyl-1,10-phenanthroline palladium bis (trifluoroacetate)
[(DPP)Pd(OCOCFs3),]%, at 75 °C for 3 h to furnish the N-vinylpyrrolidone (7) as the precursor for

P-1-R in ayield of 77%.
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Scheme 1. Synthesis of the precursor of P-1-R.
1.2.2. Synthesis of the Precursor for P-1-S
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Scheme 2. Synthesis of the precursor of P-1-S.

The opposite-stereocisomeric polymer was also designed (see Scheme 2) to compare their
difference in catalytic enantioselectivity. The synthesis of its precursor was started by treating D-
ribose, an inexpensive and commercially available material, with acetone and a catalytic amount
of concentrated sulfuric acid at 25 °C (stirred for 12 h) to afford acetonide (9) in a yield of 63%.%2

Acetonide (9), a mixture of a and B anomers in the ratio of 3.8:1, was reduced by sodium



borohydride at 25 °C for 3 h. After that, the unreacted sodium borohydride (NaBH4) was quenched
by acidifying the reaction solution to pH~5 with 1N HCI. Then, the reduced intermediate was
oxidatively cleaved by sodium periodate for 5 h at 25 °C to yield lactol (10) in a yield of 83%.2*
After that, Swern oxidation was used to convert lactol (10) to lactone (11) in a yield of 56%.%°
Lactone (11) was then treated with sodium azide and distilled DMF at 120 °C for 12 h to azido
acid (12) in a yield of 51%.%! The dried azido acid (12) was reduced with Pd/C under hydrogen
pressure (30 psi) in methanol at 25 °C for 12 h to afford amino acid (13) in a yield of 93%.
Subsequent sublimation using a sublimator under vacuum (0.05 mm Hg) and heat (130 °C) was
conducted to furnish the cyclized amide (14) as crystals in a yield of 94%. The sublimated crystals
(14) were first mixed with vinyl acetate, a catalytic amount of sodium palladium chloride
(NazPdCly), potassium carbonate in a glove box (sensitive to oxygen and water).?® The reaction
mixture was then heated to 50 °C for 12 h under argon and failed to produce vinyl amide (15) as
the major product due to the presence of water, which may convert vinyl amide to imide under the
catalysis of Na2PdCls. Then, Dr. Fan (a postdoctoral fellow in Hua’s laboratory) used a reported
catalyst of (DPP)Pd(OCOCFs3),? for this vinylation by mixing crystals of 14, n-butyl vinyl ether
at 75 °C (open to air) to produce vinyl amide of 15 (75% to 80% yield). The reaction is tolerated

to the presence of water and air.
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Scheme 3. Discussion of azide displacement reaction.

In the synthesis of azido carboxylic acid (see Scheme 3), the workup process is the key
point to improve the yield. There are two carbons (the carbonyl C2 and C5 adjacent to the oxygen)
can be attacked by nucleophilic azide ions to give an acetyl azido or an azido carboxylic acid
respectively. The azido carboxylic acid is more thermodynamically stable than acetyl azido due to
the resonance stablization of carboxylate ion is more stable than alkoxide ion. 12 h is required to
convert most lactone to carboxylic acid. In order to extract the azido carboxylic acid from the
aqueous layer, it is necessary to convert most carboxylic acid from COO™ to COOH (pKa = 5) by
acidifying the reaction mixture to pH ~ 3. However, the acetonide can be hydrolyzed to the
corresponding diol in acidic conditions. Hence, a low temperature is needed to decrease the

hydrolysis of acetonide to improve the isolated yield of azido carboxylic acid.



1.3. Synthesis of Substituted Chiral N-vinylpyrrolidones (CSPVPs) from the

Corresponding Vinyl Lactams

Synthesis of Copolymers Synthesis of chiral substituted polymers (CSPVP)
e %o e X
57 AIBN (1 mol %), vinyl P o Q9 Qo o0
— / R AIBN (2 mol %), ethyl acetate,
04\ ) acetate (2.0 eq.), acetone O”'J\’j J\ —\ COPH-R (1 wolght % ) \ ‘
)N 65 °C to 75 °C, sealing tube ) i . 0\ A 0=y~ 65°C 10 75 °C, sealing ube 0= 07y
Z ; . | \ \
92% ykeid S 1 2 98% yield -%'/L\//L\v%;,'z
7 COP-1-R 7 P-1-R
Qe AIBN (1 mol %), vinyl g7 o 0 0>(O OXO
acetate (2.0 eq.), acetone ( Q v/ AIBN (2 mol %), ethyl acetate, \
0= o:f\ /J\ _j\ ) COP-1-5 (1 weight %) ) L
N 65 °C to 75 °C, sealing tube N o 0= 0= o s
/) 70% ;eld ,I{)\h\ _,:.J\v\. J 65 °C to 75 °C, sealing tube N N
Y \ Tal G’ # 88% yield —{"L\-/I\/Tm
15 COP-1-8 15 P15

Scheme 4. Syntheses of copolymers and polymers.

The synthetic routes for copolymers?” and polymers from corresponding precursors are
showed in Scheme 4. Copolymers are used as a type of superficant during the polymerization to
produce large polymers. A significant decrease of P-1-R’s size (viscosity) was observed if the
polymerization process was conducted in the absence of COP-1-R. The reaction solution for COP-
1-R was prepared by dissolving the vinyl lactam (7), vinyl acetate (2.0 eq.), and 1 mol % of
azobisisobutyronitrile (AIBN) in a distilled and argon-degassed solution of acetone in a sealable
tube under a nitrogen atmosphere (glove box), which is then sealed by capping with a Teflon screw
cap containing a Tefron O-ring. The tightly sealed tube was transferred to a hood and heated to 65
°C to 75 °C for 24 h to furnish COP-1-R in a yield of 92%. The preparation of the reaction solution
of COP-1-S was prepared by mixing vinyl lactam (15), vinyl acetate (2.0 eq.), and 1 mol % of
azobisisobutyronitrile (AIBN) and distilled and argon-degassed acetone in an aforementioned seal

tube in a dry box under nitrogen atmosphere to get rid of the influence from water and air. The



reaction solution was transferred out to a hood. The reaction mixture was then heated to about 70
°C for 24 h to furnish COP-1-S in a yield of 70%.

The reaction solution to synthesize P-1-R was prepared by dissolving the vinyl lactam (7),
1 weight % of COP-1-R and 2 mol % of azobisisobutyronitrile (AIBN) in a distilled and argon-
degassed solution of ethyl acetate (prepared in a dry box). The prepared solution was then
transferred out to a hood and heated to about 70 °C for 16 h to afford P-1-R in a yield of 98%. The
solution to synthesize P-1-S was obtained by mixing the vinyl lactam (15), 1 weight % of COP-
1-S and 2 mol % of azobisisobutyronitrile (AIBN) and distilled and argon-degassed ethyl acetate
in a seal tube (operated in a dry box). The sealed tube was then moved to a hood and heated to
about 70 °C for 24 h to afford P-1-S in a yield of 88%. The polymerization procedure usually
finished in 24 h with an obvious increase of viscosity of the reaction solution. These reacted
mixtures were worked up identically by dissolving corresponding reaction mixture in chloroform.
To a solution of pentane, the chloroform was added in dropwise with vigorous stirring. The white
precipitates were then collected and dried under vacuum to give white powders as the desired
copolymer. In this section, Dr. Fan completed the syntheses of 12 to 15 and the syntheses of 1S

polymers.



1.4. Preparation of Pd/Au and Cu/Au Nanocatalysts

H,0

3 Na-PdCl + 1 + 0.11 PVP
,PdCl, HAuCl4e3H,0 NaBH4(5.0 eq.)

Pd/Au (3:1)-PVP in H,0

H,0 .
3cucl  + 1 + 0.1 PVP 2 Cu/Au (3:1)-PVP in HyO
! HAUCl,#3H,0 NaBH,(5.0 eq) _ /AU (3:1) N M2
3Na,PdCl,  + 1 HAUCLe3H,O0 + 0.1 PVP DMF_____ bg/Au (3:1)-PVP in DMF
47002 NaBH,4(5.0 eq.)
DMF . _ .
3 CuCl + 1 HAuCl3H,0 + 0.1 PVP Cu/Au (3:1)-PVP in DMF

NaBH,4(5.0 eq.)

Scheme 5. Synthesis of nanocatalyst colloid.

To prepare a 21.9 mL (10 mM) nanocatalyst colloid (see Scheme 5), a solution was
prepared by mixing 83 mg (2.2 mmol, 0.11 eq.) of 40k PVP, 21.67 mg (0.055 mmol, 1.0 eq.) of
HAuCIls 3H20, 16.2 mg (0.164 mmol, 3.0 eq.) of CuCl [or 48.1 mg (0.164 mmol, 3.0 eq.) of
NazPdCl,] in 30 mL deionized water (or DMF). To it, 10.3 mg (0.273 mmol, 5.0 eq.) of NaBH4
was added at 0 °C and stirred for 2 hours at 25 °C, saved in fridge for catalytic reactions. % The

concentration of the catalyst was calculated by following equations:

MO inucy .0 ¥ MOl
V

o MOls.p0c, *MOlcic
V

C=

solution solution

The total mol of the catalytic colloid is calculated by adding the mol of two types of
metallic ions. The total mol is then divided by the volume of solution (deionized water or DMF).

In this preparation, the total mol of two metallic ions is HAuCls 3H.O (0.055 mmol) + CuCl (0.164
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mmol) = 0.219 mmol. The concentration of the colloid is calculated by dividing the total mol of
metallic ions with the volume of deionized water (21.9 mL) to give following concentration: 0.219
mmol/ 21.9 mL = 10 mM. The concentrations of catalytic colloid can be adjusted by the volume

of the solution.
1.5. Characterization of Poly-N-vinylpyrrolidones

Undoubtedly, it is necessary to measure the molecular weights of the synthesized polymers
to understand and optimize the design of polymer-supported nanocatalysts. First, Ubbelohde
Viscometer was applied to measure the viscosities of various lengths of polymers synthesized by
using different amounts of radical initiator AIBN in the polymerization process. After that,
Zhaoyang Ren (a Ph.D. student in our lab) measured the molecular weights of our synthesized

chiral polymers by using high resolution mass spectra (HRMS).

1.5.1. Studies of Intrinsic Viscosities of Different Lengths of P-1-R using Different

Amounts of AIBN by Ubbelohde Viscometer

in Y NiMi " Y NiM?
= - W=g——
2 Ni Y NiMi

Scheme 6. The equations of weight average molecular (Mw) weight and number average
molecular weight (Mn).

Weight average molecular weight (Mw) and number average molecular weight (M) are

important properties to describe weight distributions of polymers. The equations to describe Mw
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and Mn are showed in Scheme 6. For newly synthesized polymers, their (absolute) weight average
molecular weight (Mw) is usually measured by static (multiangle) light scattering (SLS or MALS)
apparatus.?® The instrument for the measurement of (absolute) weight average molecular (My) is
not connected to an HPLC as a high concentration of sample solution is required to ensure the
accuracy of weight average molecular (Mw). An HPLC with an SLS or DLS detector is mainly
used to measure the distribution of weight average molecular (Mw). The polymer’s absolute
number average molecular weight (M) is usually measured by an osmometer (no standard sample
needed).?® Then, polymers with known molecular weights are used as standards to measure the
relationship between their molecular weights and viscosities. However, the SLS apparatus is not
available to us, and chiral substituted poly-vinyl-N-pyrrolidones, synthesized from our laboratory,
have not been reported previously and their molecular weights are unknown, which is difficult to
find a suitable and available gel permeation chromatography (GPC) column for our new polymers
(give the same retention time for P-1-R prepared by different concentrations of AIBN). Hence, we
used an Ubbelohde viscometer to study relative correlations between the trends of their molecular
weights and the amounts of AIBN in their polymerization reactions, which would allow us to study
the relative sizes of synthetic polymers and future optimization of the preparation of colloidal
nanocatalysts.

In order to measure the intrinsic viscosity from a specific type of polymers, a series of
polymer’s colloids (in methanol) in different concentrations were prepared at 6 mg/mL, 5 mg/mL,
4 mg/mL, 3 mg/mL, 2 mg/mL and a control sample (0 mg/mL). The coordination between PVPs’
reduced viscosities and AIBN concentrations is plotted in Figure 2, while the coordination of P-
1-R is plotted in Figure 3. The specific viscosities of each colloid were measured by the

formulation of nsp = (ta-to)/to, With t, being the time span of the colloid surface passing the two

12



tick-mark rings of a Ubbelohde viscometer, and to is the time span from the control sample (0
mg/mL). The intrinsic viscosity of the specific type of polymers was calculated by extrapolation
([n] = lim nsp/c, C is expressed in mg/mL).%° The intrinsic viscosities from different types of
polymers synthesized with 0.1 mol %, 0.2 mol %, and 0.4 mol % of AIBN were measured, and
their correlation between AIBN concentrations and intrinsic viscosities was graphed (see Figure
4). Results indicated the higher concentration of AIBN applied in the polymerization, the shorter

the polymer length.

Plot of reduced viscosity and colloid concentrations form

various PVP
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Figure 2. Correlation of reduced viscosities from different PVPs (synthesized with
different amounts of AIBN) in different concentrations.
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Plot of reduced viscosity and colloid concentrations form

various P-1-R
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Figure 3. Correlation of reduced viscosities from different P-1-R (synthesized with
different amounts of AIBN) in different concentrations.

To measure the intrinsic viscosities of three types of PVPs prepared in different
concentrations of AIBN (1 mol %, 2 mol % and 4 mol %), three sets of solutions were prepared in
the concentrations of 6 mg/mL, 5 mg/mL, 4 mg/mL, 3 mg/mL, 2 mg/mL, 0 mg/mL. Their
correlations between colloidal concentrations and reduced viscosities are plotted in Figure 2. For
PVPs prepared in different concentrations of AIBN, a higher concentration of AIBN tends to give
a set of smaller value of reduced viscosities. For a set of PVP solutions prepared in a specific
concentration of AIBN, higher colloidal concentrations tend to afford larger value of reduced
viscosities. By extrapolating, the PVP prepared in different AIBN concentrations of 1 mol %, 2
mol % and 4 mol % afford intrinsic viscosities of 41.67 dL/g, 34.04 dL/g, 26.42 dL/g respectively.
In Figure 3, a same trend can be found. The measured intrinsic viscosities of P-1-R prepared in

AIBN concentrations of 1 mol %, 2 mol % and 4 mol % are 49.90 dL/g, 44.44 dL/g, 40.16 dL/g
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respectively. Then, the correlations between intrinsic viscosities and AIBN concentrations are
plotted in Figure 4. The value of intrinsic viscosity is proportional to the logarithm value of
molecular weight, which means that a larger value of intrinsic viscosity gives a larger (or longer)
linear polymer. Based on that relationship, the two lines in Figure 4 exhibit that a shorter linear
polymer will be obtained if a higher concentration of AIBN is involved in the polymerization
procedure.

PVPs and P-1-R with different lengths were prepared by using 0.1 mol %, 0.2 mol %, and
0.4 mol % of AIBN. The three types of P-1-R were applied in the preparation of nanocatalyst
colloids. The colloid prepared P-1-R in 0.4 mol % AIBN is less stable than its 0.2% counterpart
when acetonitrile was used to solubilize the substrates and polymers in subsequent oxidation
reactions. This is in agreement with the previous statement that the shorter polymers tend to contact
more with nanocatalysts and contact less with water. With the addition of acetonitrile as a kind of
hydrogen-bond breaker, the hydrogen bonds between polymers and water decreased dramatically
leading to a substantial decrease of solubility of polymers. The longer polymer lengths with more
connections to water by hydrogen bonds are still soluble in the mixed solvent system, and even
their solubility was impaired by acetonitrile. For the short polymer colloids with less connections
to water through hydrogen bonds, it tends to have a lower solubility than the long polymer colloids
in acetonitrile-water solution. In addition, the solubility of P-1-R prepared with 0.1 mol % AIBN
has a low solubility in water, which is difficult to prepare a concentrated colloidal solution as high
as 10 mM nanoclusters in water. The results suggested that the P-1-R prepared with 0.2 mol %

AIBN is the optimal selection for the preparation of colloidal nanocatalysts.
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Figure 4. Correlation of intrinsic viscosity and different PVP (synthesized from
different amounts of AIBN) in different concentrations.

1.7. Conclusion

In this section, characterization of polymers was conducted. According to the intrinsic
viscosity results obtained by using an Ubbelohde viscometer, the higher the concentration of AIBN,
the shorter the polymer length. In the water-acetonitrile system, CSPVP synthesized with 0.2 mol %
of AIBN provides the optimal length of polymer for the preparation of concentrated nanocatalyst

colloid in water/acetonitrile solution.
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1.8. General Information

Characterizations:

NMR spectra: All NMR spectra were obtained from Varian (400 MHz for *H NMR and
100 MHz for $3C), Buruker Avance Neo (400 MHz for *H NMR and 100 MHz for *3C), and Bruker
WB (600 MHz for *H NMR and 150 MHz for *3C) located at the Chemistry and Biochemistry
Building (CBC 128), Kansas State University. The solutions for NMR (CDClz, DMSO-d6, and
D>0) were purchased from Fisher, Inc. or VWR, Inc.

Mass spectra: Mass spectra (non-high-resolution) data were obtained from a Waters LCMS
located in the aforementioned CBC building. The high-resolution mass spectra were obtained from
an LCT Premier time of flight mass spectrometer (Waters, Inc.).

Optical rotation: All optical rotation measurements were carried out from a Perkin-Elmer
241 polarimeter in our Laboratory (CBC 412).

Viscosity: All viscosity data were measured by a Ubbelohde viscometer (d& = 0.7-0.8 mm).

Reagents:

All reagents were purchased from Fisher, Inc. or VWR, Inc.

All distilled or dried solvents over appropriate reagents were referred to “Purification of

Laboratory Chemicals”.*
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1.9. Syntheses

(3R,4R)-Dihydro-3,4-dihydroxy-2(3H)-furanone (2) (The preparation was followed by a

reported method) 2°(from tzb-1-84)

To a cold solution of 17.6 g (100 mmol) D-isoascorbic acid (1), 21.2 g (200 mmol) of
sodium carbonate, 20.5 mL (200 mmol) of 30% hydrogen peroxide in 500 mL deionized water,
the reaction mixture was stirred at 42 °C for 12 h. After the solution was cooled to room
temperature, 8 g activated charcoal was added and stirred at 80 °C for 30 min to quench the
unreacted hydrogen peroxide. The reaction mixture was filtered through Celite while hot. The
filtrate was then acidified with HCI (6 N) to pH ~ 1, concentrated on a rotary evaporator, vacuumed
using an oil pump to give a dry solid (18 g). The crude product (containing inorganic NacCl salt)
was then diluted with 200 mL of ethyl acetate, heated to reflux for 30 minutes, and the mixture
was filtered while hot. The hot filtrate with the desired product was saved. The solid was recovered
and mixed with 200 mL of ethyl acetate, heated to reflux, and filtered. This process was repeated
for 3 times in total. The combined organic solution was sealed with para-film, cooled in a fridge
for 12 h. Crystallized white solids were collected by filtration to give 8.1 g (69% yield) of the titled
compound 2: M.p. 97-98 °C; [a]p?? = -73.2 (c 0.5, H20); 'H NMR (400 MHz, D20): § 5.75 (dd,

J=72,32Hz, 1 H, OH), 5.34 (s, 1 H, OH), 4.39 — 4.34 (m, 1 H), 4.26 (dt, J = 10, 3.2 Hz, 1 H),
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4.24 — 4.19 (m, 1 H), 4.03 (dd, J = 10, 3.2 Hz 1 H); 3C NMR (400 MHz, D,0): § 177.1, 72.5,

70.1, 69.0; MS (ESI, MeOH): m/z = 141.4 ([M + Na]").

2,3-0O-lIsopropylidene-D-erythronolactone (3) (The preparation was followed by a reported

method) %(from tzb-4-27)

X

O

o
O

W\
Ly

To a solution of 10 g (84 mmol) of (3R,4R)-dihydro-3,4-dihydroxy-2(3H)-furanone (2) in
250 mL distilled acetone, 0.45 mL (245 mg, 2.5 mmol, 2 mol % equivalence) of concentrated
sulfuric acid was added dropwise. The reaction solution was stirred at room temperature for 12 h,
added with 2 g (23.8 mmol) sodium bicarbonate and stirred at room temperature for 2 h, diluted
with 50 mL water and extracted with 200 mL diethyl ether for three times. The collected organic
layer was then dried over sodium sulfate, filtered through Celite, evaporated with a rotary
evaporator followed by vacuum to yield 16 g of 2,3-O-isopropylidene-D-erythronolactone (3) as
a white solid (79% yield): M.p. 67-68 °C; [a]o?? = -114.6 (c 1.5, acetone); 'H NMR & (400 MHz,
CDCls): 5 4.85 (dd, J =6, 4 Hz, 1 H), 4.72 (d, J = 6 Hz, 1 H), 4.48 (d, J = 11 Hz, 1 H), 4.41 (dd, J
=11, 4 Hz, 1 H), 1.42 (s, 3 H), 1.34 (s, 3 H); 13C NMR & (100 MHz, CDCl3): § 174.8, 113.9, 75.8,
74.8, 70.5, 26.9, 25.6; MS (ESI, MeOH): m/z = 181.3 ([M + Na]*), 95.6. The spectral data is in

agreement with the previously reported data®.
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(2R,3R)-4-Azido-4-deoxy-2,3-O-isopropylidene-D-erythronic acid (4) (The preparation was

followed by a reported method) # (from tzb-3-59)

O><O
oﬂ N3

OH

To a flame-dried and argon-purged flask, 1 g (6.3 mmol) of 2,3-O-isopropylidene-D-
erythronolactone (3), 1.44 g (22.15 mmol) of sodium azide were added, and the flask was dried
under vacuum and replaced with argon for three times. After that, 5 mL of distilled DMF was
added, the reaction mixture was then heated to 125 °C and stirred for 12 hours. Then, the reaction
mixture was allowed to cool to 25 °C, filtered through Celite. The filtrate was diluted with
dichloromethane: methanol (10:1) and 100 mL diethyl ether to precipitate non-polar impurities.
The mixture was then filtered through Celite and washed with 50 mL ethyl acetate. The filtrate
was evaporated and concentrated to give 1.6 g of crude products. It was diluted with 20 mL water
(pH~7) and 100 mL DCM, and the water layer was extracted with 50 mL DCM twice. The
combined organic layer was saved separately. While the aqueous layer was acidified to pH ~ 2 and
extracted with 100 mL DCM for three times to give the corresponding organic solution. The two
extracts (extracted from the acidic and neutral conditions) were dried over anhydrous sodium
sulfate, concentrated to dryness separately. Finally, the organic layer from the neutral aqueous
layer gave 220 mg lactone (3). while the organic layer from the acidic aqueous layer furnished 810
mg (64% yield) desired product (4). *H NMR & (400 MHz, CDCls): 6 9.52 — 9.0 (bs, 1 H, OH),

4.67 (d, J=7.2 Hz, 1 H), 4.60 — 4.56 (m, 1 H), 3.60 (dd, J = 13.2, 3.2 Hz, 1 H), 3.40 (dd, J = 13.2,
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6 Hz, 1 H), 1.63 (s, 3 H), 1.42 (s, 3 H); *C NMR & (400 MHz, CDCls): 6 172.2,112.2, 73.8, 70.8,
52.0, 27.1, 26.2; MS (ESI, MeOH): m/z = 224.1 ([M + Na]™), 143.6, 85.6. The spectral data is in

agreement with the previously reported data®..

(2R,3R)-4-Amino-4-deoxy-2,3-0O-isopropylidene-D-erythronic acid (5) (The preparation was

followed by a reported method) # (from tzb-3-61)

To a hydrogenation bottle, 530 mg of (2.6 mmol) (2R,3R)-4-azido-4-deoxy-2,3-O-
isopropylidene-D-erythronic acid (4) and 25 mg (2 weight %) of 5% Pd/C were mixed in 10 mL
methanol. The bottle was attached to a hydrogenation apparatus, purged with hydrogen at 30 psi
pressure and shook for 12 h. The mixture was then filtered through Celite, washed with 20 mL
methanol. The filtrate was collected and concentrated on a rotary evaporator to give 500 mg of
light yellow powder. The light powder was then washed with 20 mL diethyl ether, and the washed
solid was vacuumed to dryness to obtain 442 mg (98% yield) of desired product (5) as a white
solid. 'H NMR (400 MHz, DMSO-d6): § 4.39 (d, J = 7.2 Hz, 1 H), 4.31 — 4.24 (m, 1 H), 2.76 (t,
J=8Hz, 2 H), 1.39 (5, 3 H), 1.23 (s, 3 H); 3C NMR & (400 MHz, D»0): 5 174.09, 111.07, 76.76,
72.45, 40.58, 26.50, 24.21; MS (ESI, MeOH): m/z = 176.1 ([M + HJ]*), 198.1 ([M + Na]*). The

spectral data is in agreement with the previously reported data?..
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(-)-(3aR,6aR)-Tetrahydro-2,2-dimethyl-4H-1,3-dioxolo[4,5-c]pyrrol-4-one (6) (The

preparation was followed by a reported method) ?(from tzb-3-77)

4
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H

To a sublimator, 1.33 g (7.55 mmol) of (2R,3R)-4-amino-4-deoxy-2,3-O-isopropylidene-
D-erythronic acid (5) was transferred into the bottom of the sublimator carefully. The sublimator
was vacuumed slowly to a pressure of 0.1 - 0.5 mm Hg. After that, the sublimator was heated to
130 °C slowly until there was no more white-solid formed in the wall of the sublimator. Then, the
apparatus was cooled to room temperature and the vacuum was released. The powder and crystals
on the wall and cold finger were collected to give 900 mg (75% yield) of desired product (6): M.p.
148-149 °C; [o]o? = -60.3 (¢ 0.78, MeOH); *H NMR & (400 MHz, CDCls): § 6.31 (bs, 1 H, NH),
4.79 (t, J = 5.9 Hz, 1 H), 4.58 (d, J = 5.9 Hz, 1 H), 3.59 (dd, J = 11.5, 4.8 Hz, 1 H), 3.49 (d, J =
11.5 Hz, 1H), 1.49 (s, 3H), 1.39 (s, 3H); 13C NMR & (100 MHz, CDCls): 5 174.4, 114.3, 75.7,
74.9,45.9, 27.0, 25.9; MS (ESI, MeOH): m/z = 158.4 ([M + H]"). The spectral data is in agreement

with the previously reported data?..

(-)-(3aR,6aR)-5-Ethenyl-tetrahydro-2,2-dimethyl-4H-1,3-dioxolo[4,5-c]pyrrol-4-one (7) (The

preparation was followed by a reported method)?® (from tzb-3-77)
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To a solution of 50 mL distilled n-butyl vinyl ether, 900 mg (5.7 mmol) amide (6) and 180
mg (0.28 mmol) of 4,7-diphenyl-1,10-phenanthroline palladium bis(trifluoroacetate)
(DPP)Pd(OCOCFs3),% were added. After stirred at 70 to 80 °C for 3 hours, the reaction mixture
was cooled to room temperature, washed with 10 mL water twice, and the combined organic layer
was dried over anhydrous sodium sulfate, evaporated to dryness, purified on a silica gel column,
eluted with hexane: acetone = 10:1 to yield 810 mg (77% vyield) of desired product 7: M.p. 81-82
°C; [o]o? = -20.1 (c 1.0, CHCI3); *H NMR & (400 MHz, CDCls): & 7.05 (dd, J = 16.0, 9.2 Hz, 1
H, CH=), 4.82 — 4.79 (m, 1 H), 4.70 (d, J = 6.4 Hz, 1 H), 4.53 (d, J = 9.2 Hz, 1 H, =CH>), 4.48 (d,
J =16 Hz, 1 H, =CH>), 3.65 (dd, J = 10, 1.5 Hz, 1 H), 3.64 (dd, J = 10, 4 Hz, 1 H), 1.39 (s, 3 H),
1.35 (s, 3 H); $3C NMR & (100 MHz, CDCls): § 169.4, 129.2, 113.0, 96.7, 78.1, 72.1, 48.7, 27.2,
25.9; MS (ESI, MeOH): m/z = 184.0 (M + H]"). HRMS-ESI: m/z [M + H]" calculated for

CoH14NO3*: 184.0974 found: 184.0952.

Poly(3R,4R-3,4-dimethyl-N-vinylpyrrolidinone-co-vinyl acetate) [P(DVP-co-VAc)] (COP-1-

R) (The preparation was followed by a reported method) 27 (from tzbh-4-44)
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To a screw-sealing tube, a solution of 80 mg (0.437 mmol) of dried N-vinylpyrrolidinone
(7), 0.718 mg (4.37 umol) of dried azobisisobutyronitrile (AIBN), and 80.5 uL (0.873 mmol) of
dried and degassed vinyl acetate in 0.2 mL of dried and degassed acetone were prepared in the
nitrogen-maintained glove box. After the tube was capped with a Teflon cap with a Teflon O-ring,
the tube was transferred to a hood and stirred at 70 °C for 24 h. The reaction mixture was then
allowed to cool to 25°C and diluted with chloroform. The prepared solution was added dropwise
into a vigorously stirring solution of pentane. The white precipitate was collected by filtration,
washed with pentane, and dried under vacuum to give 143 mg (92% yield) of copolymer COP-1-
R as white solids. *H NMR & (400 MHz, CDCls): & 4.90 — 4.40 (m, 3 H), 3.60 — 3.00 (m, 3 H),
2.13 (s, 3H), 2.10 — 1.20 (m, 10H); 3C NMR § (100 MHz, CDCls): 5 172.5 — 169.0 (m), 112.0

(s), 77.23, 72.3, 47.0 — 42.0 (m), 37.0 — 32.0 (m), 27.3, 25.4, 21.2.

Poly[(3aR,6aR)-2,2-dimethyl-5-vinyl-dihydro-3aH-[1,3]dioxolo[4,5-c]pyrrol-4(5H)-one] (P-

1-R) (from tzb-4-63)
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To a screw-sealing tube, a solution of 0.45 g (2.45 mmol) of vinyl lactam 7, 4.5 mg of
copolymer COP-1-R, 0.81 mg (4.9 umol) of AIBN in 1 mL of degassed ethyl acetate was prepared
in a glove box maintained with nitrogen. After the tube was capped with a Teflon cap with a Teflon
O-ring, the tube was then transferred to a hood and stirred at 75 °C for 16 h. After the reaction
mixture was cooled to 25 °C, the reaction mixture was diluted with chloroform. The solution was
then added dropwise to a solution of pentane with white solid precipitated. The white solid was
then collected and dried under vacuum to give 0.44 g (98% vyield) of chiral polymer (P-1-R) as
white powders: *H NMR & (400 MHz, CDCls): 6 4.80 — 4.45 (bs, 2 H, CHO), 3.8 — 3.0 (m, 3 H,
CHN, CH:N), 1.80 — 1.2 (m, 8 H, CH2, 2 CH3); 3C NMR & (100 MHz, CDCl3): & 171.6 (m),
112.1 (bs, O-C-0), 78.0 (bs, C-0), 72.4 (bs, C-0), 47.0 — 43.0 (m, CHN and CH2N), 36.5 - 31.0

(m, CH2), 27.4 (bs), 25.4 (bs).

D-2,3-0-(1-Methylethylidene)-ribofuranose (9) (The preparation was followed by a reported

method)?? (from tzb-1-31)
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To a round bottom flask, were added 15 g (0.1 mol) of D-ribose (8), 30 g (0.2 mol) of
copper sulfate, 100 mL distilled acetone. The reaction mixture was stirred at 25 °C for 12 h with
the color changed from light blue to darker blue. Then, the reaction mixture was filtered through
Celite and washed with 200 mL acetone. The filtrate was dried over anhydrous sodium sulfate,
evaporated to dryness to obtain 12 g (63% yield) desired product of 9 as light-yellow oil: *H NMR
(400 MHz, CDCl3): & 5.52 (d, J = 6.0 Hz, 1H), 5.41 (d, J = 5.4 Hz, 1H), 4.81 (d, J = 5.9 Hz, 1H),
4.58 (d, J =5.9 Hz, 1H), 4.39 (br s, 1H), 4.20 (br s, 1H), 3.71 (br s, 2H), 1.49 (s, 3H), 1.33 (s, 3H);
13C NMR (100 MHz, CDCls): § 112.2, 102.7, 87.6, 86.7, 81.6, 63.5, 26.3, 24.7. The spectral data

is in agreement with the previously reported data®.

(3aS,4S,6aS)-2,2-Dimethyl-tetrahydrofuro[3,4-d][1,3]dioxol-4-0l (10) (The preparation was

followed by a reported method)? (from tzb-1-28)

~

O O

HO 0O

To a round bottom flask over an ice bath, were added 18 g (95 mmol) of alcohol (9), 300
mL deionized water and 100 mL ethanol. To the solution, 5.3 g (140 mmol) of sodium borohydride
in 46 mL water was added dropwise and stirred for 3 h at 25 °C. After the reaction mixture was
acidified to pH~5 with 1 N HCI, a slurry mixture of 24 g (113 mmol) of sodium metaperiodate and

80 mL water was added into the flask over 5 min. The reaction mixture was then left to stir for 5
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h, filtered and rinsed with ethanol. The filtrate was concentrated to 75 mL, extracted with 100 mL
ethyl acetate for three times. The combined organic layer was then dried over sodium sulfate,
filtered through Celite, concentrated to dryness to furnish 15.2 g (83% vyield) desired product of
10 as light-yellow oil: *H NMR (400 MHz, CDCl3): 6 5.43 (s, 1H, C1-H), 4.87 (dd, J =6, 3.6 Hz,
1H, C3-H), 4.61 (d, J = 6 Hz, 1H, C2-H), 4.11 (dd, J = 10.4, 3.6 Hz, 1H, C4-H), 4.06 (d, J = 10.4
Hz, 1H, C4-H), 2.80 — 2.70 (bs, 1H, OH), 1.48 (s, 3H), 1.33 (s, 3H); 13C NMR (100 MHz, CDCl5):
5 112.3,101.8, 85.1, 80.0, 72.0, 26.2, 24.7; .. anomers (3.8:1): *H NMR (400 MHz, CDCls): &
5.00 — 4.90 (m, 1H, C1-H), 4.76 (dd, J = 6, 3.6 Hz, 1H, C3-H), 4.49 (d, J = 6 Hz, 1H, C2-H), 3.95
(d, J = 10.4 Hz, 1H, C4-H), 3.55 (dd, J = 10.4, 3 Hz, 1H, C4-H), 1.80 — 1.60 (bs, 1H, OH), 1.55
(s, 3H), 1.38 (s, 3H); 2*C NMR (100 MHz, CDCls): § 113.4, 97.4, 79.6, 78.3, 67.6, 26.0, 24.9. The

spectral data is in agreement with the previously reported data®:.

(3aS,6aS)-2,2-Dimethyl-dihydrofuro[3,4-d][1,3]dioxol-4(3aH)-one (11) (The preparation

was followed by a reported method)? (from tzb-3-41)

o O

O?Z?
To a round bottom flask containing 2 g (3 A) of molecular sieves, it was dried under
vacuum and replaced with argon for three times. After the flask was cooled to 25 °C, 8.9 mL (9.75

g, 125 mmol) of dried dimethyl sulfoxide in 25 mL dichloromethane was added under argon. Then,

the solution was cooled over a dry-ice acetone bath to -78 °C followed by the addition of 5.3 mL
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(7.87g, 62.5 mmol) dried oxalyl chloride in 25 mL dichloromethane dropwise. After the solution
was stirred for 15 min, 5 g (31.25 mmol) of dried lactol (10) in dichloromethane was added and
stirred at -78 °C for 2 hours. Then, 27 mL (187.5 mmol) of triethylamine was added, and the
temperature was allowed to increase to 25 °C and stirred for another 2 hours. The reaction mixture
was diluted with 100 mL water, acidified with 1 N HCI to pH~3, extracted with 150 mL
dichloromethane for three times. The combined organic layer was then dried over anhydrous
sodium sulfate, filtered through a thin layer of silica gel, washed with dichloromethane,
concentrated to dryness to yield 2.8 g (56% yield) desired product of 11 as a white waxy solid. *H
NMR (400 MHz, CDCls): 5 4.89 (dd, J = 6, 4 Hz, 1H), 4.76 (d, J = 6 Hz, 1H), 4.47 (d, J = 11 Hz,
1H), 4.42 (dd, J = 11, 4 Hz, 1H), 1.50 (s, 3H), 1.41 (s, 3H); 1*C NMR (100 MHz, CDCls): § 174.1,
114.1, 75.5, 74.6, 70.2, 26.8, 25.7. The spectral data is in agreement with the previously reported

data®.
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Chapter 2 - Oxidative Reactions Catalyzed by Bimetallic

Nanoclusters

2.1. Introduction and Background

In our previous work, Hua designed a series of different CSPVP-supported nanocatalysts
with different substituents at C5 onto the pyrrolidinone ring, which exhibited excellent
enantioselectivities in catalytic reactions®. For the purpose of preparing two colloidal
nanocatalysts with opposite enantioselectivities, Hua designed a pair of chiral polymers with
opposite stereochemistry described in Chapter 1. The nanocatalysts prepared by this pair of
CSPVPs are expected to display opposite enantioselectivities in catalytic reactions. Before
exploring the enanotioselectivities of CSPVP-supported colloidal nanocatalysts, we first studied a
series of oxidative reactions using substrates such as phthalan, norbornene, indene, indane and
their derivatives by using different PVVP-supported bimetallic colloidal nanocatalysts (Pd/Au and
Cu/Au) and different oxidants (TBHP, H20) in two types of solution system (DMF and
H2>O/CH3CN) to uncover the chemical reactivity.

Before discussing oxidative results, a brief introduction about the colloidal nanocatalysts,
oxidants and substrates is discussed. In 1989, Haruta firstly reported his discovery that aerobic CO
can be catalyzed by Au NCs at low temperatures, which influenced academia and industry
significantly.®* After that, lots of research were conducted to explore the applications of noble NCs
in C-C bond coupling,®® aerobic alcohol oxidation,®® asymmetric oxidation of secondary
alcohols.®” For C-H functionalization, the C-H activation is the rate determining step in the NCs

catalyzed procedure due to the high C-H bond energy (about 98 kcal/mol). Generally, the electrons
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are involved in the catalytic process of C-H activation through a single electron transfer mechanism.
Due to that property, metallic NCs are allowed to activate C-H bond as an active catalyst.® In
2011, Tsukuda proposed a mechanism to explain the activation aerobic oxygen in catalytic
oxidation using PVP capped Au NCs as catalysts. The oxygen is absorbed and activated to form
peroxo-like species to activate the C-H bond by taking the proton off.3® “° Then, the substrate is
converted to ketone.*

To facilitate the discussion of the catalytic oxidation of C-H bond, | would like to propose
a mechanism to explain our experimental results based on following studies: 1. In the oxidation
catalyzed by PVP-capped Au NCs and O, the electrons flew from anionic Au on NCs into the
LUMO (n*) of oxygen, generating superoxo or peroxo type species;'® 2. For bimetallic
nanoclusters Au and Pd are miscible in any proportion,*? which means small amount of Au atoms
still exist on the Pd-rich surface; 3. Cu/Au and Pd/Au colloidal nanocatalysts were prepared in the
ratio of 3:1, and the electronegativities (EN) of Cu, Pd, Au, C and O are 1.90, 2.20, 2.54, 2.55,
3.44 respectively.*® Based on previous statements, the catalytic reaction may be facilitated by

increasing the electron-density of oxygen onto oxidants (TBHP or H20>).
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2.2. Syntheses of Substrates

o

1. 2-diethylamino-ethanol, nBuLi (1.6 M in
S ; COOH
hexane), hexane, -15 °C, 30 min. PA/C. Methanol COOH
2. Phthalan, -15 °C to -78 °C, THF, 20 min. o} O‘ H, (30 psi) @
3. isopropyl bromide in THF, -

24 25

78 °C to 25 °C, 30 min. 39

COOHoH COOH
nBuLi (2.5 M in hexane), hexane, 1 N HCI, reflux, 2 h.

0 °C to reflux, CO,, 90 min.

32 33 34

,

1. nBuLi (1.6 M in hexane), diethyl

ether, -78 °C, 3 h. O‘ Pd/C, diethyl ether
2. Methyl iodie, -78 °C to 25 H, (30 psi)
°C, 3h.

o

29 30 38
[%Y/O THF, LAH, 8 h. LA% Dried pyridine, p-TSOH, [A@ Pd/C, diethyl ether L%
OH )
CH,Cl5,12 h, 25 °C. :
0 0 212, ) Hs (30 psi
g 25°C oH o 2 (30 psi) 5
42 43 44 45

Scheme 7. Syntheses of substrates for catalytic reactions.

In Scheme 7, the syntheses for substrates are displayed. To obtain isopropyl phthalan (25),
2-diethylamino-ethanol was mixed with n-butyllithium (1.6 M in hexane) in hexane. The reaction
mixture was stirred at -15 °C for 30 min. Then, phthalan (24) was added and stirred for 20 min.
After the reaction mixture was cooled to -78°C, THF was added followed by the addition of
isopropyl bromide. The reaction mixture was allowed to warm up to 25 °C and stirred for 15 min
to yield isopropyl phthalan (25) in a yield of 72%.%* The substrate of indene-4-carboxylic acid (34)
was synthesized from 1-indanol (32) by treating it with n-BuLi (2.5 M in hexane) at 0 °C. Then,
the reaction mixture was heated to reflux and bubbled with aerobic CO; for 2 h to yield compound
33 inavyield of 26%. The carboxylic acid of 33 was dissolved with 1 N HCI. The reaction mixture

was then heated to reflux for 2h to eliminate the alcohol to olefin of 34 in a yield of 72%. To obtain
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indane-4-carboxylic acid (39), a hydrogenation bottle containing 1H-indene-3-carboxylic acid, 5%
Pd/C, methanol was shook for 12 h under hydrogen atmosphere to give indane-3-carboxylic acid
in a yield of 91%. 1-methyl-indene (30) was prepared by treating indene (29) with n-BuL.i (1.6 M
in hexane) at -78 °C for 3 h. Then the reaction mixture was added with methyl iodide and stirred
for 3 h, and the temperature was allowed to warm up to room temperature to afford the desired
product 30 in a yield of 46%.* The compound was then transferred into hydrogenation bottle and
mixed with 5% Pd/C and methanol. The hydrogenation bottle was then attached onto a
hydrogenation apparatus, purged with hydrogen in a pressure of 30 psi, shook for 12 h at 25 °C to
give 1-methylindane in a yield of 95%. The norbornene substrates of 44 and 45 were synthesized
from carbic anhydride (42) by reduced it with lithium aluminium hydride (LAH) in THF at 25 °C
for 8 h to furnish diol 43 in a yield of 43%. The diol 43 was then mixed with pyridine in CH,Cl;
to give alkoxide ions. To the reaction mixture, p-toluene sulfonic acid was added slowly over 12
h to yield the cyclized product 44 in a yield of 60%.*® To a hydrogenation bottle, compound 44,
diethyl ether, Pd/C was added. A hydrogenation was conducted in this bottle by shaking it at 25

°C for 12 h to afford compound 45 in a yield of 95%.
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2.3. Oxidation of Derivatives of Phthalan

Table 1. Results of catalytic oxidations of phthalan and its derivative.

Entry | Substrates Catalyst Oxidant °C/h Product recovered
0
None H,0,, 10 ¢q. | 25°C /24 h
24
0
o
CD Cu/Au - 40k PVP, ) @io 0
5% mol (20 mM) | H202 10 €q. | 25 °C/24h 26 %
27
24
58% yield
0
Cu/Au - 40k PVP, o 5
° | 5% mol (20 mMm) | 11202 10€4-125°C/45h Cd
27 28 O
N 24% yield 20% yield

In this section, phthalan (24) and its derivative (25) were selected and treated with different

colloidal nanocatalysts (Pd/Au-PVP or Cu/Au-PVP) and different oxidants (H202 or TBHP) (see

Table 1). Firstly, an oxidative reaction was set up by dissolving phthalan (24) and 10 equivalences

of 30% H20:2 (in H20) in a solution of H2O/CH3CN without nanocatalyst. The reaction exhibited

no progress at 25 °C for 24 h. Once the catalyst (Cu/Au-PVP) was added, the conversion from

phthalan to isobenzylfuranone (27) in the catalytic reaction increased to 58% within 24 h. The

results suggested that the Cu/Au nanocatalyst is an indispensable reagent to activate the C-H bond

of phthalan in this catalytic oxidation. During this oxidation, no intermediate, such as lactol or

peroxide, was found or isolated, indicating the oxidation from intermediate (lactol or peroxide) to

lactone of 27 is faster than the oxidation from starting material of 24 to the intermediate.

33




In order to study the regioselectivity of C-H bonds in tertiary and secondary carbons,
isopropy! phthalan (25) was synthesized** and treated with H2O, under the catalysis of Cu/Au
nanocatalysts in HoO/CH3CN solution system. The oxidative reaction was finished in 45 h at 25
°C to furnish lactone of 27 and isopropyl phthalanone of 28 as oxidative products with yields of
24% and 20%, respectively. Results indicated that there is no significant difference in activating
C-H bonds connecting to tertiary and secondary types of carbon adjacent to aromatic ring and

oxygen in this oxidative reaction.
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2.4. Oxidation of Indene and their Derivatives

Table 2. Results of catalytic oxidations of indene and its derivatives.

Entry | Substrates Catalyst Oxidant °C/h Product recovered
‘ Pd/Au-40kPVP
1 in H,O (10 mM) | TBHP, 1.5eq. |80°C /48 h Decomposed B}
29 1% mol
O‘ Cu/Au-40kPVP
2 in HQO (10mM) H202, 1.5eq. |80°C /48 h Decomposed _
29 0.5% mol
O‘ Pd/Au-40kPVP OQ
3 in DMF (10mM) | TBHP, 1.5eq.|25°C/12h 31 B
30 1% mOI 100% conversion
(Based on NMR)
O‘ Pd/Au-40kPVP OQ
4 in H,O (25 mM) | TBHP, 1.5eq. |25°C/12h 85%
1% mol 5o 3
30 5% conversion
(Based on NMR)
COOH
Pd/Au-40kPVP
5 O‘ in DMF (25 mM) TBHP, 1.5 eq.|25°C/12h Decomposed
1% mol
34
COOH
COOH
Pd/Au-40kPVP Q
6 O‘ in H,O (25 mM) | TBHP, 1.5 eq. | 25 °C / 24 h )
1% mol 34a
34 100% conversion
(Based on NMR)
COOH 0
Cu/Au-40kPVP
7 O‘ in H,O (10 mM) | H,0,, 2.0 eq. | 50 °C /16 h OH
1% mol 38
34 45% vield
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The previous oxidation results suggested that the C-H bond adjacent to a benzene ring and
an oxygen atom can be easily activated and oxidized to a lactone. In order to investigate oxidative
result(s) of a sp? carbon adjacent to a benzene ring, we selected indene (29) and its derivatives of
30 and 34 for the studies (see Table 2). To begin with, a pair of oxidative reactions were set up
with indene as the substrate to compare the oxidative differences from Cu/Au and Pd/Au
nanocatalysts. Indene, PVVP-supported Cu/Au (in H20) and 1.5 equiv of 30% H20- were dissolved
in H2O/CH3CN. For the second reaction, indene, PVP-supported Pd/Au (in H20) and 1.5 equiv of
70% TBHP were dissolved in H,O/CH3CN. There was no oxidative progress for the pair of

reactions with temperature went up until they began to decompose at 80°C, which may be caused

by the formation of Tt complex or allyl complex.

In the next stage, another pair of reactions were set up using 1-methylindene (30) as
substrate. In this batch, the substrate was treated with Pd/Au colloidal nanocatalysts in different
solutions to compare the oxidative differences in H.O and DMF. The pair of reaction mixtures
were prepared by dissolving substrate 30, TBHP (70% in water) in different solutions of H.O and
DMF. The two reaction mixtures were left to stir at 25°C for 12 h with conversion rates of 100%
and 15% in DMF and H-O, respectively. Results demonstrated that the olefin migration reaction
proceeded faster in DMF than in water solution. In this reaction, no oxidative product was found.
Therefore, the necessity of oxidants to this migrating reaction is uncertain. | proposed a plausible
mechanism for the migration reaction in Scheme 8. The tertiary carbon-hydrogen bond is inserted
by a metal atom, and the metal-H is migrated by the w-allyl mechanism to give 3-methylindene

(31). The different conversion rates in DMF and H20 may be caused by that the metal atom in the
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water solution has a higher possibility to chelate with a proton rather than participating in a

migration reaction.

30, O = O

Scheme 8 Proposed mechanism for the migration of 1-methy-indene.

In order to study the sp? carbon oxidation influenced by carboxylic acid in the benzene ring,
three oxidative reactions were set up in different conditions using 1H-indene-4-carboxylic acid
(34) as the substrate. A pair of oxidative reactions were set up by dissolving substrate 34, 1.5 eq.
TBHP (70% in water), and Pd/Au-PVP nanocatalysts in solutions of DMF or water. For the pair
of reactions, the substrate decomposed in DMF solution, while the substrate in the water solution
gave the migrated 1H-indene-7-carboxylic acid (34a) at a conversion rate of 100%. For these
results, | proposed a plausible mechanism to explain the differences in different solutions and
substrates (Scheme 9). Comparing with the complex of 1-methylindene (30) and metallic atom,
its 1H-indene-4-carboxylic acid (34) counterparts is more electrophilic caused by the existence of
carboxylic acid group as an electron-withdrawing group, which gives the 1H-indene-4-carboxylic
acid (34) complex a lower LUMO energy level. For the 1H-indene-4-carboxylic acid (34) complex
in water solution, the abundant protons tend to chelate with the metallic atoms, which gives less
metal-oxidant complex than DMF solution. In the DMF solution, the number of metal-oxidant
complex increases. The facilitated metal-oxidant complexes are more nucleophilic and tend to give
a higher HOMO energy level. The decreased LUMO energy level caused by carboxylic acid and

the increased HOMO energy level lead to a low energy barrier, which allows the oxidation of
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metal-substrate progress at 25 °C. The oxidized substrates tend to experience further oxidation due
to the further decreased LUMO energy level caused by the removal of the electron-rich olefin and
the introduction of oxygen as an electron-withdrawing group. Therefore, the 1H-indene-4-
carboxylic acid (34) tends to be decomposed in DMF solution and migrated in water solution,
while 1-methylindene (34) tends to be migrated in both DMF and water solution due to a higher

LUMO energy level from the metal-substrate complex.

H
G 0,

H
b

COOH COOH COOH
‘ M water
e (D
H
¢OOH COOH
M DMF
‘ MH water soluble
H products

Scheme 9. Proposed mechanism for the migration of indene-4-carboxylic acid
and explanations for different results.

The decomposition of carboxylic acid 34 suggests that the potential to oxidize the sp?
carbon under certain reaction conditions. Therefore, an oxidative reaction was set up for carboxylic
acid 34 using Cu/Au-PVP colloid and 30% hydrogen peroxide in water solution at 50 °C for 60 h.
In this oxidative reaction, an oxidation of the olefin was observed by degrading the carboxylic acid
in the benzene ring. | proposed a mechanism for the formation of (35). In Scheme 10, the Au-Cu-

O-0 complex is inserted into the O-H bond. Then, the olefin is oxidized by the peroxide complex
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to produce the corresponding diol with one oxygen chelated with Au-Cu complex. A
rearrangement takes place to insert Au-Cu complex between the carbonyl and the benzene ring
followed by a release of carbon dioxide as gas. The metal-benzene bond is hydrolyzed by H.O to
finish the decarboxylation process. After that, carbon adjacent to the benzene ring and an oxygen

atom is oxidized to a ketone as the desired product.

/o\
BM)'O)
0._OH 0-/°~BM N
— 0 40
O‘ &\_OH » OH +OH
ﬁ HOH M-OH
0= —BM_ M—o
=10 -co, 0

BM: Cu-Au

Scheme 10. Proposed mechanism for the oxidation of 2-indene-4-carboxylic acid.

In this section, a series of oxidative reactions of indene and its derivatives were investigated.
The results suggested that the electron-rich sp? carbon cannot be easily oxidized due to the
nucleophilicity of these alkenyl substrates. In order to introduce oxygen into this moiety in water,

Cu/Au can be used to enhance the electron conductivity from the substrate to oxidant.
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2.5. Oxidation of Indane and Indene and their Derivatives

Table 3. Results of catalytic oxidations of indane and its derivatives.

Entry| Substrates Catalyst Oxidant °C/h Product recovered
o]
Cu/Au-40kPVP
1 in H,O (10 mM) | H,O,,1.5eq. | 50°C/72h _
- 0.5% mol 41
8 % conversion
o]
Cu/Au-1R 0
2 ©:> in H;0 (10 mM) | Hy0y, 1.5 ¢q. |20 C/ 72D CE& )
. 2% mol to25°C/15h »
6 % to 35% conversion
Cu/Au-40kPVP '
3 in Hy0 (10 mM) | Hy0,,2.0€q. | 50°C/48h | (nsegensivity .
1% mol
38
Pd/Au-40kPVP CQ
4 in H,O (10 mM) | TBHP, 1.5eq.| 50°C/72h boH _
" 1% mol O
10% conversion
(Based on NMR)
Pd/Au-40kPVP @
5 in DMF (25 mM) | TBHP, 1.5eq.| 50°C/24h 20 %
1% mol a0 OOH
38
14% yield
o]
COOH
Pd/Au-40kPVP
6 in DMF (25 mM) | TBHP, 1.5eq.| 50°C/20h _
1% mol 41
39 30% conversion
from NMR
COOH O
Pd/Au-40kPVP
7 in H,O (25 mM) | TBHP, 1.5eq.| 50°C/20h 45 %
1% mol al
39 40% yield
o)
COOH Cu/Au-
40kPVP
8 in H,O (25 H,0,,1.5eq. | 50°C/20h _
mM) 41
39 1% mol 16% conversion

(Based on NMR)
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In this section, indane (37) and its derivatives 38 and 39 were selected as substrates to
investigate the oxidative reaction of sp® carbon adjacent to a benzene ring using nanocatalysts (see
Table 3). Initially, indane (37) was treated with an oxidative system prepared by dissolving 30%
H>02 and Cu/Au-PVP nanocatalysts in a water solution. The reaction progressed slowly (7%
conversion) at 50 °C in 72 h. In order to study the effects from pH on this oxidative reaction, an
oxidative reaction was set up in the same conditions as the previous one with extra potassium
carbonate added. Significant progress was then detected at 25 °C in 15 h with a conversion rate of
35%. The results suggested the oxidative reaction prefers basic conditions.

For the purpose of investigating differences of tertiary and secondary carbons adjacent to
a benzene ring in these oxidative reactions, a couple of different oxidative reactions were
conducted using 1-methylindane (38) as the substrate in different oxidative conditions. For the
aqueous batch, only a 10% conversion rate was observed, while the DMF batch converted
approximate 50% of starting materials to an oxidative product 40 based on the NMR data. However,
only 14% vyield was obtained after column chromatography, which may be caused by the
decomposition of the peroxide 40. The mechanism of oxidizing 1-methyl-indane (38) to product
40 is described in Scheme 11. In scheme 11, the 1-methylindane (38) and TBHP are connected by
bimetallic atoms to form an electron transfer chain, which decrease the electron density of the
substrate but increase the electron density of the oxidant. After that, a radical reaction takes place
to convert 1-methylindane (38) to 1-methyl-1-indanol as the intermediate. Then, the alcohol
undergoes a radical reaction to cleave the O-H to give the peroxide 40 rapidly due to the C-CHz s

not electron-deficient enough to get cleaved.
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Scheme 11. Catalytic oxidation of 1-methylindane.

With an electron-withdrawing group connecting to a tertiary carbon, indanyl-1-carboxylic
acid (39) was selected as the substrate to study the oxidation outcomes of the tertiary carbon in
different reaction conditions. In these reactions, the Pd/Au nanocatalyst using TBHP exhibited
better catalytic activity than Cu/Au nanocataysts using H-O> and the Pd/Au in water solution
displayed a stronger oxidative activity than its DMF counterparts. In Scheme 12, the indanyl-1-
carboxylic acid (39) and TBHP are chelated with the bimetallic atoms to form an electron transfer
chain to decrease the electron density of the substrate and increase the electron density of the
oxidant. Then, a radical reaction takes place to activate the C-H bond as the C-H bond is weakened
by the decreased electron density. The cleaved C-H bond is then oxidized to a lactol. In the next
stage, the carboxylic acid undergoes a radical reaction to cleave the C-COOH bond, which is
weakened by its electron-deficiency, to release the carboxylic group as CO gas. The substrate is

then oxidized to a diol and converted to the indanone (41) immediately.
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Scheme 12. Catalytic oxidation of indane-1-carboxylic acid.

Differ from previous substrates, the indanyl-1-carboxylic acid (39) is an acid. In the DMF
solution, compound 39 may supply their protons to oxidants, which decreases the nuclophilicity
of oxidants. In the water solution, a slightly higher conversion rate was observed, this difference
can be explained by the dilution of protons from the substrates in the protic solution (H2.O/CH3CN).
In Scheme 13, I compared the oxidative results (second oxidation step) from 1-methylindane, 1-
indane-carboxylic acid and iso-propylphthalan. Due to their electron-deficiency of the C-C bonds,
different oxidative products were obtained. For the 1-methyl-1-indanol, the reactive carbon is only
attached to an oxygen atom. It is not electron-deficient enough to cleave the C-CHz bond even
under the facilitation of the bimetallic electron-transfer chain. In terms of the reactive carbon in 1-
methyl-1-indane-carboxylic acid, the C-COOH bond is weakened by the carboxylic group as an
electron-withdrawing group. Therefore, the reaction happens at 50 °C. For the phthalan one, the
reactive carbon is attached to two oxygen, which makes it more electron-deficient than another
two intermediates. Hence, the iso-propyl-phthalanol can be oxidized to lactone at 25 °C. In this

section, we studied a series of catalytic oxidation of the C-C or C-H bond adjacent to a benzene
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ring. The results suggested that the electron-deficiency decides the possibility to cleavage the C-C

bond. Moreover, pH value plays an important role in facilitating the oxidants.

Not electron-deficient enought to cleavage the C-C bond Electron-deficient enought to cleavage the C-C bond
; HOOC \EQ

OH l i

HOOC
Kee %@
e
Scheme 13. Cleavage of C-C bond is decided by the electron-deficiency of these
carbons.

8

o]

O
O-0OH o]
o]
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2.6. Oxidation of Derivatives of Norbornene 44 and Norbornane 45

In our continuing study of other oxidative reactions using PVP-supported nanocatalysts,

norbornene 44 and norbornane 45 with rigid rings were selected to explore more catalytic reactions

(Table 4). For norbornene 44, an oxidative reaction was set up using Cu/Au-PVP nanocatalysts

and 30% H»O: in water solution at 25°C to produce lactol 46 and lactone 48 in low yields of 6%

and 8% respectively. Decomposition of products was also found in this reaction.

Table 4. Results of catalytic oxidations for Norbornene derivatives.

Entry | Substrates Catalyst Oxidant °C/h Product recovered
7 7
/1 i Cu/Au - 40k PVP, %‘OH 4%,0 ,
1 2.5% mol (4 mMy | 1202 15€d. | 25°C/72h | | 10 %
u ° 46 8
6% yield 8% yield
0
Za Pd/Au - 40k PVP, TBHP, o
2 \ 2% mol (1.6mM) | 12eq. |25 C/144h 0 3 i 16%
(0] 50 51 o
44 24% yield 9% vield
Cu/Au - 40k PVP, OH o} o
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Then, norbornene 44 was treated with another type of oxidative condition using Pd/Au-
PVP nanocatalysts and TBHP in H:O/CH3CN solution at 25°C. It took about 6 days to convert a
portion of starting material 44 to dimer 50 and epoxide 51 with isolated yields of 24% and 9%,
respectively, | proposed a mechanism to explain the formations of dimer 50 and epoxide 51 in
Scheme 14. Differ from previous oxidations, the oxidation of olefin is conducted by palladium,
which is usually chelated with electron-rich double bond. The activated peroxide-metal complex
undergoes a radical reaction to form a four-member ring. Then, the palladium can chelate with
another olefin to introduce another olefin 44 into this four-member ring to produce a six-member
ring. A reductive elimination happens to furnish dimer 50 as the desired product. At low
temperature, the four-member ring intermediate is allowed to survive long enough to meet another
olefin 44 to form the dimer 50. As the temperature increases, the four-member ring has an
increasing possibility to experience a reductive elimination to produce the epoxide 51 before the

presence of another olefin 44.

0 Reductive elimination % @
R

Pdl/
(e}

\
o 4 o
Pd” 9 '/O
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0] ‘ o
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fe) Reductive elimination Pd 7
?
R

(6] o}

Scheme 14. Proposed mechanism for the formation of dimer and epoxide.
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After that, norbornane 45 was treated with different nanocatalysts and different oxidants in
H>O/CH3CN solution. In these oxidative reactions, H.O> tends to give a lower yield of oxidative
products in the catalysis of Cu/Au-PVP nanocatalysts. Under the oxidation of 1.5 equivalences of
70% TBHP in water, Cu/Au nanocatalysts exhibited relatively better oxidative results than their

Pd/Au counterparts by producing lactol 47 and lactone 49 in yields of 53% and 16%.

T
| | Major
Diffcult to progress due
to the limit of pocket size E—— e
HO o
o 0
O H-O: )
\ , Minor

H
OH o
6 Mo 1
! ! ! N Minor
Potential to over-oxidized o
- '|20 - >
y OH
/'D—(of ogH o7 O 0o
: : Minor Major

Scheme 15. Different oxidative results using different oxidants.
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In this section, low separating yields were obtained once H>O2 was involved as the oxidant,
while its TBHP counterparts tend to give higher yields with cleaner reactions. The results can be
explained by the size of reaction pockets covering reaction sites (Scheme 15). The co-insertion of
oxidant and substrate is necessary for oxidative reactions. The endo hydrogen atom is less
accessible for the radical produced by TBHP, but it is accessible for the radical produced by H205.
Due to the small size of H20>, a substrate may be surrounded by several H.O, molecules which
are ready to oxidize norbornene or norbornane to the dicarboxylic acid as the major product. |
failed to separate the dicarboxylic acid by column, but the mass spectral data showed the existence

of the dicarboxylic acid.

2.7. Conclusion

In this chapter, several substrates were selected to investigate the catalytic properties of
PVP-supported bimetallic nanocatalysts (Pd/Au or Cu/Au) with different oxidants (TBHP and
H20>). The results suggest that we can optimize these oxidative reactions from the following
aspects: 1. For the oxidants, TBHP is more nucleophilic than H2O; as the tertiary carbon is an
electron-donating group. Also, the deprotonation for oxidants is important as the complex of metal-
oxidant prefers basic conditions in synergistic catalysis. In terms of the substrates, their
nucleophilicity is usually affected by their electron-deficiency and rigidity; 2. Comparing the
different results in TBHP and H.O», the TBHP tends to give a cleaner reaction than H>O>, and
even TBHP is a stronger oxidant than H2O»; 3. It seems that the size distribution of the pocket
covering the reaction sites is mainly depends on the bulkiness of polymers. Therefore, the

dimerization reaction needs 6 days to furnish the desired product with a yield of 24%. In order to
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expand the application of our oxidation system, we also introduced DMF as a type of solution to

conduct reactions favor aprotic solutions.

2.8. Synthetic Procedures

1,3-Dihydro-1-isopropyl-2-benzofuran (25) (The preparation was followed by a reported

method) % (from tzb-3-147)

To a flame-dried and argon-purged flask, 1.59 mL (12 mmol) of 2-diethylamino-ethanol
and 12 mL of distilled hexane were added, and the flask was cooled to -15 °C. To it, 15 mL (24
mmol) of n-butyllithium (1.6 M in hexane) was injected dropwise and the solution was stirred for
30 min at -15 °C. During that time, the color of the solution changed to orange. Then, a solution
of 480 mg (4 mmol) of phthalan (24) in 2 mL of dried hexane was added via syringe. The reaction
mixture was stirred for 20 min with the color of the reaction solution changed to dark red gradually.
After the flask was cooled to -78°C, 16 mL of distilled THF was added dropwise followed by the
addition of a solution of 1.878 mL (20 mmol) isopropyl bromide in 2 mL THF. The reaction
mixture was warmed to 25 °C and stirred for 15 min. The reaction mixture was diluted with 20 mL

water, extracted with 20 mL diethyl ether for three times. The combined organic layer was dried
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over anhydrous sodium sulfate, filtered through Celite, concentrated on a rotary evaporator to give
900 mg of crude product. The crude product was purified on a silica gel column and eluted with a
mixture of pentane: diethyl ether (40:1) to obtain 465 mg (72% yield) of desired product 25 as oil.
IH NMR (400 MHz, CDCls): 6 7.27-7.17 (m, 4 H, Ar-Hs), 5.14 —5.09 (m, 3 H, CH20 and CHO),
2.07 (d, J=3.2,6.8 Hz, 1 H, CH), 1.06 (d, J = 7.2 Hz, 3 H, CH3), 0.81 (d, J = 6.8 Hz, 3 H, CH3);
13C NMR (100 MHz, CDCls): 6 140.9, 139.9, 127.3, 127.0, 121.6, 120.9, 88.8, 73.2, 33.9, 19.0,
16.2. MS (ESI, MeOH): m/z = 162.8 ([M + H]*). The spectral data is in agreement with the

previously reported data.*’

1-Methyl-(1H)-indene (30) (The preparation was followed by a reported method) *° (from

tzb-4-124)

)

To a solution containing 6 g (51.8 mmol) of indene (29) and 40 mL distilled diethyl ether,
32.4 mL (51.8 mmol) of n-butyllithium (1.6 M in hexane) was added dropwise at - 78 °C and
stirred for 3 h. Then, 12.8 mL (207 mmol) methyl iodide was added carefully, and the reaction
solution was left to stir for 3 h with the temperature was allowed to increase to 25 °C. After that,
the reaction solution was quenched with 20 mL aqueous ammonium chloride and extracted with
40 mL diethyl ether for three times. The combined organic layer was then dried over anhydrous

sodium sulfate and concentrated over a rotary evaporator to remove most solution. The
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concentrated solution was distilled at 80 °C under a reduced pressure (0.05 mm Hg) by connecting
to an oil pump, and the middle fraction was collected to obtain 3.2 g pure 3-methyl-1-indene (30)
as colorless oil in a 46% yield. *H NMR (400 MHz, CDCls): § 7.45 (d, J =5.4 Hz, 2 H), 7.38 (d,
J=7.2Hz, 1H),7.28(d,J=7.2Hz, 1 H), 7.23 (ddd, J = 7.2, 7.2, 1.2 Hz, 1 H), 6.81 (dd, J = 6.4,
1.2 Hz, 1 H), 6.51 (dd, J = 6.4, 2.0 Hz, 1 H), 3.52 (m, 1 H), 1.35 (d, J = 7.6 Hz, 3 H, CH3); 13C
NMR (150 MHz, CDCl3): 6 149.22, 143.95, 141.40, 130.17, 126.42, 124.78, 122.65, 121.04, 45.14,
16.04; MS (ESI, CH3CN/H20): m/z = 131.16 ([M + H]"). The spectral data is in agreement with

the previously reported data®.

2,3-Dihydro-3-hydroxy-(1H)-indene-4-carboxylic acid (33) (The preparation was followed

by a reported method) 48 (from tzb-4-149)

COOHQ

To a flame-dried and argon-purged three-neck round bottom flask equipped with a
condenser and a glass tube connected to a gaseous of carbon dioxide, 1.5 g (11.2 mmol) dried 1-
indanol (32) in 10 mL freshly distilled hexane was added and cooled to 0 °C. To it, a solution of
9.84 mL (24.6 mmol) n-butyllithium (2.5 M in hexane) was added dropwise over 5 min with the
color of the solution changed to dark red and white solids precipitated out. After the reaction
mixture was heated to reflux, carbon dioxide gas was introduced into the reaction mixture through

the glass tube and the mixture was stirred for 90 min while CO> gas was added. Then, the mixture
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was cooled to 25 °C and filtered to collect the white solid containing the desired product. The
collected solid was dissolved in 10 mL 1 N aqueous hydrochloride acid. The aqueous solution was
extracted with diethyl ether three times. The combined organic layer was dried over sodium sulfate,
concentrated to dryness, loaded onto a silica gel column, and eluted with a gradient mixture of
pentane and diethyl ether to give 513 mg (26% yield) desired product 33 as a light-yellow solid.
IH NMR (400 MHz, CDCls): & 7.45 (d, J = 5.4 Hz, 2 H), 7.38 (d, J = 7.2 Hz, 1 H), 7.28 (d, J =
7.2 Hz, 1 H), 7.23 (ddd, J = 7.2, 7.2, 1.2 Hz, 1 H), 6.81 (dd, J = 6.4, 1.2 Hz, 1 H), 6.51 (dd, J =
6.4, 2.0 Hz, 1 H), 3.52 (m, 1 H), 1.35 (d, J = 7.6 Hz, 3 H, CH3); 13C NMR (150 MHz, CDCls): §
149.22, 143.95, 141.40, 130.17, 126.42, 124.78, 122.65, 121.04, 45.14, 16.04; MS (ESI,
CH3CN/H20): m/z = 179.158 ([M + H]"). The spectral data is in agreement with the previously

reported data (page 212 in the cited paper).*®

1H-Indene-4-carboxylic acid (34) (The preparation was followed by a reported method) #°

(from tzb-4-139)

COOH

W

To a round bottom flask equipped with a condenser, were added 2.5 mL of THF, 100 mg
(0.56 mmol) of 2,3-dihydro-3-hydroxy-1H-indene-4-carboxylic acid (33) and a solution of 2.8 mL
(2.8 mmol) of 1 N aqueous hydrochloride acid. Then, the solution was heated to reflux and stirred

for 2 h. The reaction solution was cooled to 25 °C and extracted with 15 mL dichloromethane for
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three times. The combined organic layer was dried over sodium sulfate and concentrated to dryness
to obtain 65 mg (72 % vyield) desired product 34. 'H NMR (600 MHz, CDCls): 6 8.08 (d, J=7.8
Hz, 1 H), 7.77 (d, J = 5.4 Hz, 1 H, =CH), 7.71 (d, J = 7.8 Hz, 1 H), 7.33 (dd, J = 7.8, 7.8 Hz, 1 H),
6.82 (td, J = 5.4, 1.8 Hz, 1 H, =CH), 3.48 (brd, J = 1.8 Hz, 2 H); *C NMR (150 MHz, CDCls): &
172.88, 146.65, 145.01, 137.50, 132.77, 129.00, 128.51, 124.39, 121.79, 38.87. MS (ESI, MeOH):

m/z = 161.2 ([M + H]"). (No reported data available)

1-Methylindane (35) (from tzb-4-126)

To a hydrogenation bottle, were added 680 mg (5.23 mmol) 1-methylindene (30), 50 mg
5% Pd/C and 10 mL of diethyl ether. The hydrogenation bottle was attached to a hydrogenation
apparatus, and the bottle was purged with hydrogen gas. The reaction mixture was then shaken
under 30 psi of hydrogen for 12 h, removed from the hydrogenator, filtered over Celite, washed
with diethyl ether. The filtrate was concentrated to dryness on a rotary evaporator and then under
vacuum at 0 °C to give 650 mg (95 % yield) of 1-methylindane (35) as colorless oil. tH NMR (600
MHz, CDCl3): & 7.26 - 7.15 (m, 4 H), 3.22 (m, 1 H), 2.93 (m, 1 H), 2.88 (m, 1 H), 2.32 (m, 1 H),
1.63 (m, 1 H), 1.31 (d, J = 6.6 Hz, 3 H); 13C NMR (150 MHz, CDCla): & 148.79, 143.94, 126.14
(2 C), 124.38, 123.22, 39.46, 34.81, 31.50, 19.92; MS (ESI, CH3CN/H,0): m/z = 133.694 ([M +

H]"). The spectral data is in agreement with the previously reported data.>
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Indane-1-carboxylic acid (39) (from tzb-4-119)

COOH

To a hydrogenation bottle, were added 670 mg (4.19 mmol) 1H-indene-3-carboxylic acid,
70 mg of 5% Pd/C and 30 mL diethyl ether. Then, the hydrogenation bottle was attached to a
hydrogenation apparatus, and the bottle was purged with hydrogen gas under a pressure of 30 psi.
The reaction mixture was then shaken under 30 psi of hydrogen for 12 h, filtered through Celite,
washed with diethyl ether. The filtrate was concentrated to dryness on a rotary evaporator to obtain
610 mg (91 % yield) of desired product 39 as a colorless oil. *H NMR (600 MHz, CDCls): § 7.46
(d,J=7.8 Hz, 1 H), 7.20 - 7.30 (m, 3 H), 4.11 (dd, J = 8.4, 6.0 Hz, 1 H), 3.15 (ddd, J = 14.4, 8.4,
6.0 Hz, 1 H), 2.96 (ddd, J = 14.4, 8.4, 6.0 Hz, 1 H), 2.48 (m, 1 H), 2.39 (m, 1 H); 2*C NMR (150
MHz, CDCls): 6 180.46, 144.19, 140.03, 127.81, 126.56, 124.99, 124.75, 49.99, 31.75, 28.67; MS
(ESI, CH3CN/H20): m/z = 163.125 ([M + H]"). The spectral data is in agreement with the

previously reported data.>!

Bicyclo[2.2.1]hept-5-ene-2,3-diol,(1R,2R,3S,4S) (43) (from tzb-3-116)
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OH
OH

To a solution of 40 g (244 mmol) of carbic anhydride (42) in 100 mL dried THF cooled by
an ice-bath, 18.5 g (30 mmol) of lithium aluminum hydride was added slowly and carefully. The
reaction was allowed to warm up to 25 °C and stirred for 8 h. After that, the reaction was quenched
with 40 mL 15% aqueous sodium hydroxide, diluted with 100 mL. The aqueous layer was
extracted with ethyl acetate for three times, dried with sodium sulfate, filtered through Celite,
concentrated to dryness on a rotary evaporator. The crude was the loaded to a silica gel to yield 16
g (43% yield) desired product 43 as white wax. *H NMR (600 MHz, CDCls): § 6.04 (dd, J = 1.8
Hz, 2 H), 4.17 (brs, 2 H, OH), 3.63 (dd, J = 10.8, 4.2 Hz, 2 H), 3.36 (dd, J = 10.8, 10.8 Hz, 2 H),
2.80 (dd, J = 1.8 Hz, 2 H), 2.53 (m, 2 H) , 1.40 (dd, J = 10.2, 7.8 Hz, 2 H); 13C NMR (150 MHz,
CDCl3): 5 134.81 (2 C), 63.43 (2 C), 49.94 (2 C), 46.55 (2 C), 45.09 (2 C). The spectral data is in

agreement with the previously reported data.>?

Endo-4-oxatricyclo[5.2.1.026]-8-decene (44) (The preparation was followed by a reported

method) ¢ (from tzb-3-87)
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To a flame-dried and argon-purged three-neck flask equipped with a separate funnel, were
added 1.5 g (11.03 mmol) of diol (43), 3.5 mL of dried pyridine, and 7.5 mL of distilled
dichloromethane. To it, a mixture of 1.89 g (9.93 mmol) p-toluene sulfonyl chloride in dried
dichloromethane was added from a separatory funnel dropwise over 12 h. The reaction mixture
was then washed with 10 mL water twice, dried over sodium sulfate, and concentrated to dryness
on a rotary evaporator. The concentrated crude product was then loaded onto a silica gel column
to yield 800 mg (60 % yield) of desired product 44 as a white solid. tH NMR (400 MHz, CDCls):
§6.23 (s, 2 H,=CH), 3.63 — 3.57 (m, 2 H, CH,0), 3.46 (dd, J = 8.8, 2 Hz, 2 H, CH;0), 2.94 — 2.85
(m, 4 H, CH-C= and C10-Hs), 1.55 (d, J = 8 Hz, 1 H, C10-H), 1.46 (d, J = 8 Hz, 1 H, C10-H); 13C
NMR (100 MHz, CDCls): § 135.0 (2C), 70.0 (2C), 52.6 (1C), 47.9 (2C), 45.8 (2C); MS (ESI,
MeOH): m/z (%)= 137.19 (M + H*, 100). The spectral data is in agreement with the previously

reported data®®.

Endo-4-oxatricyclo[5.2.1.026]-decane (45) (from tzb-4-107)

To a hydrogenation bottle, were added 200 mg (1.47 mmol) of norbornene (44), 20 mg of
5% Pd/C and 10 mL of diethyl ether. The hydrogenation bottle was attached onto a hydrogenation
apparatus, and the bottle was purged with hydrogen gas under a pressure of 30 psi. The reaction

mixture was then shaken under 30 psi of hydrogen for 12 h, filtered through Celite, and the solids
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were washed with diethyl ether. The filtrate was concentrated to dryness on a rotary evaporator.
The crude was vacuum at 0° C to obtain 160 mg of desired product (45) (95 % vyield) as a colorless
oil. 'H NMR (400 MHz, CDCls): & 3.88 (d, ] = 9.6 Hz, 2 H, CH20), 3.40 — 3.35 (m, 2 H, CH;0),
2.55 - 2.49 (m, 2 H), 2.21 — 2.18 (m, 2 H), 1.60 — 1.43 (m, 4 H), 1.32 — 1.26 (m, 2 H); 2*C NMR
(100 MHz, CDCls): § 68.9, 45.9, 42.5, 40.6, 23.1; MS (ESI, MeOH): m/z (%) = 139.22 (M + H+,

100). The spectral data is in agreement with the previously reported data®2,
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2.7. Catalytic Oxidations

Preparation of 40k PVP capped Cu/Au or Pd/Au colloid (from tzb-3-131)

To a solution of 83.5 mg (2.2 mmol, 0.11 eq.) 40k PVP, 21.67 mg (0.055 mmol, 1.0 eq.)
of HAuUCI4 3H20, 16.2 mg (0.164 mmol, 3.0 eq.) of CuCl in 30 mL deionized water, 10.3 mg
(0.273 mmol, 5.0 eq.) of NaBH4 was added at 0 °C. Then, the reaction mixture was left to stir for
2 hours, saved in fridge for reactions. The concentration of the catalyst was calculated by following

equations:

MO inucye.0 ¥ MOl o
V,

solution

MOl ya,pec, * MOl e
V

C=

C=

solution

The total mole amount of catalysts is calculated by adding the mole amounts of two types
of metallic ions. The total mole amount is then divided by the volume of solution (deionized water
or DMF). In this batch, the total mole amount of two metallic ions is HAuCls 3H20 (0.055 mmol)
+ CuCl (0.164 mmol) = 0.219 mmol. Then, the concentration is calculated by dividing the total
mole amount of metallic ions with the volume of deionized water (30 mL): 0.219 mmol/ 30 mL =
7.3 mM. Different concentrations in rest catalytic reactions were adjusted by the volume of

solution.

Oxidation of phthalan (24) without catalyst (from tzb-3-144)
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H,0, (10 eq.), CHsCN
O >  No reaction
25°C, 24 h

A reaction mixture containing 50 mg (0.415 mmol) of phthalan (24), 0.47 mL (4.15 mmol)
of 30% hydrogen peroxide in water, 1 mL water, and 0.5 mL acetonitrile, was stirred for 24 h at

25 °C. No product was found and only starting material was observed by NMR.

Oxidation of phthalan (24) with Cu/Au- 40kPVP (in H20) and H2:0: to 1(3H)-

Isobenzofuranone (27) (from tzb-3-141)

5% mol Cu/Au-40kPVP in H,0 (20 mM)
: o O
H,0, (10 eq.),CH3CN, 24 h, 25 °C

58% yield 26% recovered

To areaction mixture containing 2.1 mL (20 mM, 0.042 mmol) of Cu/Au-40kPVP (in H20)
colloid, 100 mg (0.83 mmol) of phthalan (24) was added, 1 mL acetonitrile was added to dissolve
insoluble substrates followed by the addition of 0.94 mL (8.3 mmol) of 30% hydrogen peroxide
as the oxidant. The reaction mixture was left to stir for 24 h, diluted with 5 mL water, extracted
with 10 mL diethyl ether for three times. The collected organic layer was dried on sodium sulfate,
concentrated to dryness over a rotary evaporator, loaded to a silica gel column to obtain 13.5 mg
(14% recovery) phthalan (24) and 60 mg (58% vyield) 1(3H)-isobenzofuranone 27 as the major
product. *H NMR (600 MHz, CDCls): § 7.95 (d, J = 7.8 Hz, 1 H), 7.71 (dd, J = 7.8, 7.8 Hz, 1 H),

7.56 (dd, J = 7.8, 7.8 Hz, 1 H), 7.52 (d, J = 7.8 Hz, 1 H), 5.35 (s, 2 H); 3C NMR (150 MHz,
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CDClz): 8 171.14, 146.54, 134.04, 129.07, 125.82, 125.77, 122.11, 69.68. MS (ESI, MeOH): m/z

=135.8 ([M + HJ"). The spectral data is in agreement with the previously reported data>*.

Oxidation of 1,3-dihydro-1-isopropyl-2-benzofuran (25) with Cu/Au- 40kPVP (in H20) and
H202 to 1(3H)-isobenzofuranone (27) and 3-isopropyl-1(3H)-isobenzofuranone (28) (from

tzb-3-149)

5% mol Cu/Au-40kPVP in H,0 (20 mM)
H,0, (10 eq.),CH5CN, 24 h, 25 °C
o)
22% vield ~ 22% vyield

To a reaction mixture containing 1.5 mL (20 mM, 0.03 mmol) of Cu/Au-40kPVP (in H20)
colloid, 100 mg (0.62 mmol) of 1,3-dihydro-1-isopropyl-2-benzofuran (25), 4 mL acetonitrile was
added to dissolve insoluble substrate. Then, 0.7 mL (6.2 mmol) of 30% hydrogen peroxide in water
was added. After the reaction was stirred for 24 h at 25 °C, the reaction mixture was diluted with
5 mL water, extracted with 10 mL diethyl ether for three times. The collected organic layer was
dried on sodium sulfate, evaporated to dryness over a rotary evaporator, which was loaded to a
silica gel column and eluted with hexane and diethyl ether to obtain 20 mg (22% vyield) of 1(3H)-
isobenzofuranone 27 and 22 mg (22% vyield) 3-isopropyl-1(3H)-isobenzofuranone (28).
Compound 28: *H NMR (600 MHz, CDCls): & 7.91 (d, J = 11.4 Hz, 1 H), 7.68 (dd, J = 11.4, 11.4
Hz, 1 H), 7.54 (dd, J = 11.4, 11.4 Hz, 1 H), 7.46 (d, J = 11.4 Hz, 1 H), 5.35 (d, J = 5.4 Hz, 1 H),
2.30 (qqd, J = 10.8, 10.8, 5.4 Hz, 1 H), 1.14 (d, J = 10.8 Hz, 1 H), 0.81 (d, J = 10.8 Hz, 1 H); 13C

NMR (150 MHz, CDCls): 6 170.86, 148.88, 133.86, 129.06, 126.73, 125.66, 122.12, 85.66, 32.36,
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18.71, 15.64. MS (ESI, MeOH): m/z = 177.9 ([M + H]*). The spectral data is in agreement with

the previously reported data®®.

Oxidation of (1H)-indene (29) with Pd/Au- 40kPVP (in H20) and TBHP to decompose (from

tzb-4-117)

O‘ 1% mol Pd/Au-40kPVP in HQO (10mM) Almost no reaction at 50 OC
tert-BUOOH (1.5 eq.), CH4CN, 25 °C to 80 °C  Slowly decomposed at 80 °C

To a reaction mixture containing 0.86 mL (10 mM, 0.0086 mmol) of Pd/Au-40kPVP (in
H20) colloid, 100 mg (0.86 mmol) of 1H-indene (29), 2.0 mL acetonitrile was added to dissolve
insoluble substrate followed by the addition of 0.163 mL (1.27 mmol) TBHP (70% in water). After
the reaction was stirred for 2 d at 50 °C, no progress was detected from NMR spectra. Then, the
temperature was increased to 80 °C and stirred for 2 d to give a material, which NMR indicated a

mixture of unidentifiable products. No further study was carried out for this reaction.

Oxidation of (1H)-indene (29) with Cu/Au- 40kPVP (in H20) and H202 to decompose (from

tzb-4-121)

0.5% mol Cu/Au-40kPVP in Hy0 (10mM) o
‘ H,0, (1.5 eq.), CHsCN, 25°C to 80 °C ~ Slowly decomposed at 80 °C

To a reaction mixture containing 0.86 mL (10 mM, 0.0086 mmol) of Cu/Au-40kPVP (in

H20) colloid, 100 mg (0.86 mmol) (1H)-indene (29), 2.0 mL acetonitrile was added to dissolve
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insoluble substrates followed by the addition of 0.142 mL (1.29 mmol) of 30% H2O- in water.
After the reaction was stirred for 2 d at 50 °C, no progress was observed from NMR spectra. Then,
the temperature was increased to 80 °C and stirred for 2 d to give a material, which NMR indicated

a mixture of unidentifiable products. No further study was carried out for this reaction.

Oxidation of 1-methyl-(1H)-indene (30) with Pd/Au- 40kPVP (in DMF) and TBHP to 3-

methyl-(1H)-indene (31) (from tzb-4-135)

O‘ 1% mol Pd/Au-40kPVP in DMF (10mM) O’

o
tert-BuOOH (1.5 eq.), 12 h, 25 °C 100% conversion

(Based on NMR)

To a solution of 0.32 mL (25 mM 0.008 mmol) of Pd/Au-40kPVP (in DMF) colloid, 100
mg (0.8 mmol) 1-methyl-(1H)-indene (30), 0.154 mL (1.2 mmol) 70% TBHP in water was added.
After the reaction was stirred for 12 h at 25 °C, all the 1-methyl-(1H)-indene (30) was converted
to 3-methyl-(1H)-indene 31 (Based on *H NMR). 'H NMR (400 MHz, CDCl3): 6 7.48 (d,J=7.2
Hz, 1 H), 7.37 (d, J = 7.2 Hz, 1 H), 7.34 (dd, J = 7.2, 7.2 Hz, 1 H), 7.23 (ddd, J = 7.2, 7.2, 1.6 Hz,
1H), 6.23 (d, J = 1.6 Hz, 1 H), 3.35 (dd, J = 2.0, 2.0 Hz, 2 H), 2.20 (dd, J = 4.0, 2.4 Hz, 3 H); 13C
NMR (100 MHz, CDCls); MS (ESI, CHsCN/H20): m/z = 131.107 ([M + H]*).: § 146.12, 144.33,
139.94, 128.75, 126.04, 124.44, 123.95, 118.83, 37.67, 13.05. These data are in agreement with

the data from the literature.>®
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Oxidation of 1-methyl-(1H)-indene (30) with Pd/Au- 40kPVP (in H20) and TBHP to 3-

methyl-(1H)-indene (31) (from tzb-4-136)

1% mol Pd/Au-40kPVP in H,O (10mM)

tert-BuOOH (1.5 eq.), 12 h, CH3CN, 25 °C 15% conversion
(Based on NMR)

To a reaction mixture containing 0.32 mL (25 mM, 0.008 mmol) of Pd/Au-40kPVP (in
H20) colloid, 100 mg (0.8 mmol) of 1-methyl-1H-indene (30), 1.28 mL acetonitrile was added to
dissolve the insoluble starting material followed by the addition of 0.154 mL (1.2 mmol) of 70%
TBHP in water. After the reaction was stirred for 12 h at 25 °C, about 15% of the 1-methyl-1H-
indene (30) was converted to 3-methyl-(1H)-indene (31) based on NMR spectra. (Indicated by H

NMR)

Oxidation of (1H)-indene-4-carboxylic acid (34) with Pd/Au- 40kPVP (in DMF) and TBHP

to decompose (from tzb-4-131,134,140)

COOH

1% mol Pd/Au-40kPVP in DMF (25 mM)
O‘ > Decomposed

tert-BuOOH (1.5 eq.), 24 h, 25 °C

To a reaction mixture containing 0.125 mL (25 mM, 0.003 mmol) of Pd/Au-40kPVP (in

DMF) colloid, 50 mg (0.3 mmol) 1H-indene-4-carboxylic acid (34), 0.06 mL (0.47 mmol) of 70%
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TBHP in water was added as the oxidant. After the reaction was stirred for 24 h at 25 °C, no

identifiable material can be observed from *H NMR spectra.

Oxidation of (1H)-indene-4-carboxylic acid (34) with Pd/Au- 40kPVP (in H20) and TBHP to

(34a) (from tzb-4-141)

COOH COOH

' 1% mol Pd/Au-40kPVP in DMF (25 mM)

tert-BuOOH (1.5 eq.), 24 h, 25 °C

100% conversion
(Based on NMR)

To a reaction mixture containing 0.125 mL (25 mM, 0.003 mmol) of Pd/Au-40kPVP (in
DMF) colloid, 50 mg (0.3 mmol) of 1H-indene-4-carboxylic acid (34), 1.28 mL acetonitrile was
added to dissolve the insoluble starting material followed by the addition of 0.06 mL (0.47 mmol)
of 70% TBHP. After the reaction was stirred for 24 h at 25 °C, all the 1H-indene-4-carboxylic acid
(34) was converted to 1H-indene-7-carboxylic acid (34a). *H NMR (400 MHz, CDCls): 6 8.07 (d,
J=8.0Hz, 1H),7.59(dd, J=1.6, 1.6 Hz, 1 H), 7.50 (d, J = 8.0 Hz, 1 H), 7.37 (dd, J = 8.0, 8.0
Hz, 1 H), 7.28 (m, 1 H), 3.58 (d, J = 0.8 Hz, 2 H). (No reported data available in Scifinder in April

2022)

Oxidation of (1H)-indene-4-carboxylic acid (34) with Cu/Au- 40kPVP (in H20) and H20: to

2-hydroxyl-1-indanone (35) (from tzb-4-146)
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COOH o
'I 1% mol Cu/Au-40kPVP in H,0 (10 mM) %OH

H,0, (2.0 eq.), 16 h, 50 °C 45% yield

To a reaction mixture containing 0.625 mL (1 mM, 0.00625 mmol) of Cu/Au-40kPVP (in
H20) colloid, 100 mg (0.625 mmol) of 1H-indene-4-carboxylic acid (34), 1.28 mL acetonitrile was
added to dissolve the insoluble starting material followed by the addition of 0.142 mL (1.25 mmol)
of 30% H20- in water. After the reaction was stirred for 12 h at 50 °C, the reaction mixture was
diluted with 5 mL water and extracted with 10 mL diethyl ether for three times. The collected
organic layer was dried on sodium sulfate, concentrated to dryness over a rotary evaporator, loaded
to a silica gel column to furnish about 45 mg (45% yield) 2-hydroxyl-1-indanone (35). *H NMR
(400 MHz, CDCls): & 7.81 (d, J = 7.6 Hz, 1 H), 7.66 (ddd, J1 = 7.6, 7.6 Hz, J13 = 1.2, 1 H), 7.49
(d, J=7.6 Hz, 1 H), 7.44 (dd, J = 7.6, 7.6 Hz, 1 H), 4.56 (dd, J = 8.0, 5.2 Hz, 1 H), 3.61 (dd, J =
16.4,8.0 Hz, 1 H), 3.04 (dd, J=16.4, 5.2 Hz, 3 H); 3C NMR (100 MHz, CDCls): § 206.30, 150.87,
147.93, 135.90, 128.08, 126.84, 124.48, 74.33, 35.15; MS (ESI, MeOH): m/z = 148.9 ([M + H]").

These data are in agreement with the data from the literature.®’

Oxidation of indane (37) with Cu/Au- 40kPVP (in H20) and H20:2 to 1-indanone (41) (from

tzb-4-120)

0O

5 ™ 8% conversion
H,0, (1.5 eq.), CH3CN, 72 h, 50 °C (Based on NMR)

@Q 0.5% mol Cu/Au-40kPVP in H,0 (10mM) @é

65



To areaction mixture containing 0.4 mL (10 mM, 0.004 mmol) of Cu/Au-40kPVP (in H20)
colloid, 100 mg (0.86 mmol) of indane (37), 2.0 mL acetonitrile was added to dissolve insoluble
substrate followed by the addition of 0.146 mL (1.29 mmol) 30% H20- in water as the oxidant.
After the reaction was stirred for 3 d at 50 °C, there was only a small portion of indane (37) was
converted to 1-indanone (41) (6% conversion). *H NMR (400 MHz, CDCls): § 7.79 (d, J = 8.0
Hz, 1 H), 7.61 (dd, J = 8.0, 8.0 Hz, 1 H), 7.50 (d, J = 7.2, 8.0 Hz, 1 H), 7.39 (dd, J = 8.0, 8.0 Hz,
1H),2.21(dd, J=6.0, 6.0 Hz, 2 H), 2.72 (m, 2 H); 3C NMR (100 MHz, CDCls): § 207.20, 155.21,
137.10, 134.64, 127.31, 126.72, 123.76, 36.24, 25.83. MS (ESI, MeOH): m/z = 133.1 ([M + H]").

The spectral data is in agreement with the previously reported data.

Oxidation of indane (37) with Cu/Au- 1R (in H20) and H20:2 in basic condition to 1-indanone

(42) (from tzb-4-122)

O

0.5% mol Cu/Au-40kPVP in H,O (10mM) @d
®E> H20; (1.5 eq.), CH3CN, 35% conversion
K,CO3, DMF, 15 h, 25 °C (Based on NMR)

To a reaction mixture containing 0.4 mL (10 mM, 0.004 mmol) of Cu/Au-1R (in H0)
colloid, 100 mg (0.86 mmol) of indane (37), 2.0 mL acetonitrile was added to dissolve insoluble
substrates, followed by the addition of 0.146 mL (1.29 mmol) of 30% H»O in water as the oxidant.
After the reaction was stirred for 3 d at 50 °C, there was only a small portion of indane (37) was

converted to 1-indanone (41) (6% conversion). Then, the reaction mixture was cooled to 25 °C,
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added with 20 mg (0.145 mmol) of potassium carbonate and stirred for 15 hours with its conversion

rate increased from 6% to 35%. (Indicated by NMR)

Oxidation of 1-methyl-indane (38) with Cu/Au- 40kPVP (in H20) and H:0: to (41) 1-

indanone (from tzb-4-128)

O
@Q 1% mol Cu/Au-40kPVP in H,O (10 mM) @é
H,0, (2.0 eq.), 48 h, CH3CN, 50 °C 8% conversion

(Based on NMR)

To areaction mixture containing 0.8 mL (10 mM, 0.008 mmol) of Cu/Au-40kPVP (in H20)
colloid, 100 mg (0.8 mmol) of 1-methylindane (38), 0.181 mL (1.6 mmol) 30% H20> in water was
added. After the reaction was stirred for 48 h at 50 °C, approximate 8% of starting material (38)

was converted to 1-indanone (41).(Indicated by *H NMR)

Oxidation of 1-methyl-indane (38) with Pd/Au- 40kPVP (in H20) and TBHP to 1-methyl-

indanyl hydrogen peroxide (40) (from tzb-4-129)

-

1% mol Pd/Au-40kPVP in H,O (10 mM) OOH
tert-BuOOH (1.5 eq.), 72 h, 50 °C 10% conversion
(Based on NMR)
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To areaction mixture containing 0.8 mL (10 mM, 0.008 mmol) of Pd/Au-40kPVP (in H20)
colloid, 100 mg (0.8 mmol) of 1-methylindane (38), 0.154 mL (1.2 mmol) 70% TBHP in water
was added as the oxidant. After the reaction mixture was stirred for 72 h at 50 °C, around 10% of
starting material was converted to 1-methyl-indanyl hydrogen peroxide (40). (Indicated by 'H

NMR)

Oxidation of 1-methyl-indane (38) with Pd/Au- 40kPVP (in DMF) and TBHP to 1-methyl-

indanyl hydrogen peroxide (40) (from tzb-4-133)

1% mol Pd/Au-40kPVP in DMF (25 mM) @ N
tert-BUOOH (1.5 eq.), 24 h, 50 °C OOH

14% vyield 20% recovery

To areaction mixture containing 0.2 mL (25 mM, 0.008 mmol) of Pd/Au-40kPVP (in DMF)
colloid, 100 mg (0.8 mmol) of 1-methylindane (38), 0.154 mL (1.2 mmol) 70% TBHP in water
was added. After the reaction was stirred for 24 h at 50 °C, the reaction mixture was diluted with
5 mL water and extracted with 10 mL diethyl ether for three times. The collected organic layer
was dried on sodium sulfate, concentrated to dryness on a rotary evaporator, loaded to a silica gel
column to obtain about 21 mg (14% yield) 1-methylindane-1-hydrogenperoxide (40). *H NMR
(400 MHz, CDCl3): § 7.41 (d, J = 7.2 Hz, 1 H), 7.34 — 7.26 (m, 3 H), 3.05 (m, 1 H), 2.80 (m, 1 H),
2.51 (m, 1 H), 2.15 (M, 1 H), 1.68 (s, 3 H). 13C NMR (100 MHz, CDCls):  145.17, 143.18, 129.01,
126.47, 125.10, 123.81, 92.99, 36.40, 29.95, 22.61. (No reported data available in Scifinder in

April 2022) (The data was compared with 1-methyl-indan-1-ol)>°
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Oxidation of indane-1-carboxylic acid (39) with Pd/Au- 40kPVP (in DMF) and TBHP to 1-

indanone (41) (from tzb-4-142)

o]
COOH
@S 1% mol Pd/Au-40kPVP in DMF (25 mM)
tert-BuOOH (1.5 eq.), 20 h, 50 °C 30% conversion

(Based on NMR)

To a reaction mixture containing 0.13 mL (25 mM, 0.003 mmol) of Pd/Au-40kPVP (in
DMF) colloid, 50 mg (0.3 mmol) indane-1-carboxylic acid (39), 0.06 mL (0.47 mmol) 70% TBHP
in water was added. After the reaction was stirred for 20 h at 50 °C, around 30% of carboxylic acid

(39) was converted to 1-indanone (41). (Indicated by *H NMR)

Oxidation of indane-1-carboxylic acid (39) with Pd/Au- 40kPVP (in H20) and TBHP to 1-

indanone (41) (from tzb-4-143)

COOH o COOH
1% mol Pd/Au-40kPVP in H,O (25 mM) @é @6
+
tert-BUOOH (1.5 eq.), CH;CN, 20 h, 50 °C

40% yield  45% recovery

To a reaction mixture containing 0.13 mL (25 mM, 0.003 mmol) of Pd/Au-40kPVP (in
H>0) colloid, 50 mg (0.3 mmol) of indane-1-carboxylic acid (39), 0.26 mL acetonitrile was added
to dissolve the substrate. Then, 0.06 mL (0.47 mmol) of 70% TBHP in water was added as the
oxidant. After the reaction mixture was stirred for 20 h at 50 °C, the reaction mixture was diluted

with 5 mL water and extracted with 10 mL diethyl ether for three times. The collected organic
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layer was dried over sodium sulfate, concentrated to dryness on a rotary evaporator, loaded to a
silica gel column to obtain about 20 mg starting material (39) (45% recovery) and 15 mg (40%
yield) 1-indanone (41). 'H NMR (400 MHz, CDCls): 5 7.79 (d, J = 8.0 Hz, 1 H), 7.61 (dd, J = 8.0,
8.0 Hz, 1 H), 7.50 (d, J = 7.2, 8.0 Hz, 1 H), 7.39 (dd, J = 8.0, 8.0 Hz, 1 H), 2.21 (dd, J = 6.0, 6.0
Hz, 2 H), 2.72 (m, 2 H); 3C NMR (100 MHz, CDCl3): 5 207.20, 155.21, 137.10, 134.64, 127.31,
126.72, 123.76, 36.24, 25.83. MS (ESI, MeOH): m/z = 133.1 ([M + H]"). The spectral data is in

agreement with the previously reported data®.

Oxidation of indane-1-carboxylic acid (39) with Cu/Au- 40kPVP (in H20) and H20: to 1-

indanone (41) (from tzb-4-145)

O

COOH
@S 1% mol Cu/Au-40kPVP in H,0 (25 mM)

H,0, (1.5 eq.), CH5CN, 20 h, 50 °C

16% conversion
(Based on NMR)

To a reaction mixture containing 0.13 mL (25 mM, 0.003 mmol) of Pd/Au-40kPVP (in
H20) colloid, 50 mg (0.3 mmol) of indane-1-carboxylic acid (39), 0.26 mL acetonitrile was added
to dissolve the substrate. After that, 0.05 mL (0.47 mmol) of 30% H20- in water was added as the
oxidant. After the reaction was stirred for 20 h at 50 °C, 16% of carboxylic acid (39) was converted

to 1-indanone (41).
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Oxidation of endo-4-oxatricyclo[5.2.1.0%6]-8-decene (44) with Cu/Au- 40kPVP (in H20) and
H202 to 3-exo-hydroxy-endo-4-oxatricyclo[5.2.1.026]-8-decene (46) and 3-oxo-endo-4-

oxatricyclo[5.2.1.02%]-8-decene (48) (from tzb-3-137)

Z% 2.5% mol Cu/Au-40kPVP in H,0 (4 mM) %‘OH . ﬂ%\fo . %
H»0, (1.5 eq.), CH3CN, 36 h, 25 °C o) o o}

(0]

8% yield 7% yield 10% recovered

To a reaction mixture containing 7.5 mL (4 mM, 0.03 mmol) of Cu/Au-40kPVP (in H;0)
colloid, 150 mg (1.1 mmol) endo-4-oxatricyclo[5.2.1.0>¢]-8-decene (44), 10.0 mL acetonitrile was
added to dissolve all the insoluble substrate followed by the addition of 1.875 mL (16.5 mmol) of
30% H202 in water as the oxidant. After the reaction mixture was stirred for 3 d at 25 °C, the
reaction mixture was diluted with 5 mL water and extracted with 10 mL diethyl ether for three
times. The collected organic layer was dried on sodium sulfate, concentrated to dryness on a rotary
evaporator, loaded to a silica gel column to obtain about 15 mg (10% recovery) starting material
44 and 10 mg (8% yield) 3-exo-hydroxy-endo-4-oxatricyclo[5.2.1.0%]-8-decene 46 and 9 mg (7%
yield) 3-oxo-endo-4-oxatricyclo[5.2.1.0%%]-8-decene (48).

Compound 46: 1H NMR (400 MHz, CDCls): § 6.20 (dd, J = 5.6, 2.8 Hz, 1 H, =CH), 6.09
(dd, J=5.6,2.8 Hz, 1 H, =CH), 4.99 (d, J = 2.4 Hz, 1 H, OCHO), 3.97 (dd, J =9, 7.6 Hz, 1 H,
CHO), 3.46 (dd, J = 9, 2 Hz, 1 H, CHO), 3.05 — 2.82 (m, 4 H), 2.64 (s, 1 H, OH), 1.45 (d, J = 8
Hz, 1 H, C10-H), 1.36 (d, J = 8 Hz, 1 H, C10-H); 3C NMR (100 MHz, CDCls): § 134.7 (=C),
134.4 (C=), 100.4 (O-C-0), 69.3 (C-0), 55.5, 51.9, 46.0, 45.8, 44.9; MS (ESI, MeOH): m/z (%)

=153.10 (M + H*, 100). The spectral data is in agreement with the previously reported data®.
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Compound 48: *H NMR (400 MHz, CDCls): § 6.35 — 6.26 (m, 2H, CH=CH), 4.31 (dd, J
=10, 8.8 Hz, 1 H, CHO), 3.82 (dd, J = 10, 3.2 Hz, 1 H, CHO), 3.38 — 3.34 (m, 1 H), 3.28 (dd, J =
9.2, 4.4 Hz, 1 H), 3.16 — 3.08 (m, 2H), 1.67 (d, J = 8.4 Hz, 1 H, C10-H), 1.49 (d, J = 8.4 Hz, 1 H,
C10-H). 23C NMR (100 MHz, CDCl3): § 178.1 (C=0), 137.0 (C=), 134.4 (C=), 70.3 (C-0), 51.9,
47.6, 46.2, 45.8, 40.3; MS (ESI, MeOH): m/z (%) = 151.18 (M + H*, 80). The spectral data is in

agreement with the previously reported data®:.

Oxidation of endo-4-oxatricyclo[5.2.1.0%6]-8-decene (44) with Pd/Au- 40kPVP (in H20) and
TBHP to dodecahydro-1,4:6,9-dimethanodibenzofurano[2,3-b:7,8-b']bisoxolane (50) and 4-

oxa-tricyclo[5.2.1.0]-8,9-exo-epoxydecane (51) (from tzb-3-86)

0}
; 2% mol Pd/Au-40kPVP in H,O (1.6 mM) . (o} ;
) + +

o) tert-BUOOH (1.2 eq.), CH5CN, 148 h, 25 °C

24% yield 9% yield 16% recovered

To a reaction mixture containing 6.4 mL (1.6 mM, 0.01 mmol) of Pd/Au-40kPVP (in H,0)
colloid, 70 mg (0.515 mmol) of endo-4-oxatricyclo[5.2.1.0%%]-8-decene (44), 12 mL acetonitrile
was added to dissolve the rest insoluble substrate followed by the addition of 0.08 mL (0.618 mmol)
of 70% TBHP in water as the oxidant. After the reaction was stirred for 6 d at 25 °C, the reaction
mixture was diluted with 5 mL water and extracted with 10 mL diethyl ether for three times. The
collected organic layer was dried on sodium sulfate, concentrated to dryness, loaded to a silica gel
column to obtain about 11 mg (16% recovery) starting material (44), 18 mg (24% vyield)
dodecahydro-1,4:6,9-dimethanodibenzofurano[2,3-b:7,8-b"]bisoxolane (50) and 6 mg (9% vyield)

4-Oxa-tricyclo[5.2.1.0]-8,9-exo-epoxydecane (51).
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Compound 50: *H NMR (400 MHz, CDCls): § 4.25 (d, J = 6.4 Hz, 2 H, CHO), 3.90 (dd,
J=17.2,9.6 Hz, 4 H, CH0), 3.32 (ddd, J = 17.2, 10, 6.8 Hz, 4 H, CH,0), 2.55 — 2.41 (m, 4 H),
2.25(d, J = 4.8 Hz, 2 H), 2.16 — 2.06 (m, 4 H), 1.60 (d, J = 12.4 Hz, 2 H), 1.26 (dt, J = 12.4, 2 Hz,
2 H); 3C NMR (100 MHz, CDCls): § 84.8 (2C, CHO), 68.8 (2C, CH20), 68.2 (2C, CH20), 49.0
(2C), 47.1 (2C), 46.2 (2C), 44.6 (2C), 43.7 (2C), 37.3 (2C); MS (ESI, MeOH): m/z (%) = 289.117
(M + H+, 30), 311.177 (M+Na+, 100). HRMS-ESI: m/z [M + H]+ calcd for C18H2503+:
289.1798, found: 289.1801.

Compound 51: *H NMR (400 MHz, CDCls): § 3.95 (d, J = 10.4 Hz, 2 H, CH20), 3.44 (dd,
J=10.4, 6.8 Hz, 2 H, CH20), 3.27 (s, 2H, 2 x CH-0), 2.73 — 2.65 (m, 2 H), 2.58 — 2.51 (m, 2 H),
1.46 (d, J = 10 Hz, 1 H), 0.84 (d, J = 10 Hz, 1 H); 3C NMR (100 MHz, CDCls): § = 68.2 (2C, C-
0), 49.5 (2C, C-O epoxide), 46.2 (2C), 39.8 (2C), 29.6 (1C); MS (ESI, MeOH): m/z (%) = 152.899

(M + H+; 50). The spectral data is in agreement with the previously reported data®?.

Oxidation of endo-4-Oxatricyclo[5.2.1.0%5]-8-decane (45) with Cu/Au- 40kPVP (in H20) and
TBHP to 3-exo-hydroxy-endo-4-oxatricyclo[5.2.1.026]-8-decane (47) and 3-oxo-endo-4-

oxatricyclo[5.2.1.0%%]-8-decane (49) (from tzb-5-20)

% 2.5% mol Cu/Au-40kPVP in H,0 (25 mM) %‘OH + Z%\fo + Z%
(6}

o tert-BUOOH (1.5 eq.), CHsCN, 12 h, 50 °C o] o]
53% yield 16% yield 13% yield

To a reaction mixture containing 0.8 mL (25 mM, 0.02 mmol) of Cu/Au-40kPVP (in H20)
colloid, 100 mg (0.73 mmol) of endo-4-oxatricyclo[5.2.1.0>6]-8-decane (45), 0.4 mL acetonitrile

was added to dissolve the rest insoluble substrate followed by the addition of 0.15 mL (1.18 mmol)
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70% TBHP in water as the oxidant. After the reaction was stirred for 12 h at 50 °C, the reaction
mixture was diluted with 5 mL water and extracted with 10 mL diethyl ether for three times. The
collected organic layer was dried on sodium sulfate, concentrated to dryness, loaded to a silica gel
column to obtain about 13 mg (13% recovery) starting material (45), 59 mg (53% yield) 3-exo-
hydroxy-endo-4-oxatricyclo[5.2.1.0%]-8-decane (47) and 19 mg (16% vyield) 3-oxo-endo-4-
oxatricyclo[5.2.1.0%6]-8-decane (49).

Compound 47: *H NMR (400 MHz, CDCls): § 5.37 (s, 1 H, OCHO), 3.96 (dd, J = 9.6, 2.0
Hz, 1 H, CH0), 3.87 (dd, J = 9.6, 7.2 Hz, 1 H, CH,0), 3.65 — 3.40 (bs, 1 H, OH), 2.65 — 2.59 (m,
1 H), 2.48 — 2.44 (m, 1 H), 2.37 — 2.34 (m, 1 H), 2.20 — 2.17 (m, 1 H), 1.50 — 1.25 (m, 6 H); 13C
NMR (100 MHz, CDCls): 6 99.2 (O-C-0), 66.8 (C-0), 53.1, 44.2, 42.0, 40.3, 39.1, 23.6, 22.5;
MS (ESI, MeOH): m/z (%) = 155.20 (M + H+; 40). The spectral data is in agreement with the
previously reported data®.

Compound 49: 'H NMR (400 MHz, CDCls): § 4.30 (dd, J = 10, 8.4 Hz, 1 H, CH20), 4.25
(dd, J = 10, 3.2 Hz, 1 H, CH,0), 2.99 (dd, J = 11.6, 5.6 Hz, 1 H, CHC=0), 2.92 — 2.84 (m, 1 H),
2.69 — 2.64 (m, 1 H), 2.38 — 2.34 (m, 1 H), 1.60 — 1.46 (m, 6 H); 3C NMR (100 MHz, CDCls): &
178.8 (C=0), 68.4 (C-0), 46.8, 42.0, 41.9, 40.4, 39.9, 25.5, 21.6; MS (ESI, MeOH): m/z (%) =

153.17 (M + H+; 70). The spectral data is in agreement with the previously reported data®®.

Oxidation of endo-4-oxatricyclo[5.2.1.0%]-8-decane (45) with Cu/Au- 40kPVP (in H20) and

H202 to 3-exo-hydroxy-endo-4-oxatricyclo[5.2.1.02¢]-8-decane (47) and 3-oxo-endo-4-

oxatricyclo[5.2.1.0%%]-8-decane (49) (from tzb-5-41)
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% 2.5% mol Cu/Au-40kPVP in H,0 (9 mM) /%‘OH . ;%\fo

5 H,0, (15.0 eq.), CH4CN, 16 h, 25 °C o o
7% yield 7% yield

To a reaction mixture containing 3 mL (9 mM, 0.054 mmol) of Cu/Au-40k PVP (in H2O)
colloid, 150 mg (1.08 mmol) of endo-4-oxatricyclo[5.2.1.02°]-8-decane (44), 3 mL acetonitrile
was added to dissolve the rest insoluble substrate, followed by the addition of 1.83 mL (16.2 mmol)
of 30% H.0; in water as the oxidant. After the reaction was stirred for 16 h at 25 °C, the reaction
mixture was diluted with 5 mL water and extracted with 10 mL diethyl ether for three times. The
combined organic layer was dried over sodium sulfate, evaporated to dryness, loaded to a silica
gel column to furnish about 11 mg (7% yield) 3-exo-hydroxy-endo-4-oxatricyclo[5.2.1.0%°]-8-

decane (47) and 12 mg (7% yield) 3-oxo-endo-4-oxatricyclo[5.2.1.0%°]-8-decane (49).

Oxidation of endo-4-oxatricyclo[5.2.1.0%6]-8-decane (45) with Pd/Au- 40kPVP (in H20) and
TBHP to 3-exo-hydroxy-endo-4-oxatricyclo[5.2.1.0%6]-8-decane (47) and 3-oxo-endo-4-

oxatricyclo[5.2.1.0%6]-8-decane (49) (from tzb-5-15)

Z% 2.5% mol Pd/Au-40kPVP in H,0 (25 mM) L%‘OH + ;%\fo
0

o tert-BuOOH (1.5 eq.), CHsCN, 12 h, 50 °C o

31% conversion 3% conversion
(according to NMR)  (according to NMR)

To a reaction mixture containing 1.6 mL (25 mM, 0.04 mmol) of Pd/Au-40kPVP (in H20)
colloid, 200 mg (1.58 mmol) OF endo-4-oxatricyclo[5.2.1.0>¢]-8-decane (45), 0.8 mL acetonitrile

was added to dissolve insoluble substrate followed by the addition of 0.3 mL (2.37 mmol) 70%
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TBHP in water as the oxidant. After the reaction was stirred for 12 h at 50 °C, about 31% of the

substrate was converted to 3-exo-hydroxy-endo-4-oxatricyclo[5.2.1.0>¢]-8-decane (47).

Oxidation of endo-4-oxatricyclo[5.2.1.02,6]-8-decane (45) with Pd/Au- 40kPVP (in H20) and

H20: (from tzb-5-16)

% 2.5% mol Pd/Au-40kPVP in H,0 (25 mM) %‘OH

o}
o) H,0, (2.0 eq.), CH4CN, 12 h, 50 °C 1.4% conversion

(according to NMR)

To a reaction mixture containing 0.8 mL (25 mM, 0.02 mmol) of Pd/Au-40kPVP (in H.O)
colloid, 100 mg (0.79 mmol) of endo-4-oxatricyclo[5.2.1.0>6]-8-decane (45), 0.4 mL acetonitrile
was added to dissolve insoluble substrate, followed by the addition of 0.18 mL (1.58 mmol) 30%
H20: in water as the oxidant. After the reaction was stirred for 12 h at 50 °C, no reaction

progression was observed from NMR spectra. (Indicated by *H NMR)
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Chapter 3 - Synthesis of Tricycle Pyrones as Potential Drugs for

Alzheimer's Diseases

3.1. Introduction and Background

About 6.2 million Americans aged 65 and older are living with dementia caused by
Alzheimer’s disease (AD) in 2021. A 72% of them are age 75 or older. The number of patients
with Alzheimer’s disease grows rapidly. The estimated number of individuals with AD may grow
to 12.7 million by 2050. AD and other dementias are heavy burdens for both families and the
nation, which cost $355 billion in 2021, and the cost may increase to $ 1.1 trillion (in 2021 dollars)
by 2050.%* Currently, four types of drugs, including Donepezil®®, Galantamine®, Rivastigmine®’
and Memantine®, have been approved by FDA to treat cognitive symptoms. However, there is no
drug approved by FDA exhibited the potential to cease the progression of AD, FDA has authorized
the marketing of Aduhelm from Biogen last June. ®° Even Aduhelm showed its potential to reduce
deposition of B-amyloid peptide, there was still no persuasive evidence demonstrating its treatment
of AD.”

At present, several hypotheses, including AB™, tau’® 7, excitotoxic’® ™, etc., were
proposed to explain the mechanism of AD pathogenesis’® 7/. Among these hypotheses, the Ap-
amyloid hypothesis is the most-developed one,”” and even no persuasive evidence that there is a
strong correlation between AP deposition and neural atrophy and cognitive impairment was
found’. A brief introduction to the formation of Amyloid Precursor Protein (APP) has been

involved in Figure 5. APP is a kind of transmembrane protein with its gene located at No. 21
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chromosome.”® For APP, its ectodomain can be hydrolyzed by o-secretase and B-secretase. Its
interdomain can be hydrolyzed by y40-secretase, y42-secretase.® The ectodomain cut by pB-
secretase is water-soluble and can be cleared and transferred from brain without deposition, while
the ectodomain cut by oa-secretase with the interdomain cut by y40-secretase or y42-secretase
produce peptides with 40 and 42 units respectively, which are insoluble in water. The peptide with

42 units of amino acids is less soluble and toxic than the peptide with 40 units.8 82

Y40 <—— PSEN1

Transcription and Translation Ectodomain
N terminal

C terminal

APP gene

APP protein y42 <—— PSEN2

No. 21st Chromosome

o B m 740742 WWN”O
i

EVKMDAEFRHDSGYEVHHQKLVFFAEDVGSN KfSIIGLMVGGVVIA TVIVITLVM LEKQ

a B v40v42

EVKMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVMLKKQ

B 1 42
17 40 + 5
P3 LVFFAEDVGSNKGAIIGLMVGGVVIA! Soluble in water
16 | 26 i
AEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV:! Insoluble in water

K
— 40
K

AEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
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N
) -
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Figure 5. The formation of AB peptide.
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The water-insoluble peptides with 40 and 42 units of amino acids can be deposited (mainly
AP42) and polymerized to dimer, oligomer and fibrils, which cannot be cleared from the brain
directly.®? The full pathological mechanism of AD is unclear, but several studies suggested that
the accumulation of the AP deposits blocks the communication between neurons and induces the
apoptosis of neurons® 8. The second theory involves tau protein (see Figure 6). Tau protein
stabilizes microtubules of the neuron. In AD, it is hyperphosphorylated and then detached from
the microtubules, which causes the disassembly of microtubules and the aggregation of
hyperphosphorylated tau protein. The accumulated tau proteins are then tangled and deposited to

neurofibrillary tangles (NFTs) causing an apoptosis of neurons.” ™

o O
o
\\,, v Fibrilla

Blocking the communications Apoptosis of neurons
between neurons

Tau Protein

/

%_/\( Excessive phosphorylation

Microtube stabilized
by Tau Protein

The dissociation of Tau Protein

-]
£ »
The aggregation of % ?
Tau Protein @ % ®
The diassembling of Microtube » The dimerization of detached, @ 2 g % §r]
Tau Protein s %
o o E— es

Water soluble dimer .
Water insoluble

neurofibrillary tangles

Figure 6. The formation of NFTs.
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3.2. A Proposed Mechanism to for the amelioration of Alzheimer’s Disease

Currently, there are lots of therapeutic strategies, containing N-Methyl-D-aspartic acid
(NMDA) receptor (NMDAR) antagonism,®® anti-amyloid agents,® inhibitors to tau
hyperphosphorylation,®” etc., were reported. In our previous work, TP70 exhibited the excellent
potential to protect MC65 cell line against its apoptosis induced by the deposition of AR
oligomers,® which may also reduce the formation of neurofibrillary tangles (NFTs). Chen and his
coworkers published their studies and found that the hippocampal long-term potentiation (LTP)
can be activated by cholecystokinin (CCK) with the NMDAR blocked by NMDAR inhibitor®. In
Hua’s previous work, TP70 exhibited its potential to enhance the LTP of the hippocampus, but
the exact mechanism is uncertain.®® Chen’s work® may supply an explanation to the mechanism
of improvement the LTP from TP70, even no evidence can be provided. In Figure 7, three possible
therapeutic mechanisms for TP70 were proposed and described. As a type of moiety easy to
penetrating blood brain barrier and available to oral intake, the TP70 may degrade amyloid plaques
to monomers and clear the monomers with the assistance of TP70 with an obvious decrease of A
level 20 For the tau strategy, the level of B-amyloid-induced hyperphosphorylation of tau protein
may be decreased,®* which prevents the apoptosis of neurons. In terms of the NMDAR therapeutic
strategy, the NMDAR-dependent LTP can be activated by the release of CCK controlled by
NMDAR.8 Therefore, it is possible that the TP70-NMDAR complex may enhance the release of

CCK and then enhance the NMDAR-dependent LTP.
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The therapeutic strategy for the AB peptide by dissovling Amyloid plaques:

AN s WV A
S With the assistance _ ...~ With the assistance
e of TP70 e of TP70 Clearance
Amyloid plaques Monomer
The therapeutic strategy for the Tau protein:
% ®
%%
Without the assistance g ﬁr

from Af-amyloid

Water insoluble
neurofibrillary tangles

The therapeutic strategy for excitotoxicity as NMDAR antagonist:

2+ 2+
Ca™ Glutamate Ca TP70
lecoccscel Bococceee) TR — ini Long-term
MDAR WNMDAR SO Cholecystokinin ——— Potentiation
Excessive influx of Ca®* Blocking the influx of Ca2*

Figure 7. Proposed possible therapeutic mechanisms for TP70.
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3.3. Syntheses of Tricyclic Pyrones

0s_O
CHO |
o. 0O L-proline N
] EtOAc - |. BHze THF, 25 °C, 12 h
+ —_— >
N Reflux, 2 d Il 30% H,0,, 0.3% NaOH
OH yield: 75% yield: 79%
62 63 52

EtsN, CH,Cl,,

Methanesulfony! chloride Adenine

0°Cto25°C,4h
yield: 70%

N,N-dimethylacetamide,
reflux, 12 h.

yield: 16%

Scheme 16. Synthesis for CP2.

In Scheme 16, tricycle pyrone 52 was derived from a one-pot reaction by heating a mixture
of compound 62 and 63 and L-proline in ethyl acetate to reflux for 30 h, which couples
perillaldehyde and 4-hydroxy-6-methyl-2H-Pyran-2-one to furnish tricycle pyrone 52 with the L-
proline as a ligand to afford tricycle pyrone 52 in a yield of 75%.% Then, the olefin 52 was treated
with borane {etrahydrofuran (BHs -THF) complex in THF solution to give an alkylborane, as an
intermediate, followed by the addition of hydrogen peroxide to convert alkylboranes to
alkylborates. To the reaction solution, sodium hydroxide was added to furnish alcohol 53.% The
hydroxyl group in the alcohol 52 was then converted to mesylate 54 in 70% yield.>® As a good
leaving group, the mesylate 54 was substituted by adenine in an SN2 reaction to furnish CP2 in a

yield of 16%.%
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Scheme 17. Different nucleophilic status of the Adenine.

As a nucleophilic reagent, adenine exists in five different nucleophilic statuses (see

Scheme 17). For the SN2 reaction at high temperature and aprotic solution of dimethylacetamide

(DMA), Nu4 shou

only a low yield of

Id be the most nucleophilic status. Due to the existence of these resonances,

the desired product was obtained.

F

jog
OHC

|. BH3eTHF, THF, 10 h,
-20°C to 25 °C

Il. HoNSO30H Step1: 3 A molecular sieve
reflux, 10 h Methanol, 10 h, 25 °C
yield: 16%

Step 2: AcOH, NaBH3, MeOH

2h,25°C

yield: 38%

Scheme 18. Synthesis for TP101.
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In Scheme 18, TP101 was synthesized by treating tricycle pyrone 52 with BH3z THF
complex followed by the addition of hydroxylamine sulfonic acid to give the amine 56 in a 40%
yield.%* After that, the amine 56 was condensed with a 56a and carefully reduced by sodium

cyanoborohydride to furnish TP101 as the desired product in a yield of 38%.%

/E P o ™ R R
H= — /‘\/‘Els—THF — )\/\B/\THF —
R

H-B-THF LN
v HN.. O
O\S//
6/ “OH
LR < P 4 TP
e ) | >
AR H 1
H + K?\S//\ R OH
& OH

Scheme 19. Proposed mechanism for amination.

In the amination step, the olefin 52 was treated with BHs THF to give the borane complex.
Then, the reaction mixture was transferred to a dried flask containing H2NOSO3H and reflux for
10 h with only 16% yield obtained. The low yield may be caused by the existence of water. In
order to enhance the reaction yield, molecular sieves could be a good choice to trap the water in
this reaction. In Scheme 19, a mechanism was proposed to explain this reaction.®® The BHs THF
first chelate with the olefin followed by a oxidative insertion. Then, an SN2 reaction happens to
give a borane-amine complex by displacing the THF ligand. After that, a rearrangement is
conducted to for a C-N bond with C-B bond separated by the nitrogen. A base is then involved to

attack the borane to start the amine away to produce the primary amine as the desired product.
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Benzoquinone, AcOH,
diethyl malonate,

palladium acetate. MeOH, K,CO43, 1 h, 0°C

75 °C for 2 h,
47 °C for 24 h.
yield: 44%

yield: 70%

OH
HoN

Et3N, CH,ClI,
12 h,25°C
9 N,N-dimethylacetamide,
HsC—-S8-Cl CH,Cly, reflux, 12 h.
)
yield: 68%

Scheme 20. Synthesis for TP109.

In order to eliminate the stereo-genic center, which produces two diastereomers, in TP101
by avoiding the oxidation of the alkene function of TP101, Hua designed analog TP109. The
synthetic strategy has been displayed in Scheme 20. To obtain it, the tricyclic pyrone (52) was
mixed benzoquinone, diethyl malonate and palladium acetate to give acetate (58) with the olefin
intact. Then, the acetate group in the acetate (58) was hydrolyzed with the existence of methanol
and potassium carbonate to furnish alcohol (59) in a yield of 75%. Then, the alcohol (59) was
treated with the methanesulfonyl chloride, EtsN to furnish mesylate (60) in a yield of 68%.
However, | failed to synthesize TP109 at the last step. A postdoctoral fellow (Dr. Deepak Kumar
Barange) in Hua’s laboratory has successfully synthesized TP109 in other synthetic strategies, and
it has been submitted for biological evaluation in Dr. Simon Xie’s laboratory at Redwood City,

CA.
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3.4. Conclusion

In this chapter, a series of small molecules with potential bioactivities to inhibit
Alzheimer's diseases have been synthesized. In order to eliminate the stereo-genic center
producing two diastereomers, a novel small molecule TP109 was designed by Dr. Hua. However,

| failed to synthesize the target molecule. Fortunately, the TP109 was successfully synthesized by

other postdoctoral fellows in Hua’s laboratory.

3.5. Representative Syntheses

(5aS,7S)-7-1soprepenyl-3-methyl-1H,7H-5a,6,8,9-tetrahydro-1-oxopyrano[4,3-
b][1]benzopyran (52) (The preparation was followed by a reported method)®? (from tzb-2-

29)

A reaction mixture was prepared by mixing 20 g (147 mmol) of 4-hydroxypyrone (62), 7.3
g (63.5 mmol) of L-proline, 25.9 g (147 mmol) of perillaldehyde (63) and 1000-mL ethyl acetate.
The mixture was then heated to reflux for 30 h, filtered through Celite while hot to remove the L-

proline, concentrated to 200 mL on a rotary evaporator. The concentrated solution was sealed and
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transferred to the fridge for crystallization at 0 °C to obtain 28.4 g (75% vyield) light yellow solid
as desired product 52. *H NMR (400 MHZ, CDCls): 6 6.12 (s, 1 H), 5.74 (s, 1 H), 5.10 (t, J = 5.2
Hz, 1 H), 4.75 (d, 2 H), 2.49 (d, 1 H), 2.21 (s, 3 H, CH3), 2.21 - 2.00 (m, 3 H), 1.78 - 1.75 (m, 5
H), 1.32 (m, 1 H); 3C NMR & 163.4, 162.6, 161.7, 147.9, 132.3, 109.8, 109.6, 99.9, 97.5, 79.4,
43.6,40.0, 32.5,32.1, 20.9, 20.3; MS m/z = 259 ([M + H]"). The spectral data is in agreement with

the previously reported data.®?

(5aS,7S)-7-[(1R) and (1S)-2-hydroxy-1-methylethyl)-3-methyl-1H,7H-5a,6,8,9-tetrahydro-1-
oxopyrano[4,3-b][1]benzopyran (53) (The preparation was followed by a reported method)®

(from tzb-2-31)

To a cold solution of 20 g (77.52 mmol) of compound 52 in 400 mL of THF, 54.26 mL
(54.26 mmol) of BH3*THF complex (1.0 M in THF) was added dropwise under argon over an ice
bath. After the solution was stirred at 0 °C for 2 h and 25 °C for 12 h, 80 mL of 0.5% NaOH
aqueous solution and 60 mL of 30% H20- in water were added at 0 <C sequentially. The reaction
mixture was then stirred for 2 h, diluted with 300 mL ethyl acetate, washed with aqueous solutions
of NaHCO3 and brine, dried on sodium sulfate, concentrated to dryness on a rotary evaporator,

loaded to a silica gel column, eluted with a gradient mixture of hexane and ethyl acetate to obtain
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17.0 g (79% vyield) of alcohol 53 as the desired product. 'H NMR (400 MHZ, CDCls): 6 6.08 (s,
1 H, C4-H), 5.71 (s, 1 H, C10-H), 5.07 (t, J = 5.2 Hz, 1 H, C5a-H), 3.62 — 3.52 (m, 2 H, CH:0),
2.46 (m,1 H), 2.19 (s, 3 H, Me), 2.13 — 1.99 (m, 2 H), 1.73 — 1.51 (m, 3 H), 1.19 — 1.12 (m, 2 H),
0.92 (d, J =7 Hz, 3 H, Me); *C NMR (CDCls) (two diastereomers) § 163.5, 162.8, 161.6, 133.0,
109.0, 100.0, 97.4, 79.7, 79.6, 65.6, 39.9, 39.8, 39.4, 37.2, 37.1, 36.9, 32.4, 32.3, 31.1, 30.4, 28.5,
20.1, 13.2 (Me for a diastereomer), 13.1 (Me for another diastereomer). The spectral data is in

agreement with the previously reported data®.

(5aS,7S)-7-[(1R) and (1S)-2-Hydroxy-1-methylethyl]- 3-methyl-1H,7H-5a,6,8,9- tetrahydro-
1-oxopyrano[4,3-b][1]benzopyran (54) (The preparation was followed by a reported

method)®® (from tzb-2-33)

To a flame-dried and argon-purged round bottom flask, were adding 17 g (62.0 mmol) of
alcohol 53, 400 mL of freshly distilled dichloromethane, 32.4 mL (232.56 mmol) of distilled
triethylamine. After the reaction mixture was cooled to 0 °C, 9.06 mL (116.28 mmol) of methane
sulfonyl chloride was added dropwise. The solution was stirred for 4 h at 25 °C, quenched with an
aqueous solution of sodium carbonate, extracted with dichloromethane for three times. The

combined organic layer was washed with brine, dried on sodium sulfate, concentrated to dryness
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over a rotary evaporator, loaded to a silica gel column, eluted with a gradient mixture of hexane
and ethyl acetate to obtain 15.41 g (70% yield) of mesylate 54 as a mixture of two diastereomers.
IH NMR (400 MHZ, CDCl3): & 6.08 (s, 1 H, C4-H), 5.71 (s, 1 H, C10-H), 5.06 (m, 1 H, CHO),
4.18 —4.08 (m, 2 H, CH;0), 3.03 (s, 3 H, Me-S), 2.49 (d, J = 2.8 Hz, 1 H), 2.19 (5, 3 H, Me), 2.14
~1.11 (m, 7 H), 0.98 (d, J = 6.8 Hz, 3 H, Me) ; 13C NMR (CDCls) § 163.2, 162.4, 161.7, 132.1,
109.6, 105.2, 99.8, 79.2, 79.1, 72.3, 38.9, 37.5, 37.4, 37.3, 37.2, 36.9, 32.2, 32.1, 30.8, 28.6, 20.2,
13.3 (Me for a diastereomer), 13.2 (Me for another diastereomer). The spectral data is in agreement

with the previously reported data®.

(5aS,7S)-7-[(1R) and (1S)- 2-(N3-adenyl)-1-methylethyl]-3-methyl-1H,7H-5a,6,8,9-tetra
hydro-1-oxopyrano[4,3-b][1]benzopyran (CP2) (The preparation was followed by a reported

method)®® (from tzb-2-34)

To a round bottom flask equipped with a condenser, were adding 15.41 g (43.5 mmol) of
mesylate 54, 5.9 g of adenine (43.5 mmol) under argon. After 240 mL freshly distilled N,N-
dimethylacetamide (DMA) was added into the flask, the reaction mixture was left to stir at 170 -
180 °C for 8 h, cooled to 25 °C, concentrated to dryness on a rotary evaporator connecting to an

oil pump. The concentrated crude was loaded to a silica gel column, eluted with a gradient mixture
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of dichloromethane, ethyl acetate and methanol to afford 2.65 g CP2 in a 16% vyield. *H NMR
(400 MHZ, CDCls): 6 8.07 (s, C8 H of adenine), 7.98 and 7.97 (2 s, 1 H, CoH of adenine; 2
diastereomers), 6.10 (s, 1 H, C10H), 5.72 and 5.71 (2s, 1 H, C4H), 5.02 (m, 1 H, C5a-H), 4.50 (dd,
J=14,7Hz,1H, CHN), 4.08 (2dd, J = 14, 8 Hz, 1 H, CHN; 2 diastereomers), 2.46 (m, 2 H), 2.20
and 2.19 (2s, 3 H, Me; 2 diastereomers), 2.10 — 1.22 (a series of m, 6H), 0.91 (d, J = 47.0 Hz, 3H,
Me) ; 3C NMR (CDCI3) (2 diastereomers) 8 163.2 and 163.1, 162.4, 161.7, 154.4, 154.0, 150.7,
142.3, 131.7 and 131.6, 121.0, 199.8, 99.7, 97.3, 79.0, 78.8, 54.5 and 54.4, 38.9, 38.1 and 38.0,
37.1and 36.9, 36.1, 32.0 and 31.9, 30.7, 27.6, 20.1, 13.3 and 13.2. The spectral data is in agreement

with the previously reported data®.

(5aS,7S)-7-[(1R) and (1S)-2-Amino-1-methylethyl)-3-methyl-1H,7H-5a,6,8,9-tetrahydro-1-
oxopyrano[4,3-b][1]benzopyran (56) (The preparation was followed by a reported method)®®

(from tzb-2-134)

To a flame-dried and argon-purged flask, 10 g (39 mmol) of dried tricyclic pyrone 52 and
300 mL of freshly distilled THF were added under argon. After the solution was cooled to -20 °C,
24 mL (24 mmol, 0.6 eq.) 1 N BH3 -THF complex in THF was added dropwise over 5 min. Then,

the reaction mixture was stirred for 10 h at 25 °C. The light-yellow reaction mixture was transferred
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via a cannula to a 2-neck round bottom flask equipped with a condenser containing dried 6.8 g (60
mmol, 1.5 eq.) of hydroxylamine sulfonic acid under argon. Then, the reaction mixture was heated
to reflux under argon and stirred for 10 h, diluted with 100 mL ethyl acetate, extracted with 100
mL 2 M aqueous solution of hydrochloride acid for three times. The combined aqueous layer was
washed with 300 mL ethyl acetate, cooled to 0 °C, basified to pH~12 by using 15% aqueous
solution of sodium hydroxide, extracted with 100 mL ethyl acetate twice. The combined organic
layer was then washed with 100 mL brine, dried over sodium sulfate, filtered through Celite,
concentrated on a rotary evaporator to afford 3.15 g (30% yield) desired product 56 as a light
yellow powder without further purification: *H NMR (400 MHZ, CDCls): § 6.07 (s, 1 H, C4H),
5.71 (s, 1 H, C10H), 5.07 (m, 1 H, C5aH), 2.73 (m, 1 H, 2 isomer, CHN), 2.58 (m, 1 H, 2 isomers,
CHN), 2.46 (d, J =13 Hz, 1H), 2.19 (s, 3 H, Me), 2.15-1.10 (m, 7 H), 0.91 (d, J =7 Hz, 3H, Me) ;
13C NMR d 163.4, 162.7, 161.7, 132.9, 109.3, 100.0, 97.5, 79.8 and 79.7 (2 isomers), 66.0, 46.0
and 45.9 (2 isomers), 40.9, 39.1, 38.5 and 38.4 (2 isomers), 37.1, 32.6 and 32.4 (2 isomers), 31.3,
31.2, 28.6, 20.3, 15.5, 14.3. HRMS calcd for C17H22NO3 (M+1) 276.1601, found 276.1610. The

spectral data is in agreement with the previously reported data®.

(5aS,7S)-3-Methyl-7-{(1R) and (1S)-1-[(3-fluoro-4-hydroxy)benzylamino]propan-2-yl}-

1H,7H-5a,6,8,9-tetrahydro-1-oxopyrano[4,3-b][1]benzopyran (TP101) (The preparation was

followed by a reported method)®* (from tzb-2-135)
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To flame-dried and argon-purged flask, 3.15 g (11.54 mmol) of dried amine 56, 1.615 g
(11.54 mmol, 0.9 eq.) of dried 4-hydroxy-3-fluorobenzaldehyde and 2.5 g of activated 3 A
molecular sieves were added under argon. To it, 60 mL dried methanol was added and stirred for
10 h at 25 °C under argon. After that, 0.7 mL of glacial acetic acid was added followed by the
addition of 2.2 g (34.79 mmol, 2.5 eq.) of sodium cyanoborohydride in portions. The reaction
mixture was left to stir for 2 h to reduce the imine to a secondary amine as the desired product.
Then, the reaction mixture was filtered through Celite, diluted with 100 mL aqueous solution of
ammonium hydroxide, extracted with 50 mL dichloromethane for four times. The combined
organic layer was washed with 100 mL brine, dried over sodium sulfate, filtered through Celite,
concentrated to dryness on a rotary evaporator. The dry crude was then loaded to a silica gel
column (deactivated with ammonium hydroxide), eluted with a mixture solution of
dichloromethane and methanol in a ratio of 15:1 to furnish 1.75 g (38% yield) TP101. *H NMR
(400 MHZ, CDCl3): § 6.98 (dd, J = 11.6, 1.6 Hz, 1 H), 6.94 — 6.84 (m, 2 H), 6.07 (s, 1 H), 5.71 (s,
1 H), 5.10 — 4.99 (m, 1 H), 3.67 (5, 2 H), 2.66 — 2.59 (m, 1 H), 2.51 —2.41 (m, 2 H), 2.19 (s, 3 H),
2.08-1.92 (m, 2 H), 1.73 — 1.44 (m, 4 H), 1.30 — 1.06 (m, 1 H), 0.92 and 0.91 (2 d, J = 6.8 Hz, 3
H, CHs of two diastereomers) ; 3C NMR & 163.52, 163.49, 162.8, 161.8, 152.9, 150.5, 143.9,
143.7,132.9,124.8,118.4,116.1, 115.9, 109.4, 100.0, 97.6, 79.8, 79.7, 53.5, 53.2, 53.1, 39.3, 38.9,

38.8, 37.5, 37.4, 36.9, 32.5, 32.4, 31.1, 28.5, 20.3, 14.8, 14.7; MS (electrospray ionization) m/z
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400.1 (M+H+), 276.2, 147.4, 139.0; HRMS calcd for C23H27NO4F+(M+H+) 400.1924, found

400.1924 (100%). The spectral data is in agreement with the previously reported data®*.

(5aS,7S)-7-[(3-acetoxy-1-propen-2-yl)]-3-methyl-1H,7H-5a,6,8,9-tetrahyro-1-
oxopyranol[4,3-b][1]benzopyran (58) (The preparation was followed by a reported

method)®® (from tzb-2-30)

To a flame-dried and argon-purged flask, 200 mg (0.79) tricyclic pyrone 52, 17 mg (78
mol) of palladium acetate, 0.25 g (2.3 mmol) of benzoquinone, and 25 mg (0.16 mmol) of diethyl
malonate were added and purged with argon. To it, 5 mL of dried acetic acid was added and heated
to 75 °C for 2 h and 47 °C for 24 h. The reaction mixture was cooled to 25 °C, filtered through
Celite, washed with aqueous sodium bicarbonate, water, and brine, dried on sodium sulfate,
filtered through Celite, concentrated to dryness on a rotary evaporator, loaded to silica gel column,
eluted with a mixture of hexane: ethyl acetate (1: 15) to furnish 0.11 g (44% yield) desired product
58. 1H NMR (400 MHZ, CDCla): 8 6.12 (s, 1 H), 5.73 (s, 1 H), 5.12 (s, 1 H, =CH>), 5.10 - 5.09
(m, 1 H, CHO), 5.02 (s, 1 H, =CH>), 4.58 (s, 2 H, CH20Ac), 2.51 (dt, J = 14, 4 Hz, 1 H), 2.28 -
2.24 (m, 2 H), 2.20 (s, 3 H, Me), 2.11 (s, 3 H, CH3CO), 2.11 ~ 2.05 (m, 1 H), 1.93 - 1.89 (m, 1 H),

1.77 (dd, J=12,11 Hz, 1 H), 1.36 - 1.31 (m, 1 H) ; ®*C NMR d 170.9, 163.4, 162.7, 161.9, 146.4,
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131.8, 112.9, 110.0, 99.9, 97.5, 79.2, 66.1, 40.0, 39.5, 32.4, 32.3, 21.2, 20.3. HRMS calcd for

C18H2105 (M+H") 317.1389, found 317.1396.

(5aS,7S)-7-[(3-Hydroxy-1-propen-2-yl)]-3-methyl-1H,7H-5a,6,8,9-tetrahyro-1-

oxopyrano[4,3-b][1]benzopyran (59) (from tzb-2-147)

To a cold solution of 0.62 g (1.9 mmol) acetoxy tricyclic pyrone 58 in 15 mL of methanol,
0.54 g (3.9 mmol) of potassium carbonate was added and stirred at 0 °C for 1 h. To it, a solution
of 1 N hydrochloric acid was added to neutralize the pH ~ 5, extracted with dichloromethane for
three times. The combined organic layer was washed with aqueous ammonium chloride, water,
brine, dried on sodium sulfate, concentrated to dryness over a rotary evaporator, loaded to silica
gel column, eluted with a gradient mixture of hexane: ether to furnish 0.37 g (70% yield) desired
product 59. 1H NMR (400 MHZ, CDCls): 8 6.12 (s, 1 H), 5.73 (s, 1 H), 5.13—5.12 (m, 1 H, CHO),
5.11 (s, 1 H, =CHy), 4.94 (s, 1 H, =CHy), 4.15 (d, J = 7 Hz, 2 H, CH20), 2.51 (dt, J = 14, 4 Hz, 1
H), 2.34 - 2.23 (m, 2 H), 2.20 (s, 3 H, Me), 2.18 ~ 2.08 (m, 1 H), 1.93 — 1.83 (m, 1 H), 1.77 (q, J
=12Hz,1H),1.40-1.28 (m, 1 H) ; ®°C NMR d 163.5, 162.7, 161.7, 151.4, 132.2, 109.5, 109.4,
99.9,97.4, 79.3, 64.9, 40.2, 38.9, 32.4 (2 C), 20.2; HRMS calcd for C16H1904 (M+H") 275.1283,

found 275.1305.
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(5aS,7S)-7-[(3-methanesulfonyloxy-1-propen-2-yl)]-3-methyl-1H,7H-5a,6,8,9-tetrahyro-1-
oxopyranol[4,3-b][1]benzopyran (60) (The preparation was followed by a reported

method)®® (from tzb-3-20)

N,

o O

To a flame-dried and argon-purged flask, were added 873 mg (3.19 mmol) of TP alcohol
59, 548 mg (4.78 mmol) of methane sulfonyl chloride, 1.33 mL (9.56 mmol) of triethylamine in
20 mL dichloromethane. After the reaction mixture was stirred for 2 h at 25 °C under argon, a
solution of 365 mg (3.2 mmol) of methane sulfonyl chloride and 0.89 mL (6.4 mmol) of
triethylamine in 10 mL dichloromethane were added and stirred for 12 h at 25 °C under argon. The
solution was then diluted with 30 mL of dichloromethane, washed with aqueous sodium
bicarbonate, water, brine, dried on sodium sulfate, filtered through Celite, concentrated over a
rotary evaporator to dryness. The concentrated dryness was loaded to a silica gel column, eluted
with a gradient mixture of hexane, diethyl ether and ethyl acetate to obtain 768 mg (68% yield)
desired product 60. 'H NMR (400 MHZ, CDCl3): 8 6.10 (s, 1 H), 5.71 (s, 1 H), 5.26 (s, 1 H, =CH>),
5.14 (s, 1 H, =CHj), 5.11 (dd, J = 12, 5 Hz, 1 H, CHO), 4.70 (s, 2 H, CH20), 3.03 (s, 3 H, S-CHa),
2.51 (dt, J = 14, 3 Hz, 1 H), 2.37 - 2.20 (m, 2 H), 2.19 (s, 3 H, Me), 2.15 ~ 2.03 (m, 1 H), 1.95 —

1.89 (M, 1 H), 1.77 (dd, J = 12, 11 Hz, 1 H), 1.32 (qd, J = 13, 4 Hz, 1 H) ; 3C NMR d 163.4,
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162.6, 161.9, 144.8, 131.5, 116.1, 110.1, 99.9, 97.5, 78.9, 71.5, 39.8, 38.7, 38.1, 32.2, 32.1, 20.3;

HRMS calcd for C17H2106S (M+H") 353.1059, found 353.1044.
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