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CHAPTER I 
boron Dihalides in Organic Synthesis


1.1  Scope of this Dissertation

This section of the dissertation is focused on the reactions of aryl propargyl ethers and their cleavage using boron Lewis acids.  Novel reactions have been developed.  These include: (1) aryl propargyl ether cleavage using boron trihalides, (2) aryl propargyl ether cleavage using boron dihalides, and (3) the mechanistic pathways.  These reactions are of great utility because of their numerous applications in organic synthesis. The first three chapters of this dissertation illustrate the synthetic utility of these reactions and their relationships with other reactions found in literature; and delineate a possible mechanistic pathway responsible for aryl propargyl ether cleavages using boron Lewis acids. 

1.1.1 Historical Aspects of Boron Reagents in Organic Synthesis

According to American physical chemist Gilbert Norton Lewis, a Lewis acid is a substance that can accept a pair of electrons from an electron pair donor (Lewis base).1 According to valence bond theory, due to boron’s electron deficiency, trivalent boron reagents are known to be Lewis acids. When the Lewis acid accepts electrons from an electron rich Lewis Base, it completes its octet and the result is the formation of a new bond.  In a boron trihalide, as the halide increases in size, the Lewis acidity of the boron increases.  This is due to the overlap of the filled p. -orbital on the halide and the empty p-orbital on the boron.2 The p-orbital overlap between B-F is large and strong, whereas, p-orbital overlap in a B-I bond is negligible.3-4 This explains the increased Lewis acidity of BI3 when compared to BF3.
1.1.2 Historical Aspects of Boron Trihalides in Organic Synthesis

For well over half of a century, various synthetic strategies using boron trihalides have been reported.5-6 One of the most well known synthetic strategies is the boron trihalide facilitated ether cleavage. The reactions conditions of these reactions are advantageous as they are mild and tend to provide products with high regio- and chemoselectivity.7-8 Other applications of boron trihalides include Friedel-Crafts alkylation and acylation,9-10 Diels alder reactions,11-12 cleavage of acetals and esters,13-14 aldol reactions,15-16 and others including acid induced rearrangements17 and cyclizations.18 


Over time our research group has developed many novel reactions using boron trihalides, examples of these reactions are depicted in Scheme 1-1.
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  These reactions form the basis of this research project. 
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Scheme 1-1.
Boron halide induced reactions of aldehydes: (1) dihalogenation, (2) 3-dihalo-1,3-diarylpropanes, (3) dialkenylation, and (4) haloallylation.

Dihalogenation of aromatic aldehydes can be carried out using BCl3 at elevated temperatures to form the resulting aryl dichloromethanes. (1, Scheme 1-1). It was concluded from an NMR study that the reaction proceeds through a benzyloxyboron dichloride intermediate that  indicates the C-O bond cleavage in this reaction is a result of the coordination of the boron trihalides with the carbonyl group as shown in Scheme 1-2.25 
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Scheme 1-2.
Dihalogenation of aromatic aldehydes.

Organoborane reagents offer a number of synthetic advantages as they allow the use of mild reaction conditions that are normally precluded using other organometallic reagents; they also tolerate a variety of functional groups.  An example of their utility is the Grignard like alkylation of aldehydes and ketones using organoboron reagents. Another example involves the haloboration of styrenes using boron trihalides which regioselectively produces diastereomeric mixtures of 1,3-dihalo-1,3-diarylpropanes from aryl aldehydes (3, Scheme 1-1).  The dialkenylation and haloallylation of aryl aldehydes can also be carried out using boron trihalide reagents. 
1.1.3 History of Boron dihalides in Organic Synthesis
Boron dihalides historically have been used in organic synthesis for a variety of transformations.  In the Kabalka group these boron dihalides have been used primarily for transformations of aryl aldehydes and benzyl alcohols.  
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Scheme 1-3.
Deoxygenation of benzyl alcohols.

Benzyl alcohols can be deoxygenated by the addition of a strong base, such as butyllithium followed by the addition of dichloroborane to form the respective deoxygenated species as shown in Scheme 1-3.26  While studying the reaction of aryl aldehydes with boron trihalides and styrenes to form 1,3-dihalo-1,3-diarylpropanes (2,  Scheme 1-1), the use of phenylboron dichloride was investigated and it was discovered that anti-β-chloroalcohols were regioselectively produced in good to excellent yields (3, Scheme 1-4).20 During the investigation of dialkyl boron chloride reactions with aryl aldehydes in the presence of oxygen to form the resulting alkylarylmethanols, the use of monoalkylboron dichlorides was investigated and the formation of chloroalkylation products at room temperature was noted (2, Scheme 1-4). 27
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Scheme 1-4.
Reactions of aryl aldehydes with boron dichloride reagents.

1.2 Ether Cleavage Using Organic Reagents

The use of various organic reagents to carry out ether cleavage reactions is of importance in organic synthesis because the resulting alcohols are useful precursors for many organic transformations. 
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Scheme 1-5.
Aryl ether cleavage reactions.

These transformations can be carried out using a variety of reaction conditions and reagents.  It is important to note that the reaction conditions shown in Scheme 1-5 
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 employ the use of harsh reaction conditions, expensive reagents, and thus a variety of functional groups often cannot tolerate the reaction conditions.  Aryl allyl ethers containing an additional ether bond do not yield the desired product using any of these reactions.  Cesium Chloride in the presence of sodium iodide can be used to cleave tert-butyl ethers as well as para-methoxybenzoyl protecting groups to yield the corresponding aryl alcohol (2, Scheme 1-5).29 Using a ruthenium catalyst in the presence of aryl propargyl ethers allows for the formation of various aryl alcohols.  The method affords the resulting aryl alcohol in moderate to poor yield (3, Scheme 1-5).30 
Mild catalytic multiphase hydrogenolysis can also be used to form various benzyl ethers (4, Scheme 1-5).31 

While all the methods listed above are effective for ether cleavage they do have several synthetic disadvantages. 

1.3 Ether Cleavage Using Boron Trihalides
The product of an ether cleavage reaction is an alcohol. Alcohols are key precursors to other functionalized compounds.  Carbon-carbon bond formation by substitution of hydroxyl groups is an important process in organic synthesis.  Because of this, the formation of alcohols for use in further organic reactions has become a popular area of organic synthesis and methodology.  One set of known reactions is the cleavage of ethers to produce alcohols that can be used in further direction substitution reactions as well as carbon-carbon bond formation.  The formation of alcohols from the cleavage reaction of various ethers using boron tribromide is commonly used because a wide variety of functional groups are tolerated under these reaction conditions. 
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Scheme 1-6.
Aryl ether cleavage using boron trihalides.

1.4  Ether Cleavage Using Boron Dihalides
In an effort to improve atom economy, boron dihalides have been used in organic synthesis as a way to improve already established boron trihalide reactions.  Ether cleavage reactions mediated by boron dihalides have been investigated and are further discussed in Chapters 2 and 3 of this thesis. 
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Scheme 1-7.
Aryl ether cleavage using boron dihalides.

1.5 Statement of the Problem

Lewis acids such as the boron trihalides and boron dihalides can mediate reactions involving alkynes, aldehydes, ethers, and alcohols to generate compounds containing new carbon-carbon and carbon-halogen bonds. This section of the dissertation is focused on a study of the reactions of boron halides and boron dihalides with substituted aryl propargyl ethers.  A mechanistic investigation was carried out in an effort to explain how the aryl alcohols are formed as a result of the propargyl ether cleavage (Chapter 2).  Further studies using boron dihalides to provide aryl alcohols from aryl propargyl ether substituents were carried out to further define the proposed cleavage mechanism (Chapter 3). 
CHAPTER II

BORON TRIBROMIDE AS AN EFFECTIVE ARYL PROPARGYL ETHER CLEAVAGE AGENT

2.1 Introduction
Boron tribromide mediated reactions are of great interest in organic synthesis due to the many transformations that can be carried out using this reagent.  Recently a boron tribromide mediated aryl propargyl ether deprotection reaction was reported (Scheme 2-1).32  It was noted that this reaction proceeded smoothly at room temperature and a wide variety of functional groups were tolerated under the conditions (-Br, -CO2Et, -NO2, -OMe).  It was of particular interest to our research group that aryl methoxy groups were tolerated under the reaction conditions as it is known that boron tribromide is an effective reagent for cleaving aryl ethers.33-34  In the published report, the mechanism involved delivering bromine to the propargyl terminus, to generate a bromoallene; this mechanism and intermediate were proposed on the basis of a NMR study of the reaction which, clearly demonstrated that the alkyne participated in the propargyl ether bond cleavage due to the absence of resonances indicating the presence of alkynyl and vinyl protons. 
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Scheme 2-1.
Proposed reaction mechanism.
In recent years we have developed a number of novel reactions involving boron halide derivatives.  Examples include a boron trihalide mediated alkyne-aldehyde coupling reaction leading to a stereodefined 1,4-pentadienes35 that proceeds through an unprecedented C-O bond cleavage originating from an alkoxy boron intermediate (Chapter 1).36 Further investigations of these novel reactions led us to develop reactions in which hydroxyl group were substituted by stereodefined halovinyl,37-39 alkynyl,40 and allyl 40-41 moieties using boron halides. Based on our previous studies we decided to reinvestigate the proposed mechanism.
2.2 Results and Discussion 

In our studies, we found that aryl methoxy groups were stable in the presence of either preformed or in situ generated vinyl boron dibromides.
 ADDIN EN.CITE 
36-39
 In view of the fact that the syn addition of boron tribromide to terminal alkynes is a fast process at -78°C,42 we felt that the aryl propargyl ether cleavage reaction might actually proceed through a pathway different from the one proposed earlier.  
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Scheme 2-2.
Proposed reaction mechanism.
In the mechanism we propose (Scheme 2-2), addition of boron tribromide to the terminal alkyne would first generate the vinylboron dibromide intermediate 2; then C-O bond cleavage would occur as a result of the presence of the vinyl boron dibromide (a Lewis acid) and afford intermediate 3, which we detected by TLC before quenching of the reaction either with water or saturated aqueous NaHCO3 at O°C, this observation indicates that the C-O bond cleavage most likely occurs during the reaction, as opposed to the cleavage being induced by the HBr formed during the hydrolysis process as postulated earlier. Intermediate 3 would then give the phenol and bromovinylboronic acid 4.  It is important to note that the pathway we propose (Scheme 2-2) is also consistent with the observed failure of boron tribromide to react with propargyl ether containing an internal alkyne because boron tribromide is known to react slowly with internal alkynes. 

In an effort to demonstrate that a vinylboron dibromide can cleave a C-O ether bond, a preformed vinylboron dibromide was allowed to react with phenyl allyl ether (Scheme 2-3).  The cleavage reaction occurred rapidly at room temperature with the phenyl allyl ether consumed within 3 minutes.  For a phenyl allyl ether (bearing a terminal alkene), the Claisen rearrangement product is formed (61% yield) along with the anticipated phenol (in 12% yield).  For a phenyl allyl ether bearing an internal alkene (structurally similar to intermediate 1 (Scheme 2-2), the reaction gives the expected phenol in 67% yield along with some of the Claisen product.  Thus, vinylboron dibromide reagents readily cleave the C-O bond in allyl ethers. 

[image: image10.emf]O

R

Br BBr

2

n-C

4

H

9

OH

DCM,rt,3min

R=H

R=Me

5


Scheme 2-3. C-O bond cleavage using vinylboron dibromide.
In further support of the proposed mechanism (Scheme 2-2), we isolated bromovinylboronic acid 3 (Scheme 2-2) as the corresponding stable trifluoroborate derivative.  Halovinylboron dihalide conversion to the corresponding trifluoroborate derivatives had not been reported in literature.43-45  The bromovinylboron dibromide was first converted to bromovinylboronic acid 4 (Scheme 2-4) by reaction with an aqueous mixture of Et2O/NaHCO3 at O°C.  Dehaloboration occurred during attempts to purify vinylboronic acid 4 through recrystallization in water.46-47  Because of the dehaloboration, crude 4 was used directly to synthesize the corresponding boron pinacolate ester.  Boron pinacolate 6 was isolated in 67% yield using silica gel column chromatography.  The preparation of organotrifluoroborate 7, from either the crude vinylboronic acid 4 or the boron pinacolate ester 6, was successful using the reported procedures and the desired product was obtained in good yields.48-49 
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Scheme 2-4. Transformations of bromovinylboron dibromide. 

With the knowledge that bromovinylboronic acids could be isolated as their stable trifluoroborate salts, we then investigated the reaction of 4-nitrophenyl propargyl ether with boron tribromide (Scheme 2-5).  (The goal being the validation of the newly proposed reaction mechanism.) The reaction was carried out according to the literature procedure32 and was quenched by transferring the reaction mixture, under an argon atmosphere, to an aqueous Et2O/NaHCO3 mixture at 0 °C.  Three equivalents of KHF2 were then added, and the mixture was stirred for 20 min.  Removal of the solvents under vacuum afforded a brown solid.  After washing the solid with dry diethyl ether to remove the coproduct, 4-nitrophenol, and a trace amount of propargyl ether, a white solid was obtained.  Extraction of the white solid three times with hot acetone, followed by solvent removal, yielded organotrifluoroborate 8 in 41% yield.  The resonances observed at 6.26-6.28 ppm (m) and 4.28 ppm (s) in the 1H NMR spectrum and at 44.5 ppm in the 13C NMR spectrum fit support the structural assignment for compound 8 (Scheme 2-5).  The vinyl carbon was not visible in the 13C NMR spectrum owing to the nearby fluorine nucleus. In addition, the observed HRMS analysis (266.8644 for [M - K]- peak) supports the structural assignment (theoretical value for [M-K]- = 266.86). 
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Scheme 2-5 Evidence supporting the new mechanism: isolation of a vinyl trifluoroborate product. 
For structural identification purposes, a standard organotrifluoroborate

sample 8 was synthesized from fully characterized boron pinacolate ester 9 (Scheme 2-6).  The NMR data demonstrated that the organotrifluoroborate obtained was identical to the material obtained in the reaction outlined in Scheme 2-5.  
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Scheme 2-6. Preparation of authentic sample. 
2.3 Conclusion 

The reaction pathway shown in Scheme 2-2 represents the mechanism for the reactions of aryl propargyl ethers with boron trihalides to form the corresponding aryl alcohol. 1H and 13C NMR were utilized to verify the presence of side products and to validate the reaction pathway shown in Scheme 2-2.  Thus the transformation of aryl alcohols from aryl propargyl alcohols using boron trihalides proceeds through the formation of vinylboron dibromide intermediate 2 (Scheme 2-2) resulting from the addition of boron tribromide to aryl propargyl ether.  This then leads to C-O bond cleavage to yield intermediate 3 (Scheme 2-2).  Ultimately forming the corresponding aryl alcohol upon addition of water as well as the bromovinylboronic acid. 4 (Scheme 2-2). 
The work presented in this chapter has been published in the following article: 

"Identification of a boron-containing intermediate in the boron tribromide mediated aryl propargyl ether cleavage reaction" Yao, Min-Liang; Reddy, Marepally; Hall, Kelly: Kabalka, George W. Journal of Org. Chem. 2009, 74(3), 1385-7. 
2.4 Experimental

2.4.1 General Methods
All glassware was dried in an oven heated to 120 °C for at least 12 h and then cooled prior to use. Dichloromethane was distilled from CaH2 prior to use. Reactions were magnetically stirred and monitored by TLC. Products were purified by flash chromatography, using silica gel (230-400 mesh, 60 Å). Boron tribromide (1.0 M in methylene chloride), dibromoborane dimethyl sulfide complex solution (1.0 M in methylene chloride), phenylacetylene, and propargyl bromide solution (80 wt. % in toluene) were used as received.  Products were purified by flash chromatography using silica gel (60 D, 230-400 mesh). 1H NMR and 13C NMR were recorded in CDCl3, CD3COCD3 or DMSO-d6 at 250 MHz. Chemical shifts for 1H NMR and 13C NMR spectra were referenced to TMS and measured with respect to the residual protons in the deuterated solvents. Atlantic Microlab, Inc., Norcross, Georgia, performed microanalysis.

Gas chromatography-mass spectroscopy studies were run on Hewlett Packard: HP 6890 series GC System with 5973 Mass Selective Detector; Column: Agilent 19091S-433E, 30.0mm X 0.25mm X 0.25 μm; gas (He) flow rate: 0.8 mL/min; initial temperature; 50 ˚C (hold 1 min); ramp temperature rate: 7 ˚C/min to maximum 280 ˚C.
2.4.2 Typical Reaction Procedure

C-O Bond Cleavage in a Phenyl allyl Ether using Bromovinylboron Dibromide: To a

solution of 1-hexyne (2.00 mmol, 164 mg) in CH2Cl2 (10 mL) at 0 °C was added BBr3 (1.0

M in CH2Cl2, 2.0 mmol, 2.0 mL). The mixture was stirred at room temperature for 10

min. To this red-purple reaction mixture, phenyl allyl ether (2.00 mmol. 268 mg) was

added. After stirring at room temperature for 5 min, the reaction was quenched with icewater (10 mL). The aqueous layer was separated and extracted with CH2Cl2 (2 x 15 mL), and the combined organic phase dried over anhydrous magnesium sulfate. The products (phenol and Claisen rearrangement product 5) were isolated by flash column

chromatography.
Synthesis of Compound 6 and Compound 9. To a solution of phenylacetylene (10.0 mmol, 1.02 g) in CH2Cl2 (20 mL) at 0 °C was added BBr3 (1.0 M in CH2Cl2, 10 mmol, 10 mL). The mixture was stirred at room temperature for 15 min. The resulting red-purple reaction mixture was transferred using a double-ended needle to a mixture of diethyl ether (5 mL) and aqueous NaHCO3 (1.70 g of NaHCO3 in 15 mL of water) at 0 °C. The mixture was stirred at room temperature for 15 min. The aqueous layer was separated and extracted with CH2Cl2 (2 × 15 mL), and the combined organic phase was washed with cold water and then brine. The organic phase was subsequently dried over anhydrous magnesium sulfate. Removal of solvents under vacuum followed by washing with hexanes (15 mL) yielded crude boronic acid 4 as a pale yellow solid. Crude 4 was then added to a solution of pinacol (11.0 mmol, 1.30 g) in ethyl ether (40 mL). Anhydrous magnesium sulfate (20.0 mmol, 2.40 g) was added, and the mixture was stirred overnight at room temperature. After filtration and removal of the solvent under vacuum crude compound 6 was obtained. The product was isolated in 67% yield (2.07 g) by flash column chromatography.
Synthesis of 7: The published procedure for converting boron esters to organotrifluoroborate salts was used.  Compound 5 (1.55 g, 5.00 mmol) was dissolved in

methanol, 8 mL. Excess saturated KHF2 (2.34 g, 30.0 mmol) was added slowly with

vigorous stirring. After 15 min, the precipitated product was collected and washed with

cold methanol. Recrystallization from minimal acetone-ether produced 1.27 g (88% yield)

Isolation of Compound 8 from the BBr3-Mediated Propargyl Deprotection Reaction. To a solution of the propargyl ether, 1-nitro-4-prop-2-ynyloxybenzene (2.00 mmol, 354 mg), in dry CH2Cl2 (6 mL) under an argon atmosphere was added BBr3 (1.0 M in CH2Cl2, 2.0 mmol, 2.0 mL) dropwise at room temperature. The reaction mixture was stirred for 35 min at room temperature and then transferred using a double-ended needle to a mixture of diethyl ether (5 mL) and aqueous NaHCO3 (168 mg of NaHCO3 in 3 mL of water) at 0 °C. The mixture was stirred at room temperature for another 15 min. Subsequently, methanol (2 mL) and aqueous KHF2 (6.00 mmol, 468 mg in 3 mL of water) was added, and the mixture was stirred for another 20 min. Removal of the solvents under vacuum afforded a brown solid. After washing the solid with dry diethyl ether to remove the coproduct, 4-nitrophenol, and a trace amount of propargyl ether, a white solid was obtained. Extraction of the white solid with hot acetone (3 × 10 mL), followed by solvent removal, yielded organotrifluoroborate 8 in 41% yield. 
2.4.3 Characterization of Compounds 

Compound 6: 1H NMR (250 MHz, CDCl3): δ 7.58-7.62 (m, 2H), 7.31-7.33 (m, 3H), 6.43 (s, 1H), 1.34 (s, 12H). 13C NMR: δ 140.9, 140.1, 129.3, 128.3, 128.1, 127.5, 83.8, 24.8. Anal. Calcd for C14H18BBrO2: C, 54.42; H, 5.87. Found: C, 54.48; H, 5.63.
Compound 7: 1H NMR (250 MHz, CD3COCD3): δ 7.56-7.53 (m, 2H), 7.32-7.20 (m, 3H),
6.49-6.46 (m, 1H). 13C NMR: δ 188.8, 128.7, 128.0. Anal. Calcd for C8H6BBrF3K: C,

33.25; H, 2.09. Found: C, 33.01; H, 1.74.
Compound 8: 1H NMR (250 MHz, DMSO-d6): δ 6.26-6.28 (m, 1H), 4.28 (s, 2H). 13C NMR: δ 44.5. Calcd HRMS for C3H3BBr2F3K: 266.8627 ([M-K]- peak). Found: 266.8644.
Compound 9: 1H NMR (250 MHz, CDCl3): δ 6.35 (s, 1H), 4.24 (s, 2H), 1.30 (s,

12H). 13C NMR: δ 136.0, 83.4, 39.4, 24.7. IR (film, νmax/cm-1): 2979, 2919, 1629, 1380,

SI-5 1372, 1348, 1142, 967, 848, 764, 749. Anal. Calcd for C9H15BBr2O2: C, 33.18; H, 4.64. Found: C, 33.47; H, 4.71.

CHAPTER III

BORON DIHALIDE REAGENTS AS AN EFFECTIVE ARYL PROPARGYL ETHER CLEAVAGE AGENT 

3.1 Introduction

On the basis of the newly proposed reaction mechanism, it was deduced that HBBr2 would also be suitable for cleaving propargyl ethers bearing terminal alkynes. The facile addition of HBBr2 to the terminal alkyne moiety in propargyl ether would generate intermediate 1 (Scheme 3-1), which is similar in structure to the earlier proposed intermediate 1 (Scheme 2-2). Based on the proposed reaction mechanism, we discovered that HBBr2 is also an effective cleaving reagent for propargyl ethers bearing terminal alkyne moieties.
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Scheme 3-1. Proposed reaction mechanism. 
3.2 Results and Discussion
In this study, we investigated the HBBr2 mediated reactions of aryl propargyl ethers.  This reaction offers a major advantage as it showed that HBBr2 was an effective reagent for cleaving aryl propargyl ethers to form the corresponding aryl alcohol and thus further support our proposed reaction pathway for the BBr3 mediated cleavage of aryl propargyl ethers (Scheme 2-2). The reaction conditions were tolerated using a wide variety of functional groups.  

We demonstrated that aryl propargyl ethers undergo cleavage reactions under reaction conditions using as little as one equivalent of HBBr2.  The aryl propargyl ethers were synthesized using the corresponding aryl alcohols (1.0 equiv), anhydrous potassium carbonate (3.0 equiv) and propargyl bromide (1.4 equiv) in acetone at room temperature overnight.  The corresponding aryl propargyl ethers 4a-4j were isolated using column chromatography in good to excellent yields (Table 3-1).  

Table 3.1. Propargylation of aryl alcohols via Propargyl Bromide
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	Z
	Product
	Yield (%)

	4-NO2
	4a
	72

	4-I
	4b
	75

	2-Ph
	4c
	58

	p-OCH3
	4d
	81

	1-Naphthol
	4e
	42

	4-Br
	4f
	73

	4- CN
	4g
	72

	2-CH(CH3)2
	4h
	79

	4-CH3
	4i
	75

	2-Naphthol
	4j
	46


Products 4a-4j were consequently exposed to cleavage conditions using one equivalent of HBBr2 in minimal methylene chloride to afford the corresponding product after quenching the reaction with water followed by extraction with methylene chloride (Table 3-2).  Yields were modest (Table 3-2).  

Table 3-2.  Propargyl ether cleavage via HBBr2-SMe2
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	Yield (%)

	4-NO2
	5a
	54

	4-I
	5b
	32

	2-Ph
	5c
	47

	p-OCH3
	5d
	negligible

	1-Naphthol
	5e
	45

	4-Br
	5f
	67

	4-CN
	5g
	54

	2-CH(CH3)2
	5h
	53

	4-CH3
	5i
	52

	2-Naphthol
	5j
	46


Due to the modest yields of the aryl propargyl ether cleavage using one equivalent of the HBBr2 , 2-3 equivalents of the HBBr2 were used in an effort to increase the yield of the desired aryl ether cleavage product.  The yields of products 5a-5j increased significantly (Table 3-3).   

Table 3-3. Propargyl ether cleavage via 2-3 equivalents HBBr2-SMe2 
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	Product
	Yield (%)

	4-NO2
	5a
	79

	4-I
	5b
	63

	2-Ph
	5c
	66

	p-OCH3
	5d
	negligible

	1-Naphthol
	5e
	54

	4-Br
	5f
	72

	4-CN
	5g
	64

	2-CH(CH3)2
	5h
	65

	4-CH3
	5i
	66

	2-Naphthol
	5j
	58


Due to the poor yield in the case of 5d, a modification to the work up procedure was proposed. Instead of quenching the reactions with water, the reactions were quenched using a saturated solution of NaHCO3 and extracted with methylene chloride.  This allows for the residual aryl ether to move to the methylene chloride layer leaving the resulting aryl alkoxide in the aqueous layer.  The aqueous layer was then reacidified using 2M HCl to protonate the aryl alkoxide which then was extracted using methylene chloride.   It was noted after initial experimentation that the yield of 5d was significantly increased and, as a result, the new work up procedure was applied to all examples.  The product yields of 5a-5j were increased as a result and the results are listed in Table 3-4. 
Table 3-4. Propargyl ether cleavage via HBBr2-SMe2 using acid-base extraction
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	Yield (%)

	4-NO2
	5a
	81

	4-I
	5b
	71

	2-Ph
	5c
	75

	p-OCH3
	5d
	43

	1-Naphthol
	5e
	55

	4-Br
	5f
	86

	4-CN
	5g
	70

	2-CH(CH3)2
	5h
	68

	4-CH3
	5i
	71

	2-Naphthol
	5j
	61


Based on the proposed reaction mechanism (Scheme 2-2), we discovered that HBBr2 is also an effective cleaving reagent for propargyl ethers bearing terminal alkyne moieties.
3.3 Conclusions 


Several methods for synthesizing aryl alcohols from the cleavage of aryl propargyl ethers using HBBr2 are described.  It is possible to generate aryl alcohols using 1-3 equivalents of HBBr2.  Several examples illustrate that this reaction tolerates a wide variety of functional groups.  Presumably, any aryl propargyl ether derivative can be cleaved in situ using HBBr2 under the reaction conditions described in this study.   
The work presented in this chapter has been published in the following publication: 

"Identification of a boron-containing intermediate in the boron tribromide mediated aryl propargyl ether cleavage reaction" Yao, Min-Liang; Reddy, Marepally; Hall, Kelly: Kabalka, George W. Journal of Org. Chem. 2009, 74(3), 1385-7. 
3.4 Experimental 
3.4.1 General Methods


All glassware was dried in an oven heated to 120 °C for at least 12 h and then cooled prior to use. Dichloromethane was distilled from CaH2 prior to use. Reactions were magnetically stirred and monitored by TLC. Products were purified by flash chromatography, using silica gel (230-400 mesh, 60 Å). Dibromoborane dimethyl sulfide complex solution (1.0 M in methylene chloride) was used as received.  Products were purified by flash chromatography using silica gel (60 D, 230-400 mesh). 1H NMR and 13C NMR were recorded in CDCl3, CD3COCD3 or DMSO-d6 at 250 or 300 MHz. Chemical shifts for 1H NMR and 13C NMR spectra were referenced to TMS and measured with respect to the residual protons in the deuterated solvents. Atlantic Microlab, Inc., Norcross, Georgia, performed microanalysis.
3.4.2 Typical Reaction Procedure: Conversion of Aryl Alcohols to Aryl Propargyl Ethers (4a-4j)
 
A mixture of substituted phenol (10.0 mmol), anhydrous potassium carbonate (4.14 g, 30.0 mmol) and propargyl bromide (80% in toluene, 14 mmol) in acetone (20 mL) was stirred overnight at room temperature. After filtration, water was added and the product was extracted three times with ether. The combined organic layers were dried over anhydrous sodium sulfate, filtered, and the solvent evaporated under reduced pressure. The residue was purified by column chromatography using hexanes and ethyl acetate to afford the desired propargyl ether. 
3.4.3 Characterization of Compounds 4a-4j
1-Nitro-4-(prop-2-yn-1-yloxy)benzene (4a)50: 1H NMR (300 MHz, CDCl3): δ 8.24-8.21 (d, 2H), 7.07-7.04 (d, 2H), 4.80-4.79, (s, 2H), 2.58 (s, 1H). 13C NMR (CDCl3): δ 125.8, 115.0, 76.8, 56.3. 
1-Iodo-4-(prop-2-yn-1-yloxy)benzene (4b)51: 1H NMR (300 MHz, CDCl3): δ 7.6-7.56 (d, 2H), 6.78-6.74 (d, 2H), 4.67-4.66 (s, 2H), 3.35 (s, 1H).  13C NMR (CDCl3): δ 156.3, 139.7, 129.4, 123.5, 113.0, 86.8, 78.07, 56.9. 
2-(Prop-2-yn-1-yloxy)-1,1'-biphenyl (4c)52: 1H NMR (300 MHz, CDCl3): δ 7.6-7.05 (m, 9H), 4.68 (s, 2H), 3.3 (s, 1H). 13C NMR (CDCl3): δ  130.7, 129.1, 128.4, 127.6, 127.3,  121.2, 116.4, 76.2, 57.1. 
1-Methoxy-4-(prop-2-yn-1-yloxy)benzene (4d)50: 1H NMR (300 MHz, CDCl3): δ 6.95-6.84 (m, 4H), 4.64 (s, 2H), 3.79 (s, 1H). 13C NMR (CDCl3):  δ 154.4, 151.4, 116.9, 114.6, 76.7, 56.3, 55.6.   
1-(Prop-2-yn-1-yloxy)naphthalene (4e)53: 1H NMR (300 MHz, CDCl3): δ 8.38-6.96 (m, 7H), 4.93 (s, 2H), 2.61 (s, 1H). 13C NMR (CDCl3): δ 153.4, 134.6, 127.5, 125.7, 125.5, 121.2, 105.5, 75.7, 56.1. 
1-Bromo-4-(prop-2-yn-1-yloxy)benzene (4f)53: 1H NMR (300 MHz, CDCl3): δ 7.39-7.25 (d, 2H), 6.86-6.82 (d, 2H), 4.65 (s, 1H), 2.53 (s, 1H). 13C NMR (CDCl3): δ 156.5, 132.3, 116.7, 113.8, 75.9, 55.9.
4-(Prop-2-yn-1-yloxy)benzonitrile (4g)54: 1H NMR (300 MHz, CDCl3): δ 7.62-7.59 (d, 2H), 7.05-7.02 (d, 2H), 4.75 (s, 2H), 2.57 (s, 1H).  13C NMR (CDCl3): δ 134.0, 115.6, 76.6, 55.9.  
1-Isopropyl-2-(prop-2-yn-1-yloxy)benzene (4h)55: 1H NMR (300 MHz, CDCl3): δ 7.56-7.31 (d, 2H), 7.22-7.18 (d, 2H), 4.87 (s, 2H), 3.66-3.61 (q, 3H), 2.56 (s, 1H), 1.48 (s, 2H).  13C NMR (CDCl3): δ 155.0. 137.4, 126.7, 126.5, 121.9, 112.2, 79.9, 77.8, 56.1m 27.0, 23.0.
1-Methyl-4-(prop-2-yn-1-yloxy)benzene (4i)50: 1H NMR (300 MHz, CDCl3): δ 7.13-7.09 (d, 2H), 6.91-6.87 (d, 2H), 4.68 (s, 2H), 2.51 (s, 1H), 2.31 (s, 2H).  13C NMR (CDCl3): δ 195.4, 130.9, 129.9, 129.9, 114.8, 114.3, 75.5, 55.8, 20.12. 
2-(Prop-2-yn-1-yloxy)naphthalene (4j)53: 1H NMR (300 MHz, CDCl3): δ 7.79-7.22 (m, 7H), 4.83 (s, 1H), 2.56 (s, 1H).  13C NMR (CDCl3): 155.4, 129.5, 127.7, 126.9, 126.5, 124.0, 107.4, 76.4, 55.8. 

3.4.4 Typical Reaction Procedure: Aryl propargyl ether cleavage to Aryl alcohols (5a-5j)

 
To a solution of propargyl ether (1.0 mmol) in DCM (2 mL), HBBr2·SMe2 (1.0 M in CH2Cl2, 1.1- 3.3 mmol, 1.1-3.3 mL) was added. The reactions were allowed to stir at room temperature and monitored by TLC. The reaction was quenched with aqueous NaHCO3 and extracted with DCM (3 x 10 mL). The aqueous layer was then acidified using 1M HCl and extracted with DCM (3 x 10 mL).  The organic phase was dried over anhydrous MgSO4. Product phenol was purified  (8:1) as eluant.
3.4.5 Characterization of Compounds 5a-5j

4-Nitrophenol (5a):56 1H NMR (500 MHz, CDCl3): δ 8.193-8.163 (d, 2H), 6.947-6.917 (d, 2H), 6.170 (s, 1H).  13C NMR (125 MHz, CDCl3): 161.4, 141.6, 126.3, 115.7, 76.61. 
2-Iodophenol (5b):57 1H NMR (500 MHz, CDCl3): δ 5.51 (s, 1H), 7.50 (t, 1H), 7.64 (d, 1H), 7.79 (t, 1H), 8.28 (d, 1H).  13C NMR (125 MHz, CDCl3): δ 155.5, 139.3, 128.4, 123.4, 116.2, 87.4. 
2-Phenylphenol (5c):58 1H NMR (400MHz, CDCl3): δ 7.47-7.43 (m, 4H), 7.38-7.33 (m, 1H), 7.25-7.21 (m, 2H), 6.99-6.94 (m, 2H), 5.28 (s, 1H); 13C NMR (100 MHz, CDCl3): δ 152.3, 137.0, 130.2, 129.1, 129.0, 128.1, 127.8, 120.8, 115.8.
4-Methoxyphenol (5d):59 1H NMR (400 MHz, CDCl3) δ 6.81–6.75 (m, 4H), 4.57 (s, 1H), 3.77 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 153.6, 149.5, 116.1, 114.9, 55.9.
1-Naphthol (5e):59 1H NMR (400 MHz, CDCl3) δ 8.19–8.16 (m, 1H), 7.81 (m, 1H), 7.49–7.45 (m, 3H), 7.43–7.28 (m, 1H), 6.80 (d, J = 7.6 Hz, 1H), 5.38 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 151.3, 134.7, 127.6, 126.4, 125.8, 125.2, 124.3, 121.5, 120.7, 108.7.
4-Bromophenol (5f):60 1HNMR (400MHz, CDCl3) (δ, ppm): 6.70-6.72 (m, 2H), 7.31-7.33 (m, 2H). 13CNMR (100 MHz, CDCl3) (δ, ppm): 113.0, 117.1, 132.5, 154.2.

4-Cyanophenol (5g):58 1H NMR (500 MHz, CDCl3): δ 7.57 (d, 2H), 6.94 (d, 2H), (s, 1H). 13C NMR (125.8 MHz, CDCl3): δ 160.0, 134.3, 119.2, 116.4, 103.3
2-Isopropylphenol (5h):58 1H NMR (500 MHz, CDCl3) δ: 7.10 (d, 2H),

6.76 (d, 2H), 4.54 (s, 1H), 2.85 (septet, 1H), 1.22 (d, 6H) ppm. 13C NMR (75 MHz, CDCl3) δ: 153.6, 141.4, 127.6, 115.2, 33.4, 24.4 ppm.
4-Methylphenol (5i):58 1H NMR (400 MHz, CDCl3) δ 7.03 (d, J = 8.4, 2H), 6.73 (d, J = 8.4 Hz, 2H), 4.89 (s, 1H), 2.27 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 152.8, 130.0, 115.1, 20.4.
2-Naphthol (5j):59 1H NMR (400 MHz, CDCl3) δ 7.75 (t, 2H), 7.66 (d, 1H), 7.42 (t, 1H), 7.34–7.30 (m, 1H), 7.13–7.08 (m, 2H), 5.18 (s 1H). 13C NMR (100 MHz, CDCl3) δ 153.3, 134.6, 129.8, 128.9, 127.7, 126.5, 126.4, 123.6, 117.7, 109.5.
CHAPTER IV
TRIFLUOROBORATE SALTS USED IN RADIOLABELING REACTIONS ON SOLID SUPPORT SYSTEMS

4.1 Scope of this Dissertation

The primary focus of this research project is the development of new, rapid, and convenient methods for incorporating short-lived radionuclides (123I, 124I, 18F, and 11C) into agents of use in measuring dynamic processes and pathologies in vivo.
 ADDIN EN.CITE 
61-70
 The chemistry outlined in this section provides for the rapid synthesis, simple purification, and facile delivery of a wide variety of high specific activity, radiolabeled molecules using solid state organoborane-based reagents. The new solid-state precursors will be used to prepare molecules that have shown promise in imaging amyloid diseases. Specific aims of this project include: 1) development of a method to add organic BF3K derivatives to solid support systems (Chapter 5); 2) preparation of stable, polymeric, solid-state precursors (Chapter 5/6); and 3) synthesis of representative radioiodinated analogues of promising amyloid imaging agents (Chapter 6/7). 
4.1.1 Historical Aspects of Isotope Incorporation Reactions and Radiolabeled Imaging Agents
For a number of years, our research efforts have been focused on the use of functionalized organometallic reagents that rapidly react with radiolabeled precursors generated by medical cyclotrons.  These precursors included K18F, 18F2, 15O2, 13NH3, 11CO, 11CN, and Na123I (Scheme 4-1).71  Our studies, along with those of others, validated the feasibility of using reactive intermediates, such as the organoboranes and other organometallic agents based on mercury, tin, and silicon, for the incorporation of isotopes of importance to nuclear medicine.72-73  Because of their ready availability and lack of toxicity, organoboranes are ideally suited for use as precursors in radiopharmaceutical preparation. 
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Scheme 4-1.  Isotope incorporation using organoborane reagents. 

In addition, our early boron studies led to the first syntheses of new agents which have since proven to be clinically important; these include (E)-17α-[123I]iodovinylestradiol 74 and [15O]-butanol.75  Other agents prepared via organoborane chemistry include [13N]-putrescine and a variety of, iodine-123 labeled acids, 3-N-methyl-5-iodo-2-thienylbutyrophenone, N-(3-iodopropen-2-yl)-2-carbomethoxy-3-(4-chlorophenyl)tropane, and 4-O-(E)-3-iodopropen-2-yl-allose.76 The chemistry developed for the iodine-123 labeled molecules is equally applicable to all iodine isotopes of value in Nuclear Medicine.  

More recently we discovered that organotrifluoroborates are suitable radiohalogenation precursors (Scheme 4-2).
 ADDIN EN.CITE 
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  Organotrifluoroborates are remarkably stable when compared to the corresponding boronic acids.  They exhibit shelf lives on the order of years under atmospheric conditions.  Since organotrifluoroborates are typically prepared from the corresponding boronic acid precursors, they also tolerate a wide variety of functional groups that are often of use for many synthetic applications.  
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Scheme 4-2. Reactions of organotrifluoroborates under radiohalogenation conditions


We have applied the new chemistry to a number of useful agents including a recent synthesis of an iodine-123 labeled refecoxib agent (Scheme 4-3).82-83  
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Scheme 4-3. Refecoxib radiohalogenation


These preliminary studies demonstrate that organoborane precursors are effective precursors for radiopharmaceuticals containing 123I, 124I, 76Br, 18F, 15O, 13N, and 11C.  It is also apparent that the development of stable and high yield boronated precursors would be of great interest for both clinical and pre clinical environments. 

4.1.2 Polymeric derivatives in radiolabeling chemistry 

Several years ago our research group evaluated the feasibility of incorporating polymers into radiolabeling chemistry.  The concept was to create solid-state, insoluble, reactive intermediates from which the target radiopharmaceutical could be readily “washed off” and thus provide a “kit” for eventual use in Nuclear Medicine departments.  As proof of principle, we successfully developed a method to prepare nitrogen-13-labelled γ-aminobutyric acid and putrescine84 using polystyrene-supported organoborane reagents (Scheme 4-4).  The methodology found few practical applications because the polymeric organoboron precursors were unstable under atmospheric conditions.85 
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Scheme 4-4. Polystyrene-supported organoboron reagents

4.2 Recent advance in boron chemistry

Due to the importance in carbon-carbon bond forming reactions (the Suzuki reaction), a wide variety of organoboron esters are now readily available.  Many reactions have been developed over the years because organoboranes are reactive synthetic intermediates yet tolerant of functional groups.  Recent studies have shown that trifluoroborate derivatives also tolerate a wide variety of chemical transformations (Scheme 4-5) including SN2 (Eq. 1),86 epoxidation (Eq. 2),87 Wittig (Eq. 3),88 and Click Chemistry (Eq. 4).89  These reactions demonstrate the versatility of boronated intermediates since the boron group can be used in further transformations late in reaction sequences. 
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Scheme 4-5. Reactions with trifluoroborates 

It is important to note that the interconversion between boronic acids, boronic esters, and trifluoroborates is extremely facile (Scheme 4-6).90-92  This allows the most effective precursor for radiopharmaceutical preparations to be utilitzed.  
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Scheme 4-6. Interconversion of boronic acids, boronic esters and trifluoroborates

4.3 Use of Trifluoroborate Salts in Polymer-Supported Chemistry


The utility of converting trifluoroborate salts to the corresponding tetra-n-butylammonium salt has been reported.93-94  The resulting tetra-n-butylammonium salts demonstrate enhanced reactivity when compared to the corresponding potassium salts.  The use of air- and water-stable tetrabutylammonium trifluoroborate salts provides a novel bridge between polymer-supported chemistry, organotrifluoroborate chemistry, and radiolabeling.  

4.4 Use of radiohalogenated compounds in Imaging studies


Radiolabeled compounds can be used to target various protein structures, including specific conformers for in vivo quantitation and visualization of biological and pathological pathways.  Radiolabeling can also provide insight into the mechanisms of action of reagents in-vivo.  In this particular research, the target compounds are to be used to monitor amyloids (noted for their accumulation in the patients of patients with various neurodegenerative diseases.)
4. 5 Statement of Problem 


The primary focus of this research project is the development of new, rapid, and convenient methods for incorporating short-lived radionuclides into agents of use in measuring dynamic processes and pathologies in vivo.  The chemistry outlined in Chapters 5 and 6 provides information on the rapid synthesis, simple purification, and facile delivery of radiolabeled molecules using solid state organoborane-based reagents.  These methods are of potential use in imaging amyloid diseases. Chapter 7 focused on the preparation of one of the known reagents used for amyloid detection employing the use of our novel polymer supported organotrifluoroborate system. 

CHAPTER V

DOWEX RESIN AS A SOLID SUPPORT SYSTEM FOR RADIOLABELLING REACTIONS USING TRIFLUOROBORATE SALTS

5.1 Introduction 

The ability to remove excess starting material from radiolabeling reactions is important in medicinal and biological research.  Current methods for doing so are time consuming and involved various forms of chromatography (HPLC, GC, etc.)  To address this, polymer supported precursors 
 ADDIN EN.CITE 
95-104
 have been developed.  The concept of applying solid-supported precursors in radiolabeling chemistry is of interest to a number of research groups.  Because of their ready availability and low toxicity organoboron compounds are ideal for use as precursors in radiopharmaceutical preparations.  In the past, we have successfully developed methods for incorporating both short and long lived isotopes of carbon, nitrogen, oxygen, and the halogens based on organoboranes, organoboronic acids, and organotrifluoroborates.105  

Organotrifluoroborates are remarkably stable, exhibiting shelf lives on the order of years under atmosopheric conditions.106-107 Recent studies involving organotrifluoroborates demonstrate how well the boron reagents themselves tolerate a wide variety of chemical transformations. 107-109 


There are advantages to using both polymer and organotrifluoroborate chemistry in the preparation of radiolabeled compounds it would be desirable to develop a strategy that incorporates these advantages.  

5.2 Results and Discussion 

The syntheses, characterization, and quantitative analyses of resin-supported organotrifluoroborates as well as their initial use in radioiodination reaction (Scheme 5-1) were the goals of this project. In addition, from the point view of boronated polymer syntheses, a facile method for preparing a new type of boronated polymer is reported. The advantage of the new polymer-supported reagents over previously reported polymer-supported materials is that libraries of air-stable, Dowex-supported organotrifluoroborates can be readily prepared.
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Scheme 5-1. Synthesis of radiotracer using polymer support
It is well known that potassium organotrifluoroborates can be converted to the corresponding tetra-n-butylammonium organotrifluoroborates by treatment with tetra-n-butylammonium hydroxide at room temperature.110-111 Therefore, we felt that the commercially available Dowex resin bearing quaternary ammonium chloride moieties would be an ideal starting point to bridge polymer and potassium trifluoroborate chemistry. Through chloride-hydroxide anion exchange, the desired Dowex resin bearing quaternary ammonium hydroxide groups was obtained. The reaction of Dowex in the hydroxide form (1.0 g) and potassium 2-naphthylenyltrifluoroborate (1.0 mmol) in methanol-water (v/v 1:1, 20 mL) was initially chosen for study. The dramatic change of pH (from ~6.1 to ~7.4) of the reaction mixture, due to the formation of by-product KOH, provided evidence that the desired reaction had occurred. The pH value of reaction mixture leveled off at ~7.4 as the reaction approached completion (Table 5-1 and Figure 5-1). The Dowex-supported 2-naphthylenyltrifluoroborate was then filtered and washed sequentially with methanol (40 mL) and water (50 mL) to remove the unreacted potassium trifluoroborate. The formation of a white precipitate upon addition of aqueous silver nitrate to the filtrate provides further support for the formation of by-product KOH. The Dowex-supported 2-naphthylenyltrifluoroborate was also characterized by IR spectroscopy.
Table 5-1. Monitoring pH change in complexing reaction
[image: image25.emf]
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Figure 5-1.  Reaction time versus pH to determine completion of reaction
NMR studies were also carried out. Since the phenyl groups in the Dowex polymer would overlap with the NMR absorbances of the 2-naphthelenyl moieties, Dowex-supported 3,4,5-trimethoxyphenyltrifluoroborate was synthesized using the same protocol and was subjected to solid-state 13C-NMR characterization. The observation of methoxyl carbons in the 13C-NMR spectrum, along with appropriate resonances in the 11B-NMR spectrum, confirmed the formation of the targeted Dowex-supported aryltrifluoroborate. 

To quantify the “loading” (that is the number of mmoles of organotrifluoroborate groups per gram of Dowex), a UV/vis spectroscopic analysis was performed.  In this study, Dowex (1.0 g) was added to potassium 2-naphthelenyltrifluoroborate (1.0 mmol) in methanol-water (v/v 1:1, 20 mL). After completion of the reaction (monitored using a pH meter), the Dowex-supported aryltrifluoroborate was filtered off and washed thoroughly with methanol-water (v/v 1:1, 60 mL). The filtrate was diluted to 100 mL using 50% aqueous methanol. Then 200 µL of this solution was taken and again diluted to 10 mL using 50% aqueous methanol and analyzed by UV/vis spectroscopy (see supporting information for experimental details). A set of calibration curves was prepared using five standard potassium 2-naphthelenyltrifluoroborate concentrations in 50% aqueous methanol (Figures 5-2 and 5-3). A calibration plot of concentration versus UV absorbance was obtained and it exhibited a correlation of 0.9998. Based on the UV absorbance (1.201Å) of the diluted reaction sample, the quantity of unreacted potassium 2-naphthelenyltrifluoroborate in the original filtrate (from the control experiment) was calculated to be 0.59 mmol. Therefore, the maximum loading amount is 0.41 mmole of organotrifluoroborate per 1 g of Dowex polymer.

[image: image27.emf]
Figure 5.2 UV/Vis Study of Naph-BF3K standard solutions measured by UV/Vis. 
[image: image28.emf]
Figure 5-3  Calibration plot used to determine loading capactiy
5.3 Conclusions
A series of experiments were conducted to confirm the feasibility of complexing aryl trifluoroborates to polymer supported quarternary ammonium salts.  The strategy combines the advantages of polymer-supported chemistry and organotrifluoroborate chemistry for radiotracer development is reported.  
The work presented in this chapter has been published in the following publications: 

Yong, Li; Yao, Min-Liang; Green, James F.; Hall, Kelly; Kabalka, George W. Chemical Communications. 2010, 46(15), 2623-2625. 

“Synthesis and Characterization of Polymer-Supported Organotrifluoroborates: Applications in Radioiodination    Reactions.”  Yong, Li; Min-Liang, Yao; Hall, Kelly; Kabalka, George W.  J. Label Compd. Radiopharm. 2011, 54 173–174. 

5.4 Experimental 
5.4.1 General Methods


All glassware was dried in an oven heated to 120 °C for at least 12 h and flushed with dry argon prior to use.  All solvents and chemicals were purchased from commercial sources and used as received.  Dowex 1-X 10 (Bio Rad Laboratories, 100-200 mesh, chloride form. Control number MM06170).   DI water (Barnsted E-pure) was used in all solution preparations and reactions.  Potassium organotrifluoroborates were prepared from organoboronic acids or esters according to the reported procedures or obtained from commercial sources.  11B and 13C solid-state NMR spectroscopy were performed on a Varian INOVA 400 MHz solid state NMR.  IR spectrscopty was carried out using a Nicolet 6700 FT/IR with a continuum microscope.  UV/Vis spectroscopy was performed using an Evolution 600 UV-vis.  The pH value of the solution was measured using an Accumet Basic pH meter. 

5.4.2 Preparation of the Dowex resin bearing quaternary ammonium hydroxide moieties through chloride-hydroxide anion exchange

 
Dowex 1-X 10 (10 g) was washed sequentially with 1 N aqueous HCl (3 x 40 mL), 1 N aqueous NaOH (3 x 40 mL), water (100 mL) of water then dried overnight prior to use. [When aqueous AgNO3 is added to the second (NaOH) wash, a white precipitate (AgCl) forms, confirming that chloride-hydroxide anion exchange occurred.]
5.4.2 Characterization of the Dowex resin bearing quaternary ammonium hydroxide moieties through chloride-hydroxide anion exchange

Dowex resin bearing quaternary ammonium hydroxide moieties: IR 3300 cm-1 (OH-stretch), 3000 (aromatic stretches), 13C-NMR solid state: 203.0, 172.7, 153.0, 133.3, 122.8, 103.4, 53.8, 45.3, 29.8, 17.8.
5.4.3 Synthesis of Dowex- Supported 2-naphtyhlenyltrifluoroborate salt
To a suspension of the base form of the Dowex resin (1 g) in H2O (10 mL), a solution of 2-naphthylenyltrifluoroborate (1.00 mmol) in MeOH (10 mL) was added in one portion.  The pH of the reaction mixture was then monitored.  Reaction time versus pH was measured as a means of monitoring the formation of Dowex supported 2-naphtyhlenyltrifluoroborate salt (Table 5-1).

5.4.4 Characterization of Dowex- Supported 2-naphtyhlenyltrifluoroborate salt
Dowex- Supported 2-naphthylenyltrifluoroborate salt: IR 980 cm-1
Dowex-supported 3,4,5-trimethoxyphenyltrifluoroborate: 13C-NMR solid state: 203.9, 183.1, 172.3, 153.2, 129.8, 123.4, 107.9, 103.7, 95.5, 79.8, 73.5, 53.7, 45.3, 38.1, 33.3, 29.4, 16.2.  11B-NMR solid state: see appendix. 
5.4.5 Determination of the maximum loading of Ar-BF3- on the Dowex surface through an UV/Vis Spectrscopic analysis. 

Potassium 2-naphthelenyltrifluoroborate 234 mg (1.00 mmol) was dissolved in methanol (40 mL).  The solution was carefully transferred to a 100 ml volumetric flask.  DI water (40 mL) was added to this solution DI water and methanol (v/v 1:1) were added to attain a total volume of 100 mL.  Afterwards 0.25 mL, 0.5 mL, 1 mL, 1.5 mL and 2 mL of the solution was taken and placed in 5 volumetric flasks (50 ml) separately.  To all the flasks, DI water and methanol (v/v 1:1), was added to reach the volume of 50 ml.  The standards were then subjected to UV/Vis study (Figure 5-2).  The control expierment was conducted by adding Dowex (1.0 g) to potassium 2-naphthelenyltrifluoroborate (1.00 mmol) in methanol-water (v/v 1:1, 20 mL).  After completion of the reaction (monitored by pH meter), the Dowex-supported aryltrifluoroborate was filtered off and washed thoroughly with methanol-water (v/v 1:1, 60 mL).  The filtrate was diluted to 100 mL using 50% aqueous methanol and 200 L of this solution was taken and again dilute to 10 mL using 50% aqueous methanol and analyzed by UV/vis spectroscopy. 

[image: image29.emf]
Figure 5-4 .  UV/Vis study to confirm loading capacity 
Based on the UV absorbance (Figure 5-4) (1.201) of the diluted reaction sample based on calibration plot the quantity of unreacted potassium 2-naphthelenyltrifluoroborate in the original filtrate (from the control) was calculated to be 0.59 mmol.  Therefore, the maximum loading amount is 0.41 mmol of organotrifluoroborate per 1g of Dowex. 
CHAPTER VI
APPLICATIONS OF POLYMER-SUPPORTED ORGANOTRIFLUOROBORATES AND THEIR APPLICATIONS IN RADIOIODINATION REACTIONS

6.1 Introduction

The ability to remove excess starting material from radiolabeling reactions is important in medicinal and biological research.  Current methods for doing so are time consuming.  To address this, polymer supported precursors have been developed.   Due to the advantages of both polymer and organotrifluoroborate chemistry used in the preparation of radiolabeled compounds it would be desirable to develop a strategy that incorporates both of these advantages.  It is useful to investigate the feasibility of using this novel system in radiolabeling reactions. To do so a series of polymer supported organotrifluoroborates are exposed to radioiodination conditions and the resulting product of the reaction is characterized to show the use of these novel system is both efficient and effective for such reactions.
6.2 Results and Discussion 

In order to verify that the Dowex-supported organotrifluoroborate  reagents were still effective reagents for the iododeboronation reaction and that both the resin-supported precursor and reaction by products could be easily removed, iodination of the Dowex-supported 2-naphthelenyltrifluoroborate was carried out using sodium iodide in the presences of an oxidizing agent (both chloramine-T and iodo-beads were examined) (Scheme 6-1).  The iodination of the Dowex-supported organotrifluoroborate proceeded smoothly in refluxing THF-H2O (v/v 1:1) using either oxidant.  After completion of the iodination reaction, the product was extracted into hexane-ethyl acetate (v/v 20:1, 1 mL) and then purified using a small silica gel column.  Formation of 2-iodonaphthelene was verified by NMR spectroscopy.  


[image: image30.emf]Z

BF

3

NMeR

1

R

2

Na

123

I

Chloramine-T

THF-H

2

O,60°C

20-30min

Z

123

I


Scheme 6-1 . Radiolabeling reaction of polymer supported organotrifluoroborates
In light of the success of the preliminary iodination experiments, a series of Dowex-supported organotrifluoroborates was synthesized and subjected to radioiodination using no-carrier added Na123I (Scheme 6-1).  Radioiodinations proceeded rapidly for organotrifluoroborates bearing electron-donating groups in moderate radiochemical yields (Table 6-1).  The presence of a nitro group inhibited the reaction.  The radioiodination reaction was effective for Dowex-supported vinyltrifluoroborate derivatives.  The radiochemical purity of the products typically exceeded 98%.  
Table 6-1. Radiolabeling polymer supported organotrifluoroborates
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	Ar
	Radiochemical yield (%)

	phenyl
	29

	4-t-Bu-phenyl
	46

	4-Ph-phenyl
	45

	3,4,5-trimethoxyphenyl
	37

	2-naphthelenyl
	34

	4-NO2-phenyl
	0

	(E)- 2-(phenyl)vinyl
	33

	(E)-2-(4’-CF3-phenyl)vinyl
	31


6.3 Conclusions 
A novel strategy for using both organotrifluoroborates and polymer supported chemistry in radiolabeling reactions has been demonstrated.  To illustrate the potential use of these air-and water-stable Dowex-supported organotrifluoroborates in radio-labeling chemistry, a number of radioiodination reactions were carried out.  
The work presented in this chapter has been published in the following publication: 

Yong, Li; Yao, Min-Liang; Green, James F.; Hall, Kelly; Kabalka, George W. Chemical Communications. 2010, 46(15), 2623-2625. 

“Synthesis and Characterization of Polymer-Supported Organotrifluoroborates: Applications in Radioiodination    Reactions.”  Yong, Li; Min-Liang, Yao; Hall, Kelly; Kabalka, George W.  J. Label Compd. Radiopharm. 2011, 54 173–174. 

6.4 Experimental
6.4.1 General Methods
All glassware was dried in an oven heated to 120 °C for at least 12 h and flushed with dry argon prior to use.  All solvents and chemicals were purchased from commercial sources and used as received.  Dowex 1-X 10 (Bio Rad Laboratories, 100-200 mesh, chloride form. Control number MM06170).   DI water (Barnsted E-pure) was used in all solution preparations and reactions.  Potassium organotrifluoroborates were prepared from organoboronic acids or esters according to the reported procedures or obtained from commercial sources.  11B and 13C solid-state NMR spectroscopy were performed on a Varian INOVA 400 MHz solid state NMR.  IR spectrscopty was carried out using a Nicolet 6700 FT/IR with a continuum microscope. 

6.4.2 Procedure for “hot reaction”
A suspension of Dowex supported organotrifluoroborate (10 mg in 0.5 mL of 33% aqueous THF) was placed in a 2 mL Wheaton vial containing no-carrier-added Na123I (1.0 mCi in 0.1% aqueous NaOH).  Chloramine-T (1.0 mg) was added to the reaction vial which was sealed and covered with aluminum foil.  The reaction mixture was stirred for 20-30 min to 60°C and then aqueous sodium thiosulfite (100 μL of 1.0 x 10-4 M solution) was added to destroy residual molecular iodine.  The product was extracted in to hexane-ethyl acetate (v/v, 20:1, 1 mL) and then purified by passing it through a silica gel cartridge using hexanes as eluant.  The total synthesis time was about 40-50 min.  Yields are reported in Table 6-1. 
CHAPTER VII
SYNTHESIS OF RADIOLABELED REAGENTS FOR AMYLOID DETECTION USING “CLICK” CHEMISTRY 
7.1 Introduction

A number of very promising amyloid-selective radiopharmaceuticals have been developed in recent years. These reagents include IMPY, FDDNP, PIB, and SB-13.  the use of reagents like those listed above has been recognized for quite some time.  Recently, the Kung group reported that conjugate compounds bearing triazole cores also exhibit good binding affinity to Aβ aggregates along with relatively rapid washout from normal mice brain after an intravenous injection.  
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 Figure 7-1. Structures of common Radiolabeled Reagents for Amyloid Detection 
Considering the efficiency of Click chemistry in combinatorial drug discovery and in the syntheses of triazole compounds, we plan to investigate the preparation of related triazole derivatives using our solid- state chemistry. 
7.2 Results and Discussion 

In order to prove that our polymer supported organotrifluoroborate system would infact work for organic molecules known for their AB amyloid activity a one-pot synthesis of triazole linkages designed by Moses et. al. was used.  To do this 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 1 was readily converted to the boronic ester subsitutied 1,2,3-triazole 2 using the method as proposed by Moses et. al. where 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 1 was converted to the corresponding azide using t-BuONO and TMSN3, to the reaction pot 4-ethynylaniline, CuSO4, and Na Ascorbate were added to produce intermediate 2.  2 was then converted to the corresponding organotrifluoroborate 3 using KHF2 (Scheme 7- 1)
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To test the ability of compound 3 to form the radiodinated species prior to using our polymer supported system a “cold” iodination reaction of 3 was carried out using NaI and Chloramine-T to form the iodinated species 4 (Scheme 7-2). 
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Once it was synthetically proven that organotrifluoroborate subsitituted 1,2,3-triazoles could be iodinated the use of our polymer supported system was investigated.  In order to do so, organotrifluoroborate substituted 1,2,3-triazole 3 was loaded on to the basic form of Dowex resin which was prepared using the method outlined in Chapter 5 (Scheme 7-3). 

[image: image35.emf]N

N N

H

2

N

BF

3

K

NR

3

N

N N

H

2

N

BF

3

NR

3

3

5


The polymer supported organotrifluoroborate substituted 1,2,3-triazole was then subjected to conditions for a “hot” radiolabeling reaction using Na123I and Chloramine-T to produce the expected iodinated product 5.  
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7.3 Conclusions

WILL NEED TO ADD IN
7.4 Experimental 

7.4.1 General Methods

All glassware was dried in an oven heated to 120 °C for at least 12 h and flushed with dry argon prior to use.  All solvents and chemicals were purchased from commercial sources and used as received.  Dowex 1-X 10 (Bio Rad Laboratories, 100-200 mesh, chloride form. Control number MM06170).   DI water (Barnsted E-pure) was used in all solution preparations and reactions.  Potassium organotrifluoroborates were prepared from organoboronic acids or esters according to the reported procedures or obtained from commercial sources.  11B and 13C solid-state NMR spectroscopy were performed on a Varian INOVA 400 MHz solid state NMR.  IR spectrscopty was carried out using a Nicolet 6700 FT/IR with a continuum microscope.

7.4.2 Procedure for organotrifluoroborate substituted 1,2,3 triazole 2 

4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (50 mg, 0.54 mmol) was dissolved in CH3CN (2 mL) in a 25 mL round-bottomed flask and cooled to 0°C in an ice bath. To this stirred mixture was added t-BuONO (83 mg, 96 íL, 0.81 mmol) followed by TMSN3 (75 mg, 86 íL, 0.65 mmol) dropwise. The resulting solution was stirred at room temperature for 2 h. 4-ethynylaniline (55 mg, 60 íL, 0.54 mmol), an aq solution (0.2 mL) of CuSO4 (9 mg, 0.027 mmol), and sodium ascorbate (24 mg, 0.108 mmol) were then added and the reaction was stirred overnight at room temperature. Most of the solvent was evaporated and the product was then precipitated with methanol

to give the product 2. 

7.4.3 Characterization of Compound 2

Compound 2: 1H NMR (300 MHz, CDCl3): δ 7.82-6.62 (m, 5H), 1.24 (s, 12H).
7.4.4 Procedure for preparation of Compound 3 

To a solution of 2 (814 mg, 2.39 mmol) in methanol (7 mL) was added aqueous potassium hydrogen fluoride (3.0 mL, 4.5 M, 13.5 mmol).The resulting slurry was stirred at room temperature for 15 min, concentrated in vacuo and dissolved in hot acetone. The mixture was filtered, the filtrate was concentrated in vacuo and the residue recrystallised from a minimal amount of hot acetone and ether (20 mL), to
afford the corresponding potassium trifluoroborate as acrystalline solid.

7.4.5 Characterization of Compound 3 

Compound 3: 1H NMR (300 MHz, CDCl3): δ 8.88-6.62 (m, 5H). 
7.4.6 Procedure for preparation of compound 4 

To a suspension of the base form of the Dowex resin (1 g) in H2O (10 mL), a solution of organotrifluorborate 3 (1.00 mmol) in MeOH (10 mL) was added in one portion.  
7.4.7 Procedure for preparation of compound 5 

7.4.8 Characterization of compound 5 
WILL NEED TO ADD IN 
7.4.9 Procedure for preparation of compound 6

A suspension of Dowex supported organotrifluoroborate (10 mg in 0.5 mL of 33% aqueous THF) was placed in a 2 mL Wheaton vial containing no-carrier-added Na123I (1.0 mCi in 0.1% aqueous NaOH).  Chloramine-T (1.0 mg) was added to the reaction vial which was sealed and covered with aluminum foil.  The reaction mixture was stirred for 20-30 min to 60°C and then aqueous sodium thiosulfite (100 μL of 1.0 x 10-4 M solution) was added to destroy residual molecular iodine.  The product was extracted in to hexane-ethyl acetate (v/v, 20:1, 1 mL) and then purified by passing it through a silica gel cartridge using hexanes as eluant.  The total synthesis time was about 40-50 min.  
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Figure A-1. 1H NMR of Compound 6
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Figure A-2. 13C NMR of Compound 6
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Figure A-3. 1H NMR of Compound 7

 SHAPE  \* MERGEFORMAT 



Figure A-4. 13C NMR of Compound 7
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Figure A-5. 1H NMR of Compound 8
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Figure A-6. 13C NMR of Compound 8
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Figure A-7. 1H NMR of Compound 9
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Figure A-8. 13C NMR of Compound 9
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Figure A-9.  1H NMR of 1-Nitro-4-(prop-2-yn-1-yloxy)benzene (4a)
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Figure A-10. 13C NMR of 1-Nitro-4-(prop-2-yn-1-yloxy)benzene (4a)
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Figure A-11. 1H NMR of 1-Iodo-4-(prop-2-yn-1-yloxy)benzene (4b)
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Figure A-12. 13C NMR of 1-Iodo-4-(prop-2-yn-1-yloxy)benzene (4b)
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Figure A-13. 1H NMR of 2-(Prop-2-yn-1-yloxy)-1,1'-biphenyl (4c)

 SHAPE  \* MERGEFORMAT 


 
Figure A-14. 13C NMR of 2-(Prop-2-yn-1-yloxy)-1,1'-biphenyl (4c)
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Figure A-15. 1H NMR of 1-methoxy-4-(prop-2-yn-1-yloxy)benzene (4d)
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Figure A-16. 13C NMR of 1-methoxy-4-(prop-2-yn-1-yloxy)benzene (4d)
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Figure A-17. 1H NMR of 1-(Prop-2-yn-1-yloxy)naphthalene (4e)
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Figure A-18. 13C NMR of 1-(Prop-2-yn-1-yloxy)naphthalene (4e)
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Figure A-19.  1H NMR of 1-Bromo-4-(prop-2-yn-1-yloxy)benzene (4f)
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Figure A-20. 13C NMR of 1-Bromo-4-(prop-2-yn-1-yloxy)benzene (4f)
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Figure A-21. 1H NMR of 4-(Prop-2-yn-1-yloxy)benzonitrile (4g)
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Figure A-22. 13C NMR of 4-(Prop-2-yn-1-yloxy)benzonitrile (4g)
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Figure A-23. 1H NMR of 1-Isopropyl-2-(prop-2-yn-1-yloxy)benzene (4h)
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Figure A-24. 13C NMR of 1-Isopropyl-2-(prop-2-yn-1-yloxy)benzene (4h)
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Figure A-25. 1H NMR of 1-Methyl-4-(prop-2-yn-1-yloxy)benzene (4i)
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Figure A-26. 13C NMR of 1-Methyl-4-(prop-2-yn-1-yloxy)benzene (4i)
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Figure A-27. 1H NMR of 2-(Prop-2-yn-1-yloxy)naphthalene (4j)
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Figure A-28. 13C NMR of 2-(Prop-2-yn-1-yloxy)naphthalene (4j)
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Figure A-29. IR of Dowex resin bearing quarternary ammonium hydroxide moieties 
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Figure A-30. Solid State 13C NMR of Dowex resin bearing quarternary ammonium hydroxide moieties
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Figure A-31.  IR spectrum of Dowex supported 2-naphthylenyltrifluoroborate salt
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Figure A-32. Solid State 13C NMR of Dowex supported 3,4,5-trimethoxypenyltrifluoroborate salt
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Figure A-33. Solid-state 11B NMR of Dowex supported 3,4,5-trimethoxyphenyltrifluoroborate salt
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Figure A-34.  Microscope view of Dowex-supported BF3 salts 
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Figure A-35. 1H NMR of Compound 2. 
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Figure A-36. 1H NMR of Compound 3
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