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(-) Codeine, (-) morphine, and their semi-synthetic derivatives play an integral 

role in medicinal analgesia.  Due to a complex list of undesirable side effects, their 

effective use is often complicated and troublesome giving cause for the investigation of 

novel semi-synthetic analogs for efficacy and side-effect profile.  It was envisioned that 

new and interesting codeine analogs could be synthesized via an opening of a hindered 

7,8-α-epoxide.  Classically, hindered epoxides are formed via halohydrin formation and 

subsequent closure.  Interestingly, the 7,8-epoxide formed via bromohydrin closure was 

resistant to reaction with small nucleophiles, such as oxygen and hydride, but reactive 

towards large and nucleophilic atoms, such as sulfur and bromide.  It was discovered that 

the epoxide was in fact the less hindered 7,8-β epoxide via x-ray analysis of various 
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compounds.  This hinted at an unexpected rearrangement which most likely occurred 

during the bromohydrin formation due to the severe steric interactions present in the core 

structure of codeine.  Due to the reversibility of bromonium ion formation, a highly 

hindered double bond can produce the opposite configuration of what is expected when 

subjected to aqueous brominating conditions.    

Many popular alkaloids, including codeine and galanthamine, are biosynthetically 

formed via a spirocyclic dienone intermediate.  In nature these intermediates are formed 

via an enzymatically driven phenolic oxidation; however in the lab this reaction has 

proven difficult to reproduce.  In a previous Magnus publication, (±) codeine and (-) 

galanthamine, were synthesized via a common spirocyclic cross-conjugated dienone 

intermediate similar to the intermediate found in nature.  Most importantly, this 

intermediate was formed without a phenolic oxidation.  Instead, a para-alkylation of an 

appropriately substituted phenol efficiently created the key intermediate.  Expanding on 

this phenolic alkylation strategy, various biaryl systems were built in order to investigate 

the scope and limitations of this reaction.  Multiple para- alkylations proved successful 

while ortho- alkylations unveiled an interesting rearrangement which occurs during the 

reaction.  Lastly, it was determined that a 7-membered ring could not be set using a 

phenolic alkylation strategy. 
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CHAPTER 1:  A CODEINE BASED BROMOHYDRIN REARRANGEMENT 
LEADING TO NON-CLASSICAL EPOXIDE FORMATION 

 
 

1.0   OPIATE BACKGROUND 

 

 (-) Codeine (1), (-) morphine (2), and their semi-synthetic derivatives have held a 

central place in medicinal analgesia for over 100 years.1,2,3  While opiate analgesic 

effects are potent and desirable, their list of side effects is long and troublesome.  Some 

major side effects of commonly used opiates are nausea, constipation, respiratory 

depression, tolerance, and addiction.4  In spite of these drawbacks, opiates are still to 

this day the best option for managing severe pain; therefore the development of 

analgesic opiate analogs with improved side effect profiles is of great importance.  The 

structure activity relationship (SAR) of opiates is commonly broken down into a “3-

point” model and a “message and address” model (Figure 1.00).56   

 

Figure 1.00.  “3-point” model of (-) codeine (1) and (-) morphine (2).   



2 
 

The “3-point” model refers to three major regions (anionic, phenolic, and 

hydrophobic) of the opioid.  These three regions are recognized as being substantially 

involved in the binding of the compound to various opiate receptors in your brain.  

Therefore, opioid analogs which vary in these core regions have the potential to differ in 

role, overall potency, and receptor selectivity.  Furthermore, the “message and address” 

model lumps the anionic region and the phenolic region together, forming a tyramine 

unit and is referred to as the “message”.   This tyramine moiety is universally required 

for opiate receptor recognition.  Small changes to the “message” region can have 

profound effects, as evidenced by the 10-fold increase in potency when the aryl 

methoxy is transformed into a hydroxyl group.  This change marks the only structural 

difference between codeine (1) and morphine (2).  The hydrophobic region makes up 

the “address” which significantly contributes towards the receptor selectivity and 

overall potency of the compound.   Different opiate receptors (μ, κ, δ) and their 

subgroups have varying hydrophobic pockets that stabilize the “address” of an opioid 

compound.7,8,9  Varying levels of compound stability within receptor’s binding pockets 

can greatly affect the selectivity for that particular sub-receptor.  Controlling receptor 

selectivity is important because it may allow for reduction of unwanted side-effects.  

Therefore derivatization of the hydrophobic “address” region offers the potential for 

uncovering novel and useful analgesics. 
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1.1  METAPON AND SEMI-SYNTHETIC DERIVATIVES 

 

In 1936, a compound referred to as metopon (3) was synthesized, by Small et al. 

from dihydrothebaine (Scheme 1.00).   This semi-synthetic opiate bears an axial methyl 

group, on the β-face, at the 5-carbon of hydromorphone.10  Interestingly, metopon 

displayed heightened potency and depressed side effects in comparison to morphine.11  

Metopon is not widely used in medicine however, perhaps because it is synthetically 

inaccessible via an industrial scalable route.   

 

Scheme 1.00.  Synthesis of metopon (3) from dihydrothebaine. 

 

The β-methyl group of metopon is the most prominent feature altering the 

hydrophobic region, or the “address”, of the parent morphine compound.  It was 

hypothesized by the Magnus lab that the β-methyl group is a significant contributing 

factor to the observed potency and side effect variations because of its location within 

the hydrophobic region and not necessarily due to its presence on C-5.  In order to test 

this hypothesis a new semi-synthetic analog of (-) codeine with a β-methyl group at the 
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7-carbon in lieu of the 5-carbon was synthesized.  This compound was easily accessed 

via trans-diaxial opening of the 6,7-α epoxide 4 used as an intermediate in the 2009 

Magnus synthesis of (±) codeine (Scheme 1.01).12,13  Interestingly, initial in vitro studies 

show that 5 displays a significant increase in potency over its codeine parent and 

enhanced opiate receptor selectivity.  Many other analogs were also synthesized using 

the 6,7-α epoxide opening by varying the nucleophile.  

 

Scheme 1.01.  Inspired by metopon (3), the Magnus group synthesized 5 via the 6,7-α 
epoxide 4, which was derived from enatiomerically enriched 1, to explore biological 
activity of the β-methyl group at position 7. 

 

 After the promising results with the formation of the 6,7-α-epoxide and 

subsequent trans-diaxial opening, further investigations were conducted to explore 

more analogs which derivatize the β-face of the hydrophobic region.  Naturally 

occurring (-) codeine contains a 7,8 double bond that would provide an easily accessible 

set of new analogs if an epoxide was installed on the α-face and subsequently opened 

trans-diaxially with varying nucleophiles (Scheme 1.02).  Classically, bromohydrin 
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formation followed by oxirane ring closure should give the more sterically hindered 

epoxide, which is the desired intermediate for derivatization of the β-face.   

 
Scheme 1.02.  Proposed route of derivatizing (-) codeine (1) via the 7,8-α-epoxide, 6. 
 

 

1.2  EPOXIDATION ATTEMPTS ON (-) CODEINE  

 

Initially, enantiomerically enriched free base codeine was protected using an 

ethyl carbamate to form 7.  The first epoxidation reaction conditions tried were the 

bromohydrin conditions that were successfully used to form 4.13 When 7 was exposed 

to the aqueous brominating conditions, the cyclic bromonium ion did not form.  The 

crude product isolated after one hour only showed bromination of the aromatic ring, 

while the product after 24 hours was unstable to purification techniques.  A crude 1H 

NMR indicated that the double bond remained intact and there was an absence of 

aromatic hydrogen suggesting the product was dibrominated.  Traditional means of 

epoxidation: mCPBA, VO(acac)2/t-BuOOH, and Sharpless conditions all resulted in a 
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mixture of products, primarily oxidation of the allylic alcohol to the enone 8, without 

showing double bond reactivity (Scheme 1.03).  

 

Scheme 1.03.  Unsuccessful attempts towards epoxidation of the 7,8 double bond: a) 
mCPBA, CHCl3, reflux. b) 1,3-dibromo-5,5-dimethyl-hydantoin, dioxane/water (4:1), dark 
(no formation of bromohydrin).  c) VO(acac)2, t-BuOOH, toluene.  d) Ti(OiPr)4, t-BuOOH, 
CH2Cl2.. 

 

1.3 EPOXIDATION OF DESOXYCODEINE AND ATTEMPTED OPENINGS 

 

It was speculated that the allylic alcohol inductively withdraws a sufficient 

amount of electron density from the 7,8-double bond of 7 to prevent electrophilic 

epoxidation.   Determined to derivatize codeine via a 7,8-α epoxide, the allylic alcohol of 

codeine was removed via tosylation and subsequent reduction using lithium aluminum 

hydride.14 Ethyl carbamate protection afforded compound 9.  This time, bromohydrin 

formation occurred (compound 10) and was cyclized via basification at 50 °C yielding an 

epoxide, which was presumed to be the desired 7,8-α epoxide 11 (Scheme 1.04).  Later, 

it was determined to actually be the 7,8-β epoxide, 12. The mechanism of formation will 

be discussed later. 
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Scheme 1.04.  Steps taken to the 7,8-β epoxide 10.  a) TsCl, pyridine, 0°C.  b) LiAlH4, THF, 
reflux, (77% two step yield). c) ClCOOEt, K2CO3, CHCl3, reflux, (80% yield).  d)  1) NBS, 
dioxane/water (2:1), 0 °C  2) KOH, 50 °C. (64% yield)   

 

The 7,8 epoxide was expected to open in a trans diaxial manner, leading to high 

regioselectivity.  Unfortunately, opening of the epoxide proved difficult.   Various carbon 

and oxygen nucleophiles failed to induce reaction with 12 at increased temperatures 

and pressures.  Acid catalyzed (Brønsted or Lewis) epoxide openings often required 

heating and resulted in messy, low yielding reactions, and mixtures of regioisomers 

(determined by LCMS) that were inseparable by column chromatography.  The difficulty 
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in opening 12 was in stark contrast with the relative ease at which the 6,7-α epoxide 4 

was opened in previous investigations.7     

1.4 BROMOHYDRIN REARRANGEMENT LEADING TO A β-EPOXIDE 

Due to the difficulty experienced in the opening of 12, it was decided to use a 

highly nucleophilic compound, such as thiophenol, in a last ditch effort to open the 

epoxide.  12 was treated with thiophenol and sodium borohydride in refluxing ethanol 

resulting in relatively clean conversion to compound 13.  Reduction with lithium 

aluminum hydride to remove the aryl bromide and ethyl carbamate produced 14 in 

modest yield (Scheme 1.05).  

 

Scheme 1.05.  Reaction sequence to compound 14 from 7,8-β-epoxide 12.  
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Figure 1.01.  ORTEP representation of compound 14. 
 

 

 X-ray crystallography later confirmed that the alcohol substituent of 14 was on 

the β-face, oriented in the axial configuration, and on the 7-carbon (Figure 1.01).  This 

configuration suggests that thiophenol attacked 12 from the α-face of the 8-carbon, 

achieving the classical trans-diaxial opening.  This is strong structural proof that the 

epoxide being explored for new codeine analogs had been incorrectly assigned and was 

not 11, but the 7,8-β epoxide 12.  In retrospect, this explains the difficulty experienced 

with opening the epoxide.  It is speculated that the epoxide of compound 12 would be 

more difficult to open than 11 because the angle of approach a nucleophile must take to 

obtain a trans-diaxial configuration is significantly more sterically hindered in the case of 

the β-epoxide (Figure 1.02).   
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Figure 1.02.  Illustration of the different approaches required to open the 7,8-β-epoxide 
12 vs. the 7,8-α-epoxide 11.  Compound 12 is theoretically much more difficult to open 
than 11 because the α-face severely hinders the approach of the nucleophile. 
 
 

At first glance, these findings are rather curious.  Sulfur is a very large atom in 

comparison to carbon and oxygen, yet it was much more reactive towards the hindered 

epoxide than carbon or oxygen nucleophiles.  While it is tempting to justify this 

observed reactivity by the fact that sulfur compounds are highly nucleophilic, it may not 

be the whole story.   The sulfur nucleophile that effectively opened the 7,8-β epoxide of 

12 forms a S-C bond (~1.82 Å).  This is significantly longer than an O-C bond (~1.42 Å) or 

a C-C bond (~1.53 Å) that would form using other nucleophiles.  Since a sulfur 

nucleophile were successful in opening the epoxide, when carbon and oxygen 

nucleophiles were not, the forming S-C bond must be sufficiently long to reduce the 

effect from the steric hindrance present on the α-face of the epoxide, allowing the 

reaction to occur.15  Simply put, steric interactions between the incoming sulfur 

nucleophile and the codeine core are minimized because they are far away from each 

other.   Additionally, the relatively polarizable sulfur atom can more easily change its 



11 
 

shape to accommodate the hindered epoxide than an oxygen or carbon nucleophile.16  

This is displayed by the fact that sodium thiomethylate (NaSMe) is capable of opening 

12 regiospecifically, affording 15 in 91% yield, while sodium methylate (NaOMe) gave no 

reaction (Scheme 1.06). 

 

Scheme 1.06.  NaSMe reacts with 12 affording 15 in 91% yield.  NaOMe gives no 
reaction when subjected to 12.  

 

Keeping true with the theme of atypical epoxide reactivity, compound 10 was 

subjected to LAH reduction, affording compound 16, giving no evidence of ring opening 

via attack by hydride (Scheme 1.07).  Again, this highlights the effect that the size of a 

nucleophile can have on reactivity of a hindered site.  Even though hydride is an 

exceptionally small nucleophile, the forming C-H bond (~1.09 Å) is very short; therefore 

it is difficult for the hydride ion to get close enough to the hindered site of the epoxide 

in order to induce a reaction.  16 proved to be sufficiently crystalline for x-ray analysis 

giving visual confirmation of the 7,8-β-epoxide (Figure 1.03). 
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Scheme 1.07.  LiAlH4 reduction of 12 afforded the free base 16 (62% yield).  No 
reductive ring opening product was detected.   
 

 
Figure 1.03.  ORTEP representation of compound 16. 
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In order to achieve 12 selectively over 11 a rearrangement likely occurred during 

the formation of bromohydrin 10 that was not observed during the production of 4 

(Scheme 1.08).  Initially, the bromonium ion should form on the β-face as planned 

because the α-face is severely hindered by the rest of the molecule, affording 17.  

Opening of the bromonium ion must occur at the 8-carbon from the α-face to achieve 

trans-diaxial opening.  Bromide is a more polarizable, stronger, and larger nucleophile 

than neutral water; therefore, it is less affected by the steric hinderance and can open 

the cyclic bromonium species with relative ease to form the dibromide 18.  Equilibration 

of halonium ions via this process is well described throughout the literature.17,18,19  The 

8-α bromine atom can assist the 7-β bromine in leaving, forming the 7,8-α bromonium 

ion 19.  Water is now a sufficient nucleophile to open 19 from the less sterically 

hindered β-face to form 10.  The hydroxyl group is a poor leaving group; therefore the 

neighboring bromine does not readily displace it to reform the bromonium species 19, 

acting as a thermodynamic sink.  Without isolation, treatment of 10 with base at 50 °C 

afforded 12 in 64% yield after 1h. 
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Scheme 1.08.  Formation of the observed epoxide 10 occurs via the equilibration of 
bromonium species 17 and 19.  Water is not a sufficient nucleophile to overcome the 
severe steric hinderance at the α-face of the 8-carbon of compound 17 to form the 
desired bromohydrin 20. 

 

 To this point, the configuration of bromohydrin 10, which leads to the β-epoxide 

12, is purely speculative because of difficulty with assigning an absolute structure 

without a crystal structure.  Opening the free-base epoxide 16 with bromide would 

serve as a pseudo-reversal of the bromohydrin closure to the epoxide (Scheme 1.09).    

Compound 16 reacted cleanly with MgBr2 in THF at reflux affording the bromohydrin, 

21.  Compound 21 was sufficiently crystalline for x-ray crystallography, revealing the 

expected configuration of a diaxial 7-β-hydroxyl and 8-α-bromide (Figure 1.04).  Again, 
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the large bromine atom reacts smoothly with the hindered epoxide in part because of 

the long Br-C bond; therefore avoiding the steric hinderance provided by the codeine 

core. 

 

Scheme 1.09.  Reaction of 16 with MgBr2 in THF afforded 21 (94.5% yield). 

 

Figure 1.04.  ORTEP representation of compound 21. 
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CHAPTER 2: INTRAMOLECULAR PHENOLIC ALKYLATION 
 

1.0   INTRODUCTION 

Base catalyzed cyclizations of phenols were first demonstrated by Winstein and 

Baird in 1957.1  It was found that when 4-p-hydroxyphenyl-1-butyl p-

bromobenzenesulfonate was treated with a slight excess of potassium t-butoxide in t-

butyl alcohol that the phenol dearomatized, producing a spirocyclic cross-conjugated 

dienone (23).  It was determined that this alkylation occurred via Ar1 participation of the 

phenolate and is the dominate pathway over non-anchimerically assisted pathways.  

Additionally, the dienone can undergo a rearrangement under acidic conditions which is 

driven by the aromatization of the phenol (Scheme 2.00).   

 
Scheme 2.00.  4-p-hydroxyphenyl-1-butyl p-bromobenzenesulfonate undergoes Ar1 
participation in basic conditions to produce the spirocyclic conjugated dienone 23.  
Compound 23 undergoes a rearrangement and rearomatizes in acid 
 
 

This Ar1 neighboring group participation has been used in many intramolecular 

cyclization reactions forming a new carbon-carbon bond in either the ortho- or para- 
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position depending on the phenol’s substitution (Figure 2.00).2  This reaction type has 

proved to be very useful in the syntheses of an abundance of natural products.  

Interestingly, this synthetic approach had not been used in the synthesis of the popular 

alkaloids, (-) galanthamine and (±) codeine, until 2009 by Magnus et al.3 These particular 

alkaloids are biosynthesized via an enzymatically driven ortho-, para- phenolic oxidation 

from norbelladine and reticuline respectively.4,5  While efficient in nature, mimicking 

this reaction in the lab has proven troublesome, resulting in low yields for syntheses of 

these alkaloids.6   

 

Figure 2.00.  A generic example of phenolic alkylation resulting in intramolecular 
cyclization for ortho- and para- configurations.  Intramolecular cyclization via phenolic 
oxidation is often a difficult reaction by comparison. 
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Reversing the order of bond formation for the characteristic quaternary center, 

biaryl formation was facilitated via a Suzuki reaction and a key cyclohexadienone 

intermediate (24) was formed in 95% yield using a simple para-phenolic cyclization for 

the syntheses of (-) galanthamine and (±) codeine by Magnus et al (Scheme 2.01).  This 

approach circumvented the highly unreliable phenolic oxidation reaction, making it an 

attractive strategy for building alkaloids containing similar cyclohexadienone moieties.    

 
 
Scheme 2.01.  (±)-codeine and (-)-galanthamine both undergo an o-, p- phenolic 
oxidation during their biosynthesis form reticuline and norbelladine respectively. –o, -p, 
phenolic alkylation allowed access to these alkaloids via 24 without requiring phenolic 
oxidation. 
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2.1 ORTHO-, PARA- PHENOLIC ALKYLATION  

The underutilization of phenolic alkylation for building important opiates 

highlights a major hole in the general synthetic approach to building similar molecules.  

Research in the Magnus lab was directed towards building simple “alkaloid-like” core 

systems via a phenolic alkylation promoting this reaction as a general strategy for 

building structurally related alkaloids.  A series of biaryls 26a-d bearing a methoxy group 

at different aryl positions was synthesized via a Suzuki reaction and subsequently 

reacted with Hunig’s base and 1,2-dibromodiethyl ether formed in-situ affording 

compounds 27a-d .  Formation of the phenolate via removal of the silyl protecting group 

with CsF at 130 °C in dimethyl formamide (DMF) resulted in para- alkylation and the 

corresponding cross-conjugated cyclohexadienones 28a-d in modest yield (Scheme 

2.02).   
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Scheme 2.02.   Synthetic routes taken to various methoxy bearing “alkaloid-like” cross-
conjugated cyclohexadienones. 

 

In addition to the methoxy models, an un-substituted system was explored as 

well as a “cresol-like” system.  Biaryls 30a-c were synthesized via the Suzuki reaction 

and subsequently reacted with Hunig’s base and 1,2-dibromodiethyl ether formed in-

situ affording compounds 31a-c.  Again, formation of the phenolate via removal of the 

silyl protecting group with CsF at 130 °C in dimethyl formamide (DMF) resulted in para- 

alkylation and the corresponding cross-conjugated cyclohexadienones 32a-c in similar 

yields to the methoxy models (Scheme 2.03). 



 
 

22 
 

 
 
Scheme 2.03.  Synthetic routes taken to various methyl bearing “alkaloid-like” cross-
conjugated cyclohexadienones. 
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2.2 NAPHTHOL BASED PHENOLIC ALKYATION 

The modest yield observed in the formation of the “methoxy-like” and “cresol-

like” cross-conjugated cyclohexadienones compared poorly to the 95% yield achieved 

for a similar intermediate used in the (-) galanthamine and (±) codeine syntheses 

mentioned above.  A major difference between the model systems and the   

(-) galanthamine and (±) codeine intermediate is that 24 has an aldehyde present.  It is 

speculated that the aldehyde allows additional electron delocalization upon phenolate 

formation because the electrons can delocalize into the oxygen of the aldehyde.  This 

extra delocalization stabilizes the phenolate intermediate which may be responsible for 

the higher yield in this system.  Interestingly, a “naphthol-like” cross-conjugated 

dienone (36) was synthesized in 91% yield from its corresponding bromo-acetal (35) by 

removal of the silyl protecting group using CsF in DMF at 130 °C (Scheme 2.04).  It is 

speculated that this dramatic increase in yield is due to a similar increase in 

delocalization stabilization seen in 24 due to the adjacent conjugated ring system of the 

naphthol moiety in 36. 

 
Scheme 2.04.  Synthetic route taken to a “naphthol-like” spirocyclic dienone 36. 
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Due to the relative success of the “naphthol-like” quaternary center formation, 

two other configurations of naphthol bromoacetals were synthesized to investigate 

phenolic alkylation capability (Scheme 2.05).  It was hypothesized that the conjugated 

naphthol system could dearomatize similarly to the naphthol dienone 36 resulting in 

alkylation and forming an all carbon quaternary center.  When 37 was subjected to CsF 

in DMF at 130 °C, no quaternary center product (38) was detected even after extended 

reaction time.  Evidence suggests that the major product of this reaction is the 

macrocylic dimer 39. When 40 was subjected to these conditions, 40 decomposed into a 

complex mixture of products.  By LCMS, there were no hits for masses that would 

correspond with 41 or a recognizable byproduct. 

 

Scheme 2.05.  Other “naphthol-like” bromo-acetals (37 and 40) used in attempted 
quaternary center reactions.   
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2.3 ORTHO-, ORTHO- PHENOLIC ALKYLATION 

To this point, only para- alkylations were studied using these biaryl “opioid-like” 

models.  In order to investigate an ortho- phenolic alkylation, ortho-, ortho- biaryl 49 

was synthesized.  The two components of the biaryl can be put together via a Suzuki 

reaction between 2-bromo-3-methoxyphenol and (2-((tertbutyldimethylsilyl)oxy)phenyl) 

boronic acid (43).  43 could not be synthesized because lithium halogen exchange used 

for borylation of 42 resulted in oxygen to carbon migration of the silyl group affording 

44.  Compound 44 was also the primary product in attempted Grignard formation 

(Scheme 2.06). 

 
 
Scheme 2.06.  Attempted synthesis of and (2-((tert-butyldimethylsilyl)oxy)phenyl) 
boronic acid (43) resulted in silyl group migration (44).  a) n-BuLi (1.0 eq.), THF, -78°C. b) 
Mg° (excess), THF, reflux. 
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   The lab had access to (2-hydroxyphenyl)boronic acid, which was a suitable 

Suzuki coupling partner.  In order to selectively silyate however, it was necessary to 

protect the 2-bromo-3-methoxyphenol with a benzyl group prior to the Suzuki reaction.  

After biaryl 46 was made, the free phenol was protected with a TBS group affording 47.  

The benzyl group was then reduced off giving compound 48 and used to form the 

corresponding bromo-acetal, 49(Scheme 2.07).  It was expected that phenolate 

alkylation of 49 would afford a spirocyclic conjugated dienone.    

 
 
Scheme 2.07.  Protection/deprotection strategy utilized to synthesize compound 49. 
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When 49 was subjected to CsF at 130 °C in DMF, two isomeric products in equal 

quantities were formed that did not consist of the desired conjugated dienone 50.   

Upon isolation, the two products proved to be cyclized O-alkylation products 51a and 

51b.   A straightforward displacement of the bromide via nucleophilic attack by the 

phenolic oxygen appears to be responsible for production of 51a, however achieving the 

rearranged 51b is a bit more complicated (Scheme 2.08).  Throughout the literature, 

several examples exist which highlight neighboring group participation via oxonium ion 

formation as the driving force for rearrangement.7,8,9  It is speculated that formation of 

the oxonium ion 52 may assist the bromine ion in leaving, relieving steric strain between 

the ortho- substituents of compound 49.  Compound 52 would undergo a rapid hydride 

migration to the significantly more stable oxonium species 53 providing a plausible 

intermediate for formation of the rearranged product 51b.   
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Scheme 2.08.   Proposed rearrangement pathway to achieve compound 51b.  

 

It was hypothesized that reducing the number of ortho- substituents between 

the two aryl rings, allowing the bromo-acetal substituents to rotate to a less hindered 

position, would lead to less rearrangement product.  Therefore, 53 was synthesized 

which lacks the ortho- methoxy group present in 49 (Scheme 2.09).  When 53 was 

subjected to the alkylation conditions a similar result occurred.  Compounds 55a and 

55b were isolated and identified as O-alkylation products, one of which being the 

rearranged 7-membered ring.  The products were isolated in an 8:7 (55a:55b) ratio, 
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displaying a slight preference for the 8-membered cyclic ether product.  This contrasts 

to the 1:1 ratio of isolated products 51a:51b, offering minimal suggestion that the -

ortho- methoxy group present in compound 49 may play a role in driving the reaction to 

form the 7-membered cyclic ether rearrangement product 51b. 

 
Scheme 2.09.  Compound 53 was synthesized to investigate the effects of ortho- 
substituents on the product ratio of 55a:55b. 
 
 

Since O-alkylation occurred readily in DMF instead of the desired carbon 

alkylation, protic solvents were explored in order to better solvate the phenoxide ion, 

reducing the nucleophilicity of the oxygen.  In protic solvents, deprotection of the silyl 

ether immediately results in the protonated phenol; therefore, compound 56 was 

submitted to classical basic phenolic alkylation conditions (Scheme 2.10).  Despite 

utilizing bases varying in strength and counter ion (Cs2CO3, LiOH, NaOH, KOH, KOtBu, 
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K2CO3, Na2CO3, Et3N, Hunig’s Base), while also employing solvents known for increasing 

carbon alkylation (t-BuOH, CF3CH2OH) at varying temperatures pressures, only O-

alkylation products 55a and 55b were observed after extended reaction time.   

 

Scheme 2.10.  Compound 56 was subjected to Cs2CO3 in refluxing t-BuOH. No dienone 
products were observed, affording 55a and 55b in a 7:3 ratio (66% overall yield). 

 

This suggests that O-alkylation occurs much faster than the thermodynamically 

favorable ortho-carbon alkylation.  Of note was that the relative amount of compound 

55a to rearranged product 55b in t-BuOH with Cs2CO3 was 7:3, up from the 8:7 ratio 

observed when using the CsF/DMF alkylation conditions on 53.  Since the counterion is 

the same between these two examples, this leads to speculation that the temperature 

of the reaction or the properties of the solvent may have the most effect on the 

rearrangement of the O-alkylation product. 
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2.4  SEVEN MEMBERED RING PHENOLIC ALKYLATION 

 

 To the author’s knowledge, only ring sizes of 3, 5, and 6 have been successfully 

made via a phenolic alkylation under basic conditions.  Classically, seven-membered 

rings are challenging to form intramolecularly because they are entropically and 

enthalpically disfavored.10  Although difficult, it may be possible to set various seven 

membered spirocyclic rings via the phenolic alkylation strategy outlined to this point. 

Many alkaloids possess a seven membered ring which could theoretically be accessed 

via this strategy making it a valuable area to investigate.  Crinine is an alkaloid from the 

Amaryllidaceae family that possesses a spirocyclic seven membered ring.  It was 

hypothesized that the all carbon quaternary center of crinine could be set while 

simultaneously closing this seven membered ring (Scheme 2.11) making this system a 

convenient one to try. 

 
Scheme 2.11.  Crinine contains a spirocyclic quaternary center which is part of a 7-
membered ring.  It was hypothesized that 58 would be a useful intermediate towards a 
potential synthesis of crinine, accessible via phenolic alkylation of 57. 
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 The necessary biaryl (59) was synthesized via a Suzuki reaction between 6-

bromo-piperonal and the para boronic acid of the t-butyl-dimethylsilyl (TBS) protected 

phenol in 92% yield.  Next, compound 59 was reductively aminated with ethanolamine 

using sodium borohydride after pre-forming the imine in methanol over 4 Å sieves.  

Without purification, crude 60 was di-toslyated using tosyl chloride in pyridine affording 

57 in 70% yield over two steps (Scheme 2.12). 

 
Scheme 2.12.  Synthetic scheme carried out towards compound 57. 
 
 
 

Unfortunately, when compound 57 was subjected to CsF in DMF at 130 °C, a 

complex mixture of products was obtained.  After LCMS analysis of the mixture, none of 

the desired spirocyclic cross-conjugated dienone could be detected.  A multitude of 

conditions tried included changing the solvent to sulfolane, DMSO, glyme, diglyme, THF, 

and dioxane while also attempting the reaction at lower temperatures, higher 

temperatures, and higher pressure (Scheme 2.13).  All of these reaction conditions 

resulted in a similar mixture of products which were unrecognizable and showed no sign 

of dienone product.  It was thought that the fluoride ion may be too reactive and 
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causing decomposition of the starting material or the product; therefore efforts were 

directed towards avoiding use of CsF or making the molecule more robust toward CsF.   

 
 
Scheme 2.13.  Attempts towards setting the 7-membered ring quaternary center, 58. 
 
 
 

The TBS protecting group was removed using KF in methanol affording 61.  This 

allows for bases to fully deprotonate the phenol, forming the phenolate intermediate 
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required for alkylation.  Combining compound 61 with potassium t-butoxide or Cs2CO3, 

in DMF or t-BuOH, at elevated temperatures gave complete conversion to the 

elimination product 62 and no trace of the cross-conjugated dienone product (58).   

Compound 63 was also synthesized, replacing the tosylate with a bromide.  The bromo 

compound behaved almost identically to compound 57 when subjected to CsF in DMF at 

130 °C. 

It was envisioned that an aziridinium ion could form during the course of the 

reaction.11  While in theory, the aziridinium ion could serve as a sufficient electrophile in 

order to complete phenolic alkylation, making a model of the system shows insufficient 

orbital overlap between the phenolate and the aziridinium ion.  Additionally, in 

comparison to the previous examples which underwent successful phenoic alkylation, 

the crinine-like system does not utilize a bromo-acetal as its electrophile.  It was 

speculated that the acetal may participate in generating the electrophile required for 

successful cyclization.  Therefore, a last attempt to set a seven membered ring via a 

phenolic alkylation was devised.  Compound 64 was synthesized, which contains no 

nitrogen and therefore cannot form an aziridinium ion, and also utilizes the bromo-

acetal moiety seen in the previous examples (Scheme 2.14).  If either of these variables 

was inhibiting the crinine-like system, then compound 64 should undergo phenolic 

alkylation when reacted with CsF in DMF.  Unfortunately, no spirocyclic dienone (65) 

was detected by LCMS in the reaction mixture and the primary product was the 
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desilylated compound 66.  These failed attempts have led to the conclusion that forming 

a seven-membered ring via o-, p- phenolic alkylation is not a viable strategy. 

 
 
Scheme 2.14. A generic seven-membered ring bromo-acetal (64) was synthesized.  No 
trace of 65 was observed when phenolic alkylation was attempted. 
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CHAPTER 3: EXPERIMENTAL SECTION 

3.0 GENERAL INFORMATION 

Infrared spectra were recorded with a Nicolet FT-IR spectrophotometer as thin films on 

a NaCl disc unless otherwise noted. 1H-NMR spectra were recorded on a Varian Mercury 400 

spectrometer at 400 MHz as solutions in the indicated solvents and are reported in parts per 

million (ppm) relative to tetramethylsilane and referenced internally to residually protonated 

solvent. 13C-NMR spectra were recorded at either 400 MHz or 500 MHz on a VARIAN 

DirectDrive 400 or Varian INova 500 spectrometer respectively and are referenced internally to 

the solvent indicated. Mass spectra were obtained on either a VG ZAB2E or a Finnegan TSQ70 

spectrometer, using ESI unless otherwise noted. 

All reactions requiring anhydrous conditions were performed either in oven-dried 

(110°C for greater than 5 hrs.) or flame-dried glassware under an atmosphere of dry argon. 

Anhydrous solvents were distilled under dry nitrogen or argon as follows: CH2Cl2 from CaH2 and 

THF from sodium benzophenone ketyl. Reagents were purified in accordance with standard 

laboratory methods as given in Armarego and Chai.1  

Alkyllithium reagents were titrated against N-benzylbenzamide in accordance with the 

literature.2  Reactions were monitored by thin layer chromatography using commercially 

available glass-backed plates coated with silica containing a fluorescent indicator (0.2 mm, 

Merck 60 F254) and were visualized using standard techniques: UV fluorescence (254 or 365 

nm) or cerium ammonium molybdate (Hanessian’s Stain). Flash column chromatography was 

performed on silica gel (Kieselgel 60, 40–60 μm) according to the method of Still et al.3   
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3.1  EXPERIMENTAL CONDITIONS AND COMPOUND DATA FOR CHAPTER 1 

Ethylcarbamate codeine (7) 

O

HO

O

N OEt

O

H

 

To a solution of (-) codeine phosphate (1.0 g, 2.52 mmol) in CHCl3 (100 mL) was added K2CO3 

(2.10 g, 15.12 mmol) and ethyl chloroformate (1.64 g, 15.12 mmol, 1.44 mL) at room 

temperature. The mixture was stirred vigorously and heated at a gentle reflux under Ar(g) over 

night. The mixture was allowed to cool to room temperature and poured into water (100 mL).  

The organic layer was extracted and subsequently washed with water (2x 100 mL), dried over 

Na2SO4, and concentrated in vacuo to an oil.  Purification by flash chromatography (SiO2, 30% 

EtOAc/Hexanes) to yield 7 as a colorless syrup (0.752g, 88% yield).  1H NMR (400 MHz, CDCl3)TM 

δ 6.69 (1H, d, J=8.2 Hz), 6.57 (1H, d, J=8.2 Hz), 5.76 (1H, d, J=7.6 Hz), 5.30 (1H, d, J=6.1 Hz), 4.95 

(major amide rotamer, 0.6H, bs), 4.81 (minor amide rotamer, 0.4H, bs), 4.87 (1H, d, J=6.7 Hz), 

4.17-4.12 (3H, m), 4.04-4.00 (1H, m), 3.85 (3H, s), 3.06-2.82 (3H, m), 2.73 (1H, d, J=18.6 Hz), 

2.53 (1H, bs), 1.95-1.91 (2H, m), 1.32-1.25 (3H, m). 
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Ethylcarbamate codeinone (8) 

O

O

O

N OEt

O

H

 

To a solution of 6 (50 mg, 0.14 mmol) in toluene (2 mL) was added VO(acac)2 (3.7 mg, 0.014 

mmol).  The green/brown mixture was heated to 50 °C and charged with 70% t-BuOOH(aq) (63 

mg, 0.7 mmol, 0.1 mL) in one portion turning the mixture red immediately.  The mixture was 

stirred for 1.5 hours until starting material absent by TLC.  The reaction mixture was quenched 

with saturated aqueous NH4Cl (0.2 mL) and diluted with water (10 mL).  The mixture was 

extracted with EtOAc (3x 10 mL), the combined extracts washed with brine (10 mL), dried over 

Na2SO4 and concentrated in vacuo to a yellow oil.  The crude product was purified by prep TLC 

(1:1 EtOAc/Hexane) affording 7 as a clear oil (20 mg, 40% yield).  1H NMR (300 MHz, CDCl3)TM δ 

6.70 (1H, d, J=8.2 Hz), 6.66-6.60 (2H, m), 6.12 (1H, dd, J=10.3, 2.9 Hz), 5.03 (major amide 

rotamer, 0.6H, bs), 4.88 (minor amide rotamer, 0.4H, bs), 4.69 (1H, s), 4.20-4.00 (3H, m), 3.85 

(3H, s), 3.06-3.03 (1H, m), 2.96-2.78 (3H, m), 1.98-1.88 (2H, m), 1.30-1.23 (3H, m). 
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Desoxycodeine 

O

O

N
H

 

To a chilled (0 °C) solution of free base (-) codeine (1.75 g, 5.84 mmol) in pyridine (25 mL) under 

Ar(g) was added p-toluenesulfonyl chloride portion wise over 20 minutes.  Upon addition the 

solution immediately turned yellow.  The solution was allowed to warm to room temperature 

slowly and stirred O.N.  The resulting pink solution was diluted with water (100 mL), extracted 

with EtOAc(3x 50 mL), the combined extracts washed with brine (1x100 mL), dried over Na2SO4, 

and concentrated in vacuo to a pink oil.  The crude mixture was azeotroped with cyclohexane 

(2x50 mL) and concentrated to pink foam using an oil pump overnight.  The crude product (2.25 

g) was dissolved in dry THF (30 mL) under Ar(g) and cooled to 0 °C.  A 2.0 M solution of lithium 

aluminum hydride in THF (21 mL, 41.6 mmol) was added dropwise to the reaction mixture.  The 

reaction was heated at reflux until starting material was consumed (1.5 hours).  The reaction 

mixture was cooled to 0 °C and slowly quenched with acetone (20 mL) at a rate that avoided 

excessive exotherm.  Aluminum salts precipitated out during quenching.  The reaction mixture 

was diluted with water (100 mL) and EtOAc (50 mL).  A saturated aqueous rochelle’s salt 

solution (5 mL) was added and the mixture was stirred vigorously overnight.  The mixture was 

flitered and the gelatinous solid was washed with EtOAc (5x50 mL).  The organic layer was 

collected and the aqueous layer was extracted with EtOAc (2x50 mL).  The collective organic 

extract was washed with brine (1x100 mL), dried over Na2SO4, and concentrated in vacuo to a 
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yellow oil.  Purification by flash chromatography (SiO2, 98% EtOAc, 2% ET3N) affording 

desoxycodeine as a clear syrup (1.29 g, 77% yield) that solidifies as a white solid upon standing.  

IR (thin film) 2929, 1506, 1448 cm-1; 1H NMR (400 MHz, CDCl3)TM δ 6.64 (1H, d, J=8.0 Hz), 6.53 

(1H, d, J=8.2 Hz), 5.72-5.69 (1H, m), 5.36 (1H, dd, J=9.8, 1.8 Hz), 4.88 (1H, t, J=4.8 Hz), 3.02 (3H, 

s), 3.32-3.29 (1H, m), 3.02 (1H, d, J=18.4 Hz), 2.75-2.74 (1H, m), 2.58 (1H, dd, J=11.1, 4.9 Hz), 

2.44 (3H, s), 2.40-2.27 (4H, m), 2.02 (1H, td, J=12.5, 5.0 Hz), 1.80 (1H, dd, J=12.5, 1.4 Hz); 13C 

(400 MHz, CDCl3) δ 146.4, 142.3, 130.9, 127.9, 127.8, 127.3, 118.4, 112.5, 89.4, 59.3, 56.3, 47.1, 

43.2, 43.1, 40.6, 35.6, 30.7, 20.2; HRMS calcd. for C18H22NO2 (MH+) 284.16451, Found 

284.16489. 

  



42 
 

Ethylcarbamate desoxycodeine (9) 

O

O

N
H

OEt

O

 

To a solution of desoxycodeine (1.28 g, 4.47 mmol) in chloroform (50 mL) was added K2CO3 

(2.10 g, 15.12 mmol) and ethyl chloroformate (1.64 g, 15.12 mmol, 1.44 mL) at room 

temperature. The mixture was stirred vigorously and heated at a gentle reflux under Ar(g) over 

night. The mixture was allowed to cool to room temperature and poured into water (100 mL).  

The organic layer was extracted and subsequently washed with water (2x 100 mL), dried over 

Na2SO4, and concentrated in vacuo to thick oil.  Purification by flash chromatography (SiO2, 30% 

EtOAc/Hexanes) afforded 8 (1.22 g, 80%) as a white foam.  1H NMR (400 MHz, CDCl3)TM δ 6.68 

(1H, d, J=8.0 Hz), 6.55 (1H, d, J=8.5 Hz), 5.76 (1H, d, J=4.1 Hz), 5.38 (1H, d, J=7.6 Hz), 4.90-4.87 

(includes major amide rotamer, 1.6H, m), 4.76 (minor amide rotamer, 0.4H, bs), 4.18-3.97 (3H, 

m), 3.85 (3H, s), 2.97-2.80 (2H, m), 2.70 (1H, d, J=18.5 Hz), 2.62 (1H, bs), 2.42-2.35 (2H, m), 1.94-

1.81 (2H, m), 1.32-1.24 (3H, m); 13C (400 MHz, CDCl3)TM δ 155.6, 155.3, 129.9, 129.0, 128.8, 

126.4, 125.9, 119.0, 112.9, 88.9, 87.4, 61.4, 56.3, 50.9, 50.6, 43.4, 39.5, 39.4, 38.2, 38.0, 35.1, 

34.9, 30.6, 29.3, 29.1, 14.8, 14.7; HRMS calcd. for C20H23NO4 (MH+) 342.1700, Found 342.1705 
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1, 8-α-bromo-7-β-hydroxy-ethylcarbamate-desoxycodeine (10) 

O

O

N
H

OH

Br

Br

OEt

O

 

A solution of 9 (460 mg, 1.35 mmol) in 1,4-dioxane (8 mL) and water (3 mL) was put in the dark 

and chilled (5 °C) under Ar(g).   The reaction mixture was charged with N-bromosuccinimide (528 

mg, 2.96 mmol) and stirred until TLC showed complete conversion of starting material (3 

hours).  The reaction mixture was poured into concentrated NH4Cl(aq) solution (30 mL) and 

extracted with EtOAc (3x20 mL).  The organic layers were combined, dried over sodium sulfate, 

and concentrated in vacuo.  Purification by flash chromatography (SiO2, 45% EtOAc/Hexanes) 

afforded 10 (380 mg, 54% yield) as white foam. 1H NMR (400 MHz, CDCl3)TM δ 6.96 (1H,s), 4.95-

4.75 (2H, m), 4.28-3.89 (4H, m), 3.87 (3H, s), 3.49-3.34 (1H, m), 3.87 (1H, dd, J= 5.2, 2.2 Hz), 2.77 

(1H, s), 2.51 (1H, d, J= 18.8 Hz), 2.32- 2.06 (3H, m), 1.82-1.64 (2H, m), 1.59 (1H, s), 1.36-1.22 

(3H, m); 13C (400 MHz, CDCl3, mixture of rotamers) δ155.2, 154.7, 144.4, 143.4, 130.4, 130.3, 

127.1, 126.9, 116.3, 112.1, 87.8, 71.1, 61.8, 56.4, 51.6, 51.3, 49.0, 48.9, 41.3, 41.2, 39.9, 39.8, 

38.0, 37.7, 36.5, 36.2, 32.9, 32.7, 29.7, 29.6, 29.4, 24.8, 14.8, 14.6; HRMS calcd. for 

C20H23Br2NO5 (MNa+) 516.0016, 517.9997, and 519.9980, Found 516.0007, 517.9995, 519.9970. 
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1-bromo-7,8-β-oxirane-ethylcarbamate-desoxycodeine (12) 

O

O

N
H

OEt

O

Br

O  

A solution of 9 (150 mg, 0.44 mmol) in 1,4-dioxane (5 mL) and water (2 mL) was put in the dark, 

chilled (5 °C), and charged with N-bromosuccinimide (165 mg, 0.92 mmol) under Ar(g).  The 

solution was stirred in the dark until TLC showed complete conversion of starting material (3 

hours).  To the reaction mixture was added crushed KOH pellets (excess) and heated to 50 °C 

causing the reaction to slowly turn red-orange.  After 30 minutes, the mixture was allowed to 

cool to room temperature, diluted with water (30 mL), and extracted with chloroform (3x20 

mL).  The combined extracts were washed with concentrated aqueous NH4Cl solution (10 mL), 

dried over Na2SO4, and concentrated in vacuo.  Purification by flash chromatography (SiO2, 25% 

EtOAc/Hexanes) affording 12 (123 mg, 64% yield) as a white foam.  1H NMR (400 MHz, CDCl3)TM 

δ 6.94 (1H, s), 5.23 (amide rotamer, 0.5H, bs), 5.11 (amide rotamer, 0.5H, bs), 4.72 (1H, d, J=5.9 

Hz), 4.23-3.92 (3H, m), 3.85 (3H, s), 2.82-2.79 (3H, m), 2.71 (1H, d, J=19.4 Hz), 2.52-2.42 (2H, m), 

2.06 (1H, d, J=13.1 Hz), 1.86-1.69 (3H, m), 1.34-1.22 (3H, m); 13C (400 MHz, CDCl3, mixture of 

rotamers) δ 155.2, 154.8, 145.0, 143.5, 130.3, 125.9, 125.6, 116.6, 112.3, 89.4, 61.8, 61.7, 56.5, 

50.9, 49.8, 49.5, 49.0, 42.7, 40.4, 40.3, 40.1, 37.5, 37.2, 35.5, 35.3, 31.1, 30.9, 14.7, 14.6; HRMS 

calcd. for C20H21BrNO5 (MNa+) 458.0574 and 460.0556, Found 458.0578 and 460.0559. 
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1-bromo-7-β-hydroxy-8-α-phenylthio-ethylcarbamate-desoxycodeine (13) 

O

O

N
H

OH
SPh

O

OEt

Br

 

To a solution of 12 (250 mg, 0.575 mmol) in ethanol (10 mL) was added a mixture of thiophenol 

(634 mg, 5.75 mmol, 0.59 ml) and NaBH4 (435 mg, 11.5 mmol) in ethanol (10 mL) and heated at 

reflux overnight.  Cooled reaction mixture to room temperature, diluted with water (50 mL), 

and extracted with dichloromethane (3x25 mL).  The combined extract was dried over Na2SO4 

and concentrated to white foam.  Purification by flash chromatography (SiO2, 35% 

EtOAc/Hexanes) afforded 13 (195 mg, 62% yield) as a white foam.  IR (thin film) 3420, 2930, 

1668, 1436 cm-1; 1H NMR (400 MHz, CDCl3)TM δ 7.31-7.20 (5H, m), 7.02 (1H, s), 4.98 (major 

amide rotamer, 0.6H, d, J=4.9 Hz), 4.90 (1H, t, J=8.6 Hz), 4.84 (minor amide rotamer, 0.4H, d, 

J=5.9 Hz), 4.26-3.91 (4H, m), 3.89 (3H, s), 3.56 (1H, td, J=18.7, 6.8 Hz), 3.47-3.44 (1H, m), 2.98 

(1H, dd, J=6.3, 2.6 Hz), 2.82 (1H, td, J= 12.6, 3.2 Hz), 2.60 (1H, d, J=18.7 Hz), 2.27-2.10 (2H, m), 

1.85-1.64 (3H, m), 1.35-1.21 (3H, m); 13C (500 MHz, CDCl3) δ 155.2, 144.5, 143.7, 136.0, 131.5, 

131.2, 130.6, 129.2, 127.4, 127.3, 116.8, 112.3, 88.5, 69.9, 61.7, 56.5, 51.3, 50.7, 41.7, 39.6, 

37.9, 36.3, 33.2, 30.3, 29.7, 29.6, 14.6; HRMS calcd. for C26H28BrNO5S (MNa+) 568.0764 and 

570.0746, Found 568.0758 and 570.0735. 
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7-β-hydroxy-8-α-phenylthio-desoxycodeine (14) 

O

O

N
H

OH
SPh

 

To a chilled (0 °C) solution of 13 (180 mg, 0.33 mmol) in dry THF (10 mL) under Ar(g) was added a 

2.0M solution of LiAlH4 (1.65 mL, 3.3 mmol) in THF dropwise.  The reaction mixture was 

warmed to room temperature slowly and stirred until TLC showed complete conversion of 

starting material (5 hours).  The reaction mixture was quenched slowly with water (50 mL) at 0 

°C and a saturated aqueous Rochelle’s salt solution (50 mL) was added and stirred (3 hours).  

The mixture was extracted with Et2O (3x50 mL).  The combined organic extractions were 

washed with brine (1x50 mL), dried over Na2SO4, and concentrated.  Purification by preparatory 

TLC (2x, SiO2, 10% MeOH/CH2Cl2) afforded 14 (42 mg, 31% yield) as an oil which solidified upon 

standing.  X-Ray (see Appendix A); IR (thin film) 3410, 2930, 2836, 1505, 1438, 1276 cm-1; 1H 

NMR (400 MHz, CDCl3)TM δ 7.42-7.38 (2H, m), 7.35-7.29 (3H, m), 6.79 (1H, d, J=8.2 Hz), 6.65 (1H, 

d, J=8.2 Hz), 4.94 (1H, dd, J=9.2, 7.2 Hz), 3.93-3.90 (1H, m), 3.88 (3H, s), 3.30 (1H, dd, J=6.1, 1.6 

Hz), 3.17 (1H, dd, J=18.4, 6.2 Hz), 3.09-3.04 (2H, m), 2.87 (1H, d, J=18.6 Hz), 2.44 (1H, dd, J=12.3, 

3.9 Hz), 2.30-2.22 (1H, m), 2.13-2.05 (2H, m), 1.89 (1H, td, J=17.6, 5.1 Hz), 1.83 (3H, s), 1.63 (1H, 

dd, J=12.7, 2.3 Hz); 13C (400 MHz, CDCl3) δ 144.0, 143.5, 137.2, 133.7, 129.7, 129.1, 127.9, 

127.8, 118.6, 113.6, 88.3, 69.4, 60.3, 56.3, 54.9, 47.1, 41.5, 40.5, 40.2, 36.1, 29.1, 21.8; HRMS 

calcd. for C24H28NO3S (MH+) 410.17844, Found 410.17845. 
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1-bromo-7-β-hydroxy-8-α-methylthio-ethylcarbamate-desoxycodeine (15) 

O

O

N
H

OEt

O

Br

OH
SMe

 

To a solution of 12 (50 mg, 0.115 mmol) in ethanol (1 mL) was added a solution of NaSMe (161 

mg, 2.3 mmol) in ethanol (1 mL) followed by slow addition of NaBH4 (44 mg, 1.15 mmol).  The 

mixture was heated at reflux overnight. The solution was cooled to room temperature, diluted 

with water (20 mL), and extracted with EtOAc (3x 10 mL).  The combined extracts were dried 

over Na2SO4 and concentrated to a white foam.  Purification by prep TLC (SiO2, 40% 

EtOAc/Hexanes) afforded 15 (51 mg, 91% yield) as a clear oil.  IR (thin film) 3446, 2914, 1683, 

1436 cm-1; 1H NMR (300 MHz, CDCl3)TM δ 6.97 (1H, s), 4.90-4.85 (includes major amide rotamer, 

1.75H, m), 4.76 (0.25H, d, J=6.4 Hz), 4.21-3.89 (4H, m), 3.85 (3H,s), 3.54-3.43 (1H, m), 2.90 (2H, 

bs), 2.84-2.66 (1H, m), 2.54 (1H, d, J=19.7 Hz), 2.24-2.03 (2H, m), 2.02 (3H, s), 1.83-1.60 (3H, m), 

1.33-1.22 (3H, m) 
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7,8-β-oxirane -desoxycodeine (16) 

O

O

N
H

O  

To a chilled (0 °C) solution of 12 (200 mg, 0.46 mmol) in dry THF (10 mL) under Ar(g) was added a 

2.4M solution of LiAlH4 (1.7 mL, 4.08 mmol) in THF dropwise.  The reaction mixture was stirred 

and the temperature was maintained around 0-5 °C until TLC showed complete conversion of 

starting material (7 hours).  The reaction mixture was quenched slowly with acetone (10 mL) at 

0 °C and a saturated aqueous Rochelle’s salt solution (20 mL) was added along with water (20 

mL) and stirred (3 hours).  The mixture was extracted with Et2O (3x50mL).  The combined 

organic layers were washed with brine (1x50 mL), dried over Na2SO4, and concentrated.  The 

resulting crude oil was dissolved in ethyl acetate and passed through a silica plug using ethyl 

acetate (30 mL) as the eluent.  This fraction was discarded and the silica plug was washed using 

a methanol and dichloromethane (1:10; 60 mL) solution.  This fraction was concentrated to 

pure 16 as a white solid (85 mg, 62% yield). X-Ray (see Appendix B); 1H NMR (400 MHz, CDCl3)TM 

δ 6.73 (1H, d, J= 7.9 Hz), 6.63 (1H, d, J= 7.9 Hz), 4.72 (1H, d, J= 5.8 Hz), 3.86 (3H, s), 3.60 (1H, dd, 

J= 6.3, 3.2 Hz), 3.14 (1H, d, J= 18.4 Hz), 2.90-2.85 (1H, m), 2.57-2.44 (3H, m), 2.44 (3H, s), 2.34 

(1H, td, J= 12.1, 3.7 Hz), 2.17 (1H, t, J= 2.8 Hz),  1.88 (1H, td, J= 12.6, 4.6 Hz), 1.78-1.69 (3H, m); 

13C (500 MHz, CDCl3) δ 145.4, 142.3, 130.0, 127.3, 119.0, 113.3, 89.3, 58.6, 56.4, 51.7, 48.6, 

46.5, 43.1, 41.9, 41.4, 35.8, 31.5, 20.6,  ; HRMS calcd. for C18H21NO3 (MH+) 300.1594, Found 

300.1602. 



49 
 

8-α-bromo-7-β-hydroxy-desoxycodeine (21) 

O

O

N
H

OH

Br

 

To a solution of 16 (90 mg, 0.30 mmol) in THF (5 mL) under Ar(g) was added MgBr2 (166 mg, 0.90 

mmol).  The reaction mixture was heated at reflux until the disappearance of starting material 

by TLC (5 hours).  The reaction mixture was poured into water, extracted with chloroform (3x20 

mL), the combined organic layers dried over sodium sulfate, and concentrated in vacuo. The 

resulting solid 21 (108 mg, 94.5% yield) was deemed to be sufficiently pure.  X-Ray (see 

Appendix C); 1H NMR (400 MHz, CDCl3)TM δ 6.75 (1H, d, J= 8.0 Hz), 6.63 (1H, d, J= 8.0 Hz), 4.96 

(1H, dd, J= 9.1, 7.0 Hz), 4.11-4.03 (2H, m), 3.87 (3H, s), 3.27-3.21 (2H, m), 3.07 (1H, dd, J= 18.7, 

5.3 Hz), 2.94 (1H, d, J= 18.7 Hz), 2.55 (1H, dd, J= 12.8, 4.5 Hz), 2.34 (3H, s), 2.33-2.22 (2H, m), 

2.09-2.01 (1H, m), 1.91 (1H, td, J= 12.8, 5.3 Hz), 1.67 (1H, dd, J= 12.8, 2.1 Hz); 13C (500 MHz, 

CDCl3) δ 143.8, 143.4, 129.5, 128.0, 118.6, 113.4, 87.6, 71.3, 60.5, 56.4, 51.3, 47.1, 42.4, 41.0, 

40.2, 36.7, 29.5, 21.8 ; HRMS calcd. for C18H22BrNO3 (MH+) 380.0856 and 382.0837, Found 

380.0857 and 382.0838. 
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3.2  EXPERIMENTAL CONDITIONS AND COMPOUND DATA FOR CHAPTER 2 

2-Bromo-3-methoxyphenol (25a) 

O
Br

HO

 

To a chilled (0 °C) solution of p-toluenesulfonic acid (20 mg) in 2,3-dihydropyran (3 mL) under 

Ar(g) was added a solution of 3-methoxyphenol (5g, 40.3 mmol, 4.42 mL) in 2,3-dihydropyran (5 

mL) dropwise.  The reaction mixture was stirred (20 minutes), diluted with Et2O (100 mL), 

washed with 1M NaOH(aq) (1x100 mL), washed with water (100 mL), and washed with brine (50 

mL).  The organic layer was dried over Na2SO4 and concentrated in vacuo.  The resulting orange 

liquid was dissolved in dry THF (90 mL), chilled to -78 °C, and placed under Ar(g).  The reaction 

mixture was charged with a 2.5M n-BuLi solution (19.7 mL, 49.2 mmol) in hexanes dropwise 

causing the mixture to turn yellow.  The mixture was allowed to warm to room temperature 

and stirred (1 hour).  The reaction mixture was chilled to 0 °C and charged with 1,2-

dibromoethane (9.1 g, 48.4 mmol, 4.2 mL) and stirred at room temperature (1 hour).  To the 

reaction mixture was added 5 M HCL(aq) (30 mL) and stirred (1 hour).  The mixture was diluted 

with water (100 mL), extracted with EtOAc (3x 50 mL).  The combined extracts were washed 

with aqueous saturated NaHCO3 solution (50 mL), washed with water (100 mL), washed with 

brine (50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by flash 

chromatography (SiO2, 5% EtOAc/Hexanes) afforded 25a (3g, 36% yield) as a clear liquid.  1H 

NMR (300 MHz, CDCl3)TM δ 7.19 (1H, t, J=8.1 Hz), 6.70 (1H, d, J=8.2 Hz), 6.51 (1H, d, J=8.2 Hz), 

5.65 (1H, s), 3.91 (3H, s). 
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2-bromo-4-methoxyphenol (25b) 

O

HO
Br  

To a rapidly stirred solution of 4-methoxyphenol (620 mg, 5.00 mmol) in CH2Cl2 (20 mL) was 

added bromine (800 mg, 5.00 mmol, 0.26 mL) dropwise.  The orange color disappears quickly 

initially but decreases in disappearance rate as addition continues.  After 15 minutes, the 

reaction mixture was quenched with a 10% aqueous solution of Na2S2O3 (10 ml), the organic 

layer extracted, and dried over Na2SO4.  The extract was concentrated in vacuo to a brown oil.  

Purification by flash chromatography (SiO2, 5% EtOAc/Hexanes) afforded 25b (920 mg, 92% 

yield) as a clear liquid.  1H NMR (400 MHz, CDCl3)TM δ 7.31 (1H, d, J=9.0 Hz), 6.60 (1H, d, J=2.7 

Hz), 6.41 (1H, dd, J= 8.8, 2.9 Hz), 5.49 (1H, s), 3.77 (3H, s). 
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2-bromo-5-methoxyphenol (25c) 

O

OH

Br  

To a solution of 5-methoxyphenol (1.00 g, 8.06 mmol) in benzene (50 mL) was added N-

bromosuccinimide (1.58 g, 8.86 mmol).  The reaction mixture was stirred overnight at room 

temperature and then poured into water.  The organic phase was extracted, dried over Na2SO4, 

and concentrated in vacuo.  Purification by flash chromatography (SiO2, 5% EtOAc/Hexanes) 

afforded 25c (1.05 g, 64% yield) as a clear liquid.  1H NMR (400 MHz, CDCl3)TM δ 7.31 (1H, d, 

J=9.0 Hz), 6.59 (1H, d, J=2.7 Hz), 6.41 (1H, dd, J=8.8, 2.9 Hz), 5.49 (1H, s), 3.77 (3H, s). 
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2-bromo-6-methoxyphenol (25d) 

OH

Br

O

 

A solution of tert-butylamine (2.19 g, 30 mmol, 3.15 mL) in toluene (30 mL) was cooled to -35 

°C under Ar(g) and charged with bromine (2.4 g, 15 mmol, 0.77 mL) dropwise.  After 15 minutes 

of stirring at -35 °C, the mixture was cooled to -78 °C and charged with a solution of guaiacol 

(1.86 g, 15 mmol, 1.67 mL) in CH2Cl2 (2 mL).  The reaction mixture was slowly warmed to room 

temperature and poured into a 1M NaOH(aq) solution (40 mL) and the aqueous phase collected.  

The aqueous phase was slightly acidified with a 1M HCL(aq) solution (42 mL) and extracted with 

EtOAc (3x30 mL).  The combined organic extracts were washed with brine (1x30 mL), dried over 

Na2SO4 and concentrated in vacuo.  Purification by flash chromatography (SiO2,  5% 

EtOAc/Hexanes) afforded 25b (2.1 g, 69% yield) as a clear liquid.  1H NMR (300 MHz, CDCl3)TM δ 

7.09 (1H, dd, J=7.9, 1.6 Hz), 6.82-6.68 (2H, m), 5.96 (1H, s), 3.88 (3H, s). 
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4'-((tert-butyldimethylsilyl)oxy)-6-methoxy-[1,1'-biphenyl]-2-ol  (26a) 

HO O

OTBS  

A mixture of dioxane (20 mL) and water (8 mL) was degassed (30 min) using Ar(g).  25a (1.28 g, 

6.30 mmol), (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (1.55 g, 6.62 mmol), K2CO3 

(3.05 g, 22.1 mmol), and Pd(dppf)Cl2 (514 mg, 0.630 mmol) were added to the degassed 

solution.  The mixture was heated to 90 °C under Ar(g) until the reaction was complete by TLC.  

The dark reaction mixture was quenched with conc. NH4Cl(aq) solution (2 mL) and poured into 

water (50 mL).  The mixture was extracted with EtOAc (3x30 mL) and the combined organic 

layers were washed with brine (1x30 mL).  The organic layer was dried over Na2SO4 and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:33 EtOAc:Hexanes) 

afforded product 26a as an off white solid (970 mg, 46.6% yield).  1H NMR (400 MHz, CDCl3)TM δ 

7.22-7.17 (3H, m), 6.95 (2H, dd, J=6.6, 2.1 Hz), 6.64 (1H, dd, J=8.2, 1.0 Hz), 6.54 (1H, dd, J=8.2, 

1.0 Hz), 5.03 (1H, s), 3.72 (3H, s), 1.00 (9H, s), 0.24 (6H, s); 13C (500 MHz, CDCl3) TM δ 157.5, 

155.5, 153.8, 131.9, 128.8, 124.6, 120.7, 116.8, 108.2, 103.1, 55.8, 25.6, 18.2, -4.3; HRMS calcd. 

for C19H26O3Si (MH+) 331.1724, Found 331.1731 
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4'-((tert-butyldimethylsilyl)oxy)-5-methoxy-[1,1'-biphenyl]-2-ol  (26b) 

O

HO

OTBS  

A mixture of dioxane (18 mL) and water (6 mL) was degassed (30 min) using Ar(g).  25b (800 mg, 

3.94 mmol), (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (1.10 g, 4.69 mmol), K2CO3 

(2.27 g, 16.4 mmol), and Pd(dppf)Cl2 (191 mg, 0.23 mmol) were added to the degassed solution.  

The mixture was heated to 90 °C under Ar(g) until the reaction was complete by TLC.  The dark 

reaction mixture was quenched with conc. NH4Cl(aq) solution (2 mL) and poured into water (50 

mL).  The mixture was extracted with EtOAc (3x30 mL) and the combined organic layers were 

washed with brine (1x30 mL).  The organic layer was dried over Na2SO4 and concentrated in 

vacuo.  Purification by flash chromatography (SiO2, 1:33 EtOAc:Hexanes) afforded 26b as an oil 

(853 mg, 65.5% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.33 (2H, d, J=8.6 Hz), 6.94 (2H, d, J= 8.6 

Hz), 6.90 (1H, d, J=8.4 Hz), 6.79 (2H, dd, J=11.6, 2.9 Hz), 4.87 (1H, s), 3.78 (3H, s), 1.01 (9H, s), 

0.24 (6H, s); 13C (400 MHz, CDCl3) TM δ 155.9, 153.8, 146.8, 130.4, 130.1, 128.7, 121.1, 116.6, 

115.5, 114.5, 56.1, 26.0, 18.5, -4.1; HRMS calcd. for C19H26O3Si (MH+) 331.1724, Found 331.1730 
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4'-((tert-butyldimethylsilyl)oxy)-4-methoxy-[1,1'-biphenyl]-2-ol  (26c) 

HO

OTBS

O

 

A mixture of dioxane (14 mL) and water (4.5 mL) was degassed (30 min) using Ar(g).  25c (620 

mg, 3.05 mmol), (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (681 mg, 2.91 mmol), 

K2CO3 (1.40 g, 10.2 mmol), and Pd(dppf)Cl2 (23.8 mg, 0.029 mmol) were added to the degassed 

solution.  The mixture was heated to 90 °C under Ar(g) until the reaction was complete by TLC.  

The dark reaction mixture was quenched with conc. NH4Cl(aq) solution (2 mL) and poured into 

water (50 mL).  The mixture was extracted with EtOAc (3x30 mL) and the combined organic 

layers were washed with brine (1x30 mL).  The organic layer was dried over Na2SO4 and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:33 EtOAc:Hexanes) 

afforded 26c as an oil (366 mg, 38.0% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.27 (2H, d, J=6.5 

Hz), 7.11 (1H, d, J=8.8 Hz), 6.93 (2H, d, J=8.6 Hz), 6.59-6.55 (3H, m), 5.27 (1H, s), 3.82 (3H, s), 

1.01 (9H, s), 0.23 (6H, s); 13C (400 MHz, CDCl3) TM δ160.5, 155.5, 153.6, 130.9, 130.4, 129.8, 

121.1, 121.0, 107.0, 101.3, 55.6, 25.9, 18.4, -4.1; HRMS calcd. for C19H26O3Si (MNa+) 353.1543, 

Found 353.1544. 
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4'-((tert-butyldimethylsilyl)oxy)-3-methoxy-[1,1'-biphenyl]-2-ol  (26d) 

HO

O

OTBS  

A mixture of dioxane (20 mL) and water (7 mL) was degassed (30 min) using Ar(g).  25d (1.10 g, 

5.42 mmol), (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (1.40 g, 5.96 mmol), K2CO3 

(2.62 g, 19.0 mmol), and Pd(dppf)Cl2 (44.2 mg, 0.0542 mmol) were added to the degassed 

solution.  The mixture was heated to 90 °C under Ar(g) until the reaction was complete by TLC.  

The dark reaction mixture was quenched with conc. NH4Cl(aq) solution (2 mL) and poured into 

water (50 mL).  The mixture was extracted with EtOAc (3x30 mL) and the combined organic 

layers were washed with brine (1x30 mL).  The organic layer was dried over Na2SO4 and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:33 EtOAc:Hexanes) 

afforded 26d as an oil (1.01 g, 56% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.50 (2H, dd, J=6.6, 2.2 

Hz), 6.96 (1H, dd, J=8.0, 1.8 Hz), 6.92-6.90 (3H, m), 6.86-6.83 (1H, dd, J=8.0, 1.8 Hz), 5.87 (1H, s), 

3.94 (3H, s), 1.02 (9H, s), 0.25 (6H, s); 13C (400 MHz, CDCl3) TM δ 155.1, 147.1, 142.9, 130.8, 

130.4, 127.7, 122.8, 120.0, 119.9, 109.5, 56.4, 25.9, 18.5, -4.1; HRMS calcd. for C19H26O3Si (MH+) 

331.1724, Found 331.1734 
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((2'-(2-bromo-1-ethoxyethoxy)-6'-methoxy-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane 

(27a) 

O O

OTBS

OEt
Br

 

To a chilled (0°C) solution of Br2 (1.03 g, 6.47 mmol) in dichloromethane (20 mL) under Ar(g) was 

added ethyl vinyl ether (636 mg, 8.82 mmol) dropwise.  Upon complete addition the orange 

solution turned clear.  The chilled mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (1.52 g, 11.8 mmol).  To this mixture was added a solution of 26a (970 mg, 

2.94 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to warm 

slowly to room temperature and stirred overnight.  The resulting orange/brown solution was 

diluted with water and the organic layer was collected, dried over Na2SO4, and concentrated in 

vacuo.  Purification by flash chromatography (SiO2, 1:33 EtOAc:Hexanes) afforded 27a (1.32 g, 

93.6%) as an oil.  1H NMR (400 MHz, CDCl3)TM δ 7.23-7.20 (3H, m), 6.86 (2H, dd, J=6.4, 2.1 Hz), 

6.80 (1H, dd, J=8.2, 1.0 Hz), 6.73 (1H, dd, J=8.2, 1.0 Hz), 5.05 (1H, J=6.6, 4.1 Hz), 3.74 (3H, s), 

3.43-3.37 (1H, m), 3.29-2.23 (1H, m), 3.22-3.19 (2H, m), 1.11 (3H, t, J=7.0 Hz), 1.00 (9H, s), 0.24 

(6H, s); 13C (500 MHz, CDCl3) TM δ 158.0, 154.7, 154.6, 132.0, 128.3, 126.3, 122.5, 119.3, 111.2, 

106.3, 102.2, 62.7, 56.0, 31.5, 25.7, 18.2, 15.0, -4.3; HRMS calcd. for C23H33BrO4Si (MNa+) 

503.1224 and 505.1207, Found 503.1214 and 505.1196. 
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((2'-(2-bromo-1-ethoxyethoxy)-5'-methoxy-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane 

(27b) 

O

O

OTBS

Br
OEt

 

To a chilled (0°C) solution of Br2 (895 mg, 5.60 mmol) in dichloromethane (20 mL) under Ar(g) 

was added ethyl vinyl ether (550 mg, 7.60 mmol) dropwise.  Upon complete addition the 

orange solution turned clear.  The chilled mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (1.32 g, 10.2 mmol).  To this mixture was added a solution of 26b (840 mg, 

2.54 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to warm 

slowly to room temperature and stirred overnight.  The resulting orange/brown solution was 

diluted with water and the organic layer was collected, dried over Na2SO4, and concentrated in 

vacuo.  Purification by flash chromatography (SiO2, 1:33 EtOAc:Hexanes) afforded 27b (1.14 g, 

93.4%) as an oil.  1H NMR (300 MHz, CDCl3)TM δ 7.40 (2H, d, J=8.6 Hz), 7.09 (1H, d, J=8.7 Hz), 

6.88 (3H, m), 6.80 (1H, dd, J=8.7, 3.1 Hz), 4.93 (1H, t, J=4.6 Hz), 3.81 (3H, s), 3.59 (1H, m), 3.40 

(1H, m), 3.27 (2H, m), 1.10 (3H, t, J=7.0 H), 1.00 (9H, s), 0.23 (6H,s); 13C (400 MHz, CDCl3) TM δ 

156.0, 155.4, 147.4, 134.9, 131.4, 131.0, 121.3, 120.1, 116.2, 113.5, 103.5, 63.8, 56.0, 32.0, 

26.0, 18.6, 15.3, -4.0; HRMS calcd. for C23H33BrO4Si (MNa+) 503.1224 and 505.1207, Found 

503.1237 and 505.1216. 
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((2'-(2-bromo-1-ethoxyethoxy)-4'-methoxy-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane 

(27c) 

O

OTBS

O

OEt
Br

 

To a chilled (0°C) solution of Br2 (361 mg, 2.26 mmol) in dichloromethane (10 mL) under Ar(g) 

was added ethyl vinyl ether (222 mg, 3.09 mmol) dropwise.  Upon complete addition the 

orange solution turned clear.  The chilled mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (532 mg, 4.12 mmol).  To this mixture was added a solution of 26c (340 

mg, 1.03 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to 

warm slowly to room temperature and stirred overnight.  The resulting orange/brown solution 

was diluted with water and the organic layer was collected, dried over Na2SO4, and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:33 EtOAc:Hexanes) 

afforded 27c (370 mg, 74.9%) as an oil.  1H NMR (400 MHz, CDCl3)TM δ 7.35 (2H, dd, J=6.6, 2.2 

Hz), 7.24 (1H, d, J=8.7 Hz), 6.85 (2H, dd, J=6.6, 2.2 Hz), 6.74 (1H, d, J=2.6 Hz), 5.15 (1H, dd, J=5.9, 

3.7 Hz), 3.83 (3H, s), 3.63-3.60 (1 H, m), 3.48-3.42 (1H, m), 3.38-3.36 (2H, m), 1.12 (3H, t, J=7.0 

Hz), 1.00 (9H, s), 0.22 (6H, s); 13C (400 MHz, CDCl3) TM δ159.9, 154.8, 154.4, 131.6, 131.2, 130.8, 

125.8, 119.9, 108.5, 105.1, 102.4, 63.1, 55.7, 31.7, 25.9, 18.5, 15.2, -4.1; HRMS calcd. for 

C23H33BrO4Si (MNa+) 503.1224, Found 503.1226. 
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((2'-(2-bromo-1-ethoxyethoxy)-3'-methoxy-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane 

(27d)

O

O

OTBS

OEt
Br

 

To a chilled (0°C) solution of Br2 (1.01 g, 6.32 mmol) in dichloromethane (25 mL) under Ar(g) was 

added ethyl vinyl ether (621 mg, 8.61 mmol) dropwise.  Upon complete addition the orange 

solution turned clear.  The chilled mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (1.48 g, 11.5 mmol).  To this mixture was added a solution of 26d (950 mg, 

2.87 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to warm 

slowly to room temperature and stirred overnight.  The resulting orange/brown solution was 

diluted with water and the organic layer was collected, dried over Na2SO4, and concentrated in 

vacuo.  Purification by flash chromatography (SiO2, 1:50 EtOAc:Hexanes) afforded 27d (1.05 g, 

76.1%) as an oil.  1H NMR (400 MHz, CDCl3)TM δ 7.41 (1H, dd, J=6.6, 2.1 Hz), 7.12 (1H, t, J=8.0 

Hz), 6.94 (1H, dd, J= 7.8, 0.6 Hz), 6.90-6.86 (3H, m), 4.97 (1H, dd, J=8.3, 2.6 Hz), 3.89 (3H, s), 

3.66 (1H, m), 3.42 (1H, m), 3.23-3.09 (2H, m), 1.04 (3H, t, J=7.0 Hz), 1.00 (9H, s), 0.22 (6H,s); 13C 

(500 MHz, CDCl3) TM δ 155.1, 152.7, 141.9, 136.5, 131.1, 130.8, 124.7, 122.8, 119.8, 110.9, 

104.0, 64.6, 55.8, 32.2, 15.7, 18.2, 14.9, -4.4; HRMS calcd. for C23H33BrO4Si (MNa+) 503.1224 and 

505.1207, Found 503.1218 and 505.1202. 
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2-ethoxy-5-methoxyspiro[chroman-4,1'-cyclohexa[2,5]dien]-4'-one (28a) 

O O

O

EtO

 

27a (500 mg, 1.04 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (10 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF 

(475 mg, 3.12 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at temperature until 

reaction complete by TLC.  The reaction was cooled to room temperature, diluted with a 

water/brine (1:1x50 mL) mixture and extracted with EtOAc (3x30 mL).  The combined extracts 

were washed with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification 

by flash chromatography (SiO2, 1:10 EtOAc:Hexanes) afforded 28a (155 mg, 52.0% yield) as a 

white solid.  IR (thin film) 3035, 2977, 2913, 1668 cm-1; 1H NMR (400 MHz, CDCl3)TM δ 7.25 (1H, 

dd, J=10.2, 3.0 Hz), 7.17 (1H, t, J=8.2 Hz), 6.75 (1H, dd, J=10.0, 2.9 Hz), 6.58 (1H, dd, J=8.2, 1.0 

Hz), 6.42 (1H, dd, J=8.2, 1.0 Hz), 6.30 (1H, dd, J=10.2, 0.8 Hz), 6.23 (1H, dd, J=10.2, 0.8 Hz), 5.30 

(1H, t, J=3.0 Hz), 3.93-3.85 (1H, m), 3.66-3.59 (1H, m), 3.59 (3H, s), 2.19 (1H, dd, J=14.0, 2.8 Hz), 

1.96 (1H, dd, J=14.0, 3.3 Hz), 1.19 (3H, t, J=7.0 Hz); 13C (400 MHz, CDCl3) δ 186.5, 158.9, 155.0, 

154.5, 152.2, 129.4, 127.7, 126.6, 110.9, 109.9, 104.1, 95.3, 64.3, 55.3, 39.0, 38.1, 15.1; HRMS 

calcd. for C17H18O4 (MH+) 286.1205, Found 286.1207. 
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2-ethoxy-6-methoxyspiro[chroman-4,1'-cyclohexa[2,5]dien]-4'-one (28b) 

O

O

O

EtO

 

27b (335 mg, 0.70 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (7 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF 

(425 mg, 2.80 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at temperature until 

reaction complete by TLC.  The reaction was cooled to room temperature, diluted with a 

water/brine (1:1, 50 mL) mixture and extracted with EtOAc (3x30 mL).  The combined extracts 

were washed with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification 

by preparatory chromatography (2xSiO2, 1:10 EtOAc:Hexanes) afforded 28b (92 mg, 45.9% 

yield) as a slightly yellow solid.  IR (thin film) 2975, 2924, 1668 cm-1; 1H NMR (400 MHz, CDCl3)TM 

δ 7.45 (1H, dd, J=10.2, 3.0 Hz), 6.87 (1H, d, J=8.8 Hz), 6.79 (1H, dd, J=9.6, 2.9 Hz), 6.77 (1H, dd, 

J=8.8, 2.9 Hz), 6.40 (1H, d, J=2.9 Hz), 6.35 (1H, dd, J=10.0, 1.9 Hz), 6.21 (1H, dd, J=10.2, 1.9 Hz), 

5.34 (1H, t, J=3.0 Hz), 3.90 (1H, m), 3.68 (3H, s), 3.62 (1H, m), 2.26 (1H, dd, J=14.1, 2.9 Hz), 2.11 

(1H, dd, J=13.9, 3.2 Hz), 1.20 (3H, t, J=7.0 Hz); 13C (400 MHz, CDCl3) δ 185.9, 154.7, 154.1, 154.0, 

144.8, 128.4, 126.1, 120.1, 119.2, 115.7, 112.9, 95.4, 64.2, 55.7, 40.8, 36.1, 15.1; HRMS calcd. 

for C17H18O4 (MH+) 286.1205, Found 286.1208. 
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2-ethoxy-7-methoxyspiro[chroman-4,1'-cyclohexa[2,5]dien]-4'-one (28c) 

O

O

O

EtO

 

27c (100 mg, 0.208 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (2 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF 

(100 mg, 0.63 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at temperature until 

reaction complete by TLC.  The reaction was cooled to room temperature, diluted with a 

water/brine (1:1x50 mL) mixture and extracted with EtOAc (3x30 mL).  The combined extracts 

were washed with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification 

by flash chromatography (neutral alumina, 1:10 EtOAc:Hexanes) afforded 28c (26 mg, 43.6% 

yield) as an off-white solid.  IR (thin film) 2975, 1668 cm-1; 1H NMR (400 MHz, CDCl3)TM δ 7.41 

(1H, dd, J=10.2, 2.7 Hz), 6.81-6.75 (2H, m), 6.48 (1H, dd, J=9.8, 2.3 Hz), 6.46 (1H, s), 6.32 (1H, dd, 

J=10.2, 2.0 Hz), 6.18 (1H, dd, J=10.2, 2.0 Hz), 5.37 (1H, t, J=3.2 Hz), 3.96-3.91 (1H, m), 3.77 (3H, 

s), 3.66-3.62 (1H, m), 2.24 (1H, dd, J=14.1, 3.0 Hz), 2.11 (1H, dd, J=14.1, 3.6 Hz), 1.22 (3H, t, 

J=7.0 Hz); 13C (500 MHz, CDCl3) δ 186.0, 160.6, 154.9, 154.2, 152.1, 129.5, 128.1, 125.9, 111.3, 

108.6, 103.1, 95.8, 64.4, 55.3, 40.1, 36.2, 15.1; HRMS calcd. For C17H18O4 (MH+) 286.1205, 

Found 286.1208. 
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2-ethoxy-8-methoxyspiro[chroman-4,1'-cyclohexa[2,5]dien]-4'-one (28d) 

O

O

O

EtO

 

27d (500 mg, 1.04 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (10 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF 

(475 mg, 3.12 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at temperature until 

reaction complete by TLC.  The reaction was cooled to room temperature, diluted with a 

water/brine (1:1x50 mL) mixture and extracted with EtOAc (3x30 mL).  The combined extracts 

were washed with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification 

by flash chromatography (SiO2, 1:10 EtOAc:Hexanes) afforded 28d (159 mg, 50.0% yield) as an 

oil which solidified up standing.  IR (thin film) 2975, 2924, 1668 cm-1; 1H NMR (400 MHz, 

CDCl3)TM δ 7.49 (1H, dd, J=10.2, 3.0 Hz), 6.86-6.80 (2H, m), 6.76 (1H, dd, J=10.0, 3.0 Hz), 6.53 

(1H, dd, J=7.2, 2.0 Hz), 6.34 (1H, dd, J=10.0, 1.9 Hz), 6.20 (1H, dd, J=10.0, 1.9 Hz), 5.51 (1H, t, 

J=2.8 Hz), 3.96-3.92 (1H, m), 3.89 (3H, s), 3.70-3.66 (1H, m), 2.31 (1H, dd, J=14.1, 2.9 Hz), 2.14 

(1H, dd, J=14.1, 2.7 Hz), 1.21 (3H, t, J=7.0 Hz); 13C (400 MHz, CDCl3) δ 185.9, 154.6, 154.1, 149.5, 

140.4, 128.3, 125.9, 121.0, 120.3, 120.2, 111.1, 95.6, 64.5, 56.0, 40.3, 36.0, 15.1; HRMS calcd. 

for (MH+) C17H18O4 286.1205, Found 286.1209. 
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4'-((tert-butyldimethylsilyl)oxy)-5-methyl-[1,1'-biphenyl]-2-ol (30a) 

OH

OTBS  

A mixture of dioxane (8 mL) and water (3 mL) was degassed (30 min) using Ar(g).  29a (500 mg, 

2.67 mmol), (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (1.00 g, 3.47 mmol), K2CO3 

(1.10 g, 8.01 mmol), and Pd(dppf)Cl2 (109 mg, 0.134 mmol) were added to the degassed 

solution.  The mixture was heated to 90 °C under Ar(g) until the reaction was complete by TLC.  

The dark reaction mixture was quenched with conc. NH4Cl(aq) solution (2 mL) and poured into 

water (50 mL).  The mixture was extracted with EtOAc (3x30 mL) and the combined organic 

layers were washed with brine (1x30 mL).  The organic layer was dried over Na2SO4 and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:200 EtOAc:Hexanes) 

afforded 30a as an oil (346 mg, 41.2% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.31 (2H, d, J=8.5 

Hz), 7.05-7.01 (2H, m), 6.94 (2H, d, J= 8.5 Hz), 6.87 (1H, d, J= 8.5 Hz), 5.01 (1H, bs), 2.30 (3H, s), 

1.01 (9H, s), 0.24 (6H, s) ; 13C (500 MHz, CDCl3) TM δ 155.5, 150.2, 130.6, 130.2, 129.9, 129.8, 

129.2, 127.6, 120.8, 115.4, 25.7, 20.5, 18.2, -4.4; HRMS calcd. for C19H26O2Si (MH-) 313.1629, 

Found 313.1630. 
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4'-((tert-butyldimethylsilyl)oxy)-3-methyl-[1,1'-biphenyl]-2-ol (30b) 

OTBS

OH

 

A mixture of dioxane (10 mL) and water (2 mL) was degassed (30 min) using Ar(g).  29b (1.00 g, 

5.35 mmol), (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (2.14 g, 7.49 mmol), K2CO3 

(2.07 g, 15.0 mmol), and Pd(dppf)Cl2 (218 mg, 0.268 mmol) were added to the degassed 

solution.  The mixture was heated to 90 °C under Ar(g) until the reaction was complete by TLC.  

The dark reaction mixture was quenched with conc. NH4Cl(aq) solution (2 mL) and poured into 

water (50 mL).  The mixture was extracted with EtOAc (3x30 mL) and the combined organic 

layers were washed with brine (1x30 mL).  The organic layer was dried over Na2SO4 and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:200 EtOAc:Hexanes) 

afforded 30b as an oil (1.05 g, 62.6% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.32 (2H, d, J=8.5 

Hz), 7.12 (1H, d, J= 7.2 Hz), 7.07 (1H, dd, J= 7.2, 1.7 Hz), 6.97 (2H, d, 8.5 Hz), 6.89 (1H, t, J= 7.5 

Hz), 5.29 (1H, bs), 2.32 (3H, s), 1.02 (9H, s), 0.26 (6H, s); 13C (400 MHz, CDCl3) TM δ 155.7, 150.9, 

130.5, 130.4, 130.2, 128.0, 127.6, 124.7, 121.2, 120.3, 25.9, 18.5, 16.5; -4.1; HRMS calcd. for 

C19H26O2Si (MH+) 315.1775, Found 315.1781.  
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4'-((tert-butyldimethylsilyl)oxy)-[1,1'-biphenyl]-2-ol (30c) 

OTBS

HO

 

A mixture of dioxane (4 mL) and water (1.5 mL) was degassed (30 min) using Ar(g).  (4-

bromophenoxy)(tert-butyl)dimethylsilane (750 mg, 2.62 mmol), (2-hydroxyphenyl)boronic acid 

(400 mg, 2.90 mmol), K3PO4 (1.70 g, 7.86 mmol), and Pd(dppf)Cl2 (218 mg, 0.268 mmol) were 

added to the degassed solution.  The mixture was heated to 90 °C under Ar(g) until the reaction 

was complete by TLC.  The dark reaction mixture was quenched with conc. NH4Cl(aq) solution (2 

mL) and poured into water (50 mL).  The mixture was extracted with EtOAc (3x30 mL) and the 

combined organic layers were washed with brine (1x30 mL).  The organic layer was dried over 

Na2SO4 and concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:20 

EtOAc:Hexanes) afforded 30c as an oil (595 mg, 76% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.32 

(2H, d, J=8.5 Hz), 7.24-7.21 (2H, m), 6.99-6.94 (4H, m), 5.19 (1H, s), 1.01 (9H, s), 0.25 (6H, s);  13C 

(400 MHz, CDCl3) δ 155.9,152.8, 130.5, 130.0, 129.1, 128.2, 121.2, 121.1, 116.0, 26.0,18.5, -4.0;  

HRMS calcd. for C18H24O2Si (M+) 300.1546, Found 300.1546. 
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((2'-(2-bromo-1-ethoxyethoxy)-5'-methyl-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane 

(31a) 

O

OTBS

OEt
B r

 

To a chilled (0°C) solution of Br2 (981 mg, 6.14 mmol) in dichloromethane (10 mL) under Ar(g) 

was added ethyl vinyl ether (578 mg, 8.01 mmol) dropwise.  Upon complete addition the 

orange solution turned clear.  The chilled mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (1.38 g, 10.68 mmol).  To this mixture was added a solution of 30a (535 

mg, 2.67 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to 

warm slowly to room temperature and stirred overnight.  The resulting orange/brown solution 

was diluted with water and the organic layer was collected, dried over Na2SO4, and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 1:100 EtOAc:Hexanes) 

afforded 31a (588 mg, 89.6%) as an oil.  1H NMR (400 MHz, CDCl3)TM δ 7.39 (2H, d, J= 8.5 Hz), 

7.14 (1H, s), 7.08-7.03 (2H, m), 6.86 (2H, J= 8.5 Hz), 5.06 (1H, t, J= 4.8 Hz), 3.65-3.55 (1H, m), 

3.48-3.39 (1H, m), 3.35-3.28 (2H, m), 2.33 (3H,s), 1.10 (3H, t, J= 7.2 Hz), 1.00 (9H, s), 0.22 (6H, s); 

13C (400 MHz, CDCl3) TM δ 155.4, 151.7, 133.4, 133.4, 132.1, 131.8, 131.2, 129.2, 120.2, 119.4, 

103.1, 63.6, 32.2, 26.2, 21.2, 18.8, 15.5, -3.8; HRMS calcd. for C23H33BrO3Si (MNa+) 487.1275 and 

489.1257, Found 487.1289 and 489.1273. 
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((2'-(2-bromo-1-ethoxyethoxy)-3'-methyl-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane 

(31b) 

O

OTBS

OEt
B r

 

To a chilled (0°C) solution of Br2 (1.12 g, 7.00 mmol) in dichloromethane (20 mL) under Ar(g) was 

added ethyl vinyl ether (688 mg, 9.54 mmol) dropwise.  Upon complete addition the orange 

solution turned clear.  The chilled mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (1.64 g, 12.7 mmol).  To this mixture was added a solution of 30b (1.00 g, 

3.18 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to warm 

slowly to room temperature and stirred overnight.  The resulting orange/brown solution was 

diluted with water and the organic layer was collected, dried over Na2SO4, and concentrated in 

vacuo.  Purification by flash chromatography (SiO2, 1:100 EtOAc:Hexanes) afforded 31b (1.21 g, 

81.7%) as an oil.   1H NMR (400 MHz, CDCl3)TM δ 7.37 (2H, d, J= 8.5 Hz), 7.16-7.05 (3H, m), 6.90 

(2H, J= 8.5 Hz), 4.58 (1H, dd, J= 6.6, 3.0 Hz), 3.33-3.15 (4H, m), 2.39 (3H,s), 1.01 (9H, s), 0.95 (3H, 

t, J= 7.2 Hz), 0.23 (6H, s); 13C (500 MHz, CDCl3) TM δ 155.1, 151.6, 134.5, 132.9, 131.8, 130.4, 

130.0, 128.7, 124.4, 120.2, 103.3, 66.6, 32.6, 25.7, 18.3, 17.2, 15.1, -4.4; HRMS calcd. for 

C23H33BrO3Si (MNa+) 487.1275 and 489.1257, Found 487.1273 and 489.1256. 
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((2'-(2-bromo-1-ethoxyethoxy)-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane (31c) 

OTBS

O

OEt
Br

 

To a chilled (0°C) solution of Br2 (697 mg, 4.36 mmol) in dichloromethane (7 mL) under Ar(g) was 

added ethyl vinyl ether (428 mg, 5.94 mmol) dropwise.  Upon complete addition the orange 

solution turned clear.  The chilled mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (1.02 g, 7.92 mmol).  To this mixture was added a solution of 30c (590 mg, 

1.98 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to warm 

slowly to room temperature and stirred overnight.  The resulting orange/brown solution was 

diluted with water and the organic layer was collected, dried over Na2SO4, and concentrated in 

vacuo.  Purification by flash chromatography (SiO2, 1:50 EtOAc:Hexanes) afforded 31c (820 mg, 

89%) as an oil.   1H NMR (400 MHz, CDCl3)TM δ 7.40 (2H, d, J=8.6 Hz), 7.33 (1H, dd, J=7.5, 1.7 Hz), 

7.27, (1H, td, J=7.7, 1.7 Hz), 7.16-7.10 (2H, m), 6.87 (2H, d, J=8.5 Hz), 5.15 (1H, dd, J=5.8, 4.8 Hz), 

3.63-3.57 (1H, m), 3.48-3.44 (1H, m), 3.38-3.35 (2H, m), 1.11 (3H, t, J=7.2 Hz), 1.00 (9H, s), 0.23 

(6H, s); 13C (500 MHz, CDCl3) TM δ 154.9, 153.4, 133.0, 131.1, 131.0, 130.7, 128.2, 123.3, 119.6, 

118.4, 102.3, 62.9, 31.5, 25.7, 18.2, 15.0, -4.4; HRMS calcd. for C22H31BrO3Si (MNa+) 473.1118 

and 475.1010, Found 473.1117 and 475.1096.   
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2-ethoxy-6-methylspiro[chroman-4,1'-cyclohexa[2,5]dien]-4'-one (32a) 

O

O

OEt

 

31a (200 mg, 0.52 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (5 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF 

(196 mg, 1.29 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at temperature until 

reaction complete by TLC.  The reaction was cooled to room temperature, diluted with a 

water/brine (1:1x50 mL) mixture and extracted with EtOAc (3x30 mL).  The combined extracts 

were washed with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification 

by flash chromatography (SiO2, 1:10 EtOAc:Hexanes) afforded 32a (64 mg, 45.7% yield) as an 

oil.  IR(thin film) 2976, 2927, 1667, 1628, 1497 cm-1,  1H NMR (400 MHz, CDCl3)TM δ 7.45 (1H, dd, 

J= 10.1, 3.0 Hz), 6.99 (1H, dd, J= 8.5, 1.8 Hz), 6.83 (1H, d, J= 8.5 Hz), 6.79 (1H, dd, J= 10.1, 3.0 

Hz), 6.35 (1H, dd, J= 10.1, 3.0 Hz), 6.21 (1H, dd, J= 10.1, 3.0 Hz), 5.35 (1H, t, J=2.8 Hz), 3.95-3.86 

(1H, m), 3.67-3.58 (1H, m), 2.26 (1H, dd, J= 13.9, 2.8 Hz), 2.20 (3H, s), 2.11 (1H, dd, J= 13.9, 2.8 

Hz), 1.20 (3H, t, J= 7.0 Hz); 13C (400 MHz, CDCl3) δ 186.1, 154.9, 154.2, 148.7, 131.1, 130.2, 

128.9, 128.3, 126.0, 119.0, 118.3, 95.5, 64.3, 40.5, 36.2, 20.4, 15.1; HRMS calcd. for (MNa+) 

C17H18O3 293.1148, Found 293.1158. 
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2-ethoxy-8-methylspiro[chroman-4,1'-cyclohexa[2,5]dien]-4'-one (32b) 

O

O

OEt

 

31b (150 mg, 0.323 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (5 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF 

(147 mg, 0.969 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at temperature until 

reaction complete by TLC.  The reaction was cooled to room temperature, diluted with a 

water/brine (1:1x50 mL) mixture and extracted with EtOAc (3x30 mL).  The combined extracts 

were washed with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification 

by flash chromatography (SiO2, 1:10 EtOAc:Hexanes) afforded 32b (43 mg, 49% yield) as an oil.  

1H NMR (400 MHz, CDCl3)TM δ 7.43 (1H, dd, J= 10.1, 3.0 Hz), 7.07 (1H, dd, J= 7.0, 1.4 Hz), 6.84-

6.74 (3H, m), 6.33 (1H, dd, J= 10.2, 2.0 Hz), 6.21 (1H, dd, J= 10.2, 2.0 Hz), 5.43 (1H, t, J= 3.3 Hz), 

3.96-3.88 (1H, m), 3.70-3.62 (1H, m), 2.28 (1H, dd, J= 14.0, 3.3 Hz), 2.26 (3H, s), 2.14 (1H, dd, J= 

14.0, 3.3 Hz), 1.23 (3H, t, J= 7.0 Hz) ; 13C (400 MHz, CDCl3) δ186.0, 154.9, 154.2, 149.1, 130.6, 

128.1, 127.6, 126.3, 126.0, 121.0, 118.9, 95.5, 64.3, 40.7, 36.3, 16.1, 15.1; HRMS calcd. for 

(MNa+) C17H18O3 293.1148, Found 293.1150. 
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2-ethoxyspiro[chroman-4,1'-cyclohexa[2,5]dien]-4'-one (32c) 

O

O
EtO

 

31c (150 mg, 0.33 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (4 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF 

(150 mg, 0.100 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at temperature until 

reaction complete by TLC.  The reaction was cooled to room temperature, diluted with a 

water/brine (1:1x50 mL) mixture and extracted with EtOAc (3x30 mL).  The combined extracts 

were washed with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification 

by flash chromatography (SiO2, 1:10 EtOAc:Hexanes) afforded 32c (34 mg, 40.2% yield) as an oil 

which solidified upon standing.  IR (thin film) 2976, 1668 cm-1; 1H NMR (400 MHz, CDCl3)TM δ 

7.45 (1H, dd, J=10.2, 2.7 Hz), 7.22-7.18 (1H, m), 6.94-6.89 (3H, m), 6.80 (1H, dd, J=10.2, 2.7 Hz), 

6.35 (1H, dd, J=9.9, 2.0 Hz), 6.21 (1H, dd, J=10.2, 2.0 Hz), 5.39 (1H, t, J=3.1 Hz), 3.95-3.91 (1H, 

m), 3.67-3.63 (1H, m), 2.28 (1H, dd, J=14.0, 2.7 Hz), 2.14 (1H, dd, J=14.0, 3.4 Hz), 1.21 (3H, t, J= 

7.2 Hz); 13C (500 MHz, CDCl3) δ 185.9, 154.6, 153.9, 151.1, 129.4, 128.8, 128.4, 126.1, 121.7, 

119.5, 118.5, 95.6, 64.4, 40.5, 36.2, 15.1; HRMS calcd. for C16H16NaO3 (MNa+) 279.09917, Found 

279.09944.   
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4-bromonaphthalen-1-ol 

OH

Br

 

To a solution of 1-naphthol (4.00g, 27.7 mmol) in acetonitrile (30 mL) was added N-

bromosuccinimide (4.93g, 27.7 mmol) in one portion and stirred overnight.  The reaction 

mixture was poured into water (100 mL) and extracted with Et2O (3x, 50 mL).  The combined 

organic extract was washed with brine (1x50 mL), dried over Na2SO4, and concentrated in 

vacuo.  Purification by flash chromatography (SiO2, 10% EtOAc/Hexanes) afforded 4-

bromonaphthalen-1-ol  (2.15g, 35% yield) as an off white solid.  1H NMR (300 MHz, CDCl3)TM δ 

8.21 (2H, t, J=8.0 Hz), 7.60 (3H, m), 6.73 (1H, d, J=7.9 Hz), 5.39 (1H, s). 
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((4-bromonaphthalen-1-yl)oxy)(tert-butyl)dimethylsilane (33) 

OTBS

Br

 

To a chilled (0 °C) solution of 4-bromonaphthalen-1-ol (2.10 g, 9.4 mmol) in CH2Cl2 (20 mL) 

under Ar(g) was added imidazole (1.3 g, 18.8 mmol) followed by TBS-Cl (2.1 g, 14.1 mmol) 

portion-wise, forming solid precipitate immediately.  The mixture was warmed to room 

temperature after 20 minutes and filtered.  The filtrate was concentrated in vacuo  to an orange 

oil.  Purification by flash chromatography (SiO2, 100% Hexanes) afforded 33 (3.16 g, 99% yield) 

as a white solid.  1H NMR (400 MHz, CDCl3)TM δ 8.20-8.15 (2H, m), 7.61-7.49 (3H, m), 6.73 (1H, 

d, J=2.0 Hz), 1.09 (9H, s), 0.28 (6H, s). 
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2-(4-((tert-butyldimethylsilyl)oxy)naphthalen-1-yl)phenol (34) 

OTBS

HO

 

To a solution of 33 (800 mg, 2.37 mmol) in a degassed 1,4-dioxane (5 mL) water (2 mL) mixture 

was added (2-hydroxyphenyl)boronic acid (360 mg, 3.26 mmol) and K3PO4 (1.2 g, 7.4 mmol).  

The mixture was stirred (15 minutes), charged with PdCl2dppf (200 mg, 0.25 mmol), and heated 

to 90 °C for 1.0 hour.  The reaction mixture was diluted with water (25 mL) and extracted with 

EtOAc (3x20 mL).  Combined organic extracts were dried over Na2SO4 and concentrated in 

vacuo to brown oil.  Purification by flash chromatography (SiO2, 5% EtOAc/Hexanes) affording 

34 (540 mg, 65% yield).  1H NMR (400 MHz, CDCl3)TM δ 8.29 (1H, dd, J=8.2, 1.6 Hz), 7.58 (1H, dd, 

J=8.2, 1.6 Hz), 7.57-7.49 (2H, m), 7.38-7.32 (2H, m), 7.25 (1H, dd, J=7.5, 1.6 Hz), 7.07-7.01 (2H, 

m), 6.95 (1H, d, J=7.4 Hz), 4.83 (1H, s), 1.12 (9H, s), 0.35 (6H,s); 13C (500 MHz, CDCl3) TM δ 153.4, 

152.3, 133.3, 131.5, 129.3, 128.4, 128.3, 127.0, 126.3, 126.3, 125.6, 125.5, 123.1, 120.4, 115.4, 

112.2, 25.9, 18.5, -4.2; HRMS calcd. for C22H26O2Si (MNa+) 373.1594, Found 373.1594. 

  



78 
 

((4-(2-(2-bromo-1-ethoxyethoxy)phenyl)naphthalen-1-yl)oxy)(tert-butyl)dimethylsilane (35) 

OTBS

O

OEt

Br

 

To a chilled (0°C) solution of bromine (543 mg, 3.40 mmol, 0.17 mL) in dichloromethane (10 mL) 

under Ar(g) was added ethyl vinyl ether (333 mg, 4.62 mmol, 0.44 mL) dropwise until the orange 

solution turned clear.  The mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (995 mg, 7.7 mmol, 1.20mL).  To this mixture was added a solution of 

biaryl 34 (540 mg, 1.54 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was 

allowed to warm slowly to room temperature, stirred overnight, then diluted with water (30 

mL).  The organic layer was collected and washed with water (1x 30 mL), dried over Na2SO4, and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 2% EtOAc/Hexanes) 

afforded 35 (752 mg, 97% yield) as a clear oil.  1H NMR (400 MHz, CDCl3)TM δ 8.25 (1H, d, J=8.6 

Hz), 7.53 (1H, dd, J=8.2, 1.6 Hz), 7.48-7.37 (3H, m), 7.33 (1H, dd, J=7.5, 1.9 Hz), 7.27-7.19 (3H, 

m), 6.91 (1H, dd, J=7.5, 1.6 Hz), 4.99 (1H, m), 3.45-2.94 (4H, m), 1.13 (9H, s), 1.00-0.96 (3H, m), 

0.33 (6H, d, J=1.5 Hz); 13C (400 MHz, CDCl3) TM δ (mixture of rotamers) 154.9, 154.6, 152.0, 

151.9, 133.9, 133.8, 133.2, 132.7, 129.9, 129.7, 129.4, 129.3, 128.3, 128.2, 128.0, 126.8, 126.7, 

126.7, 126.6, 125.5, 125.5, 123.9, 123.7, 123.2, 119.4, 119.2, 112.5, 102.3, 102.1, 62.9, 62.8, 

31.7, 26.5, 19.0, 15.4, -3.7; HRMS calcd. for C26H33BrO3Si (MNa+) 523.1275 and 525.1258, Found 

523.1275 and 525.1260. 
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2-ethoxy-4'H-spiro[chroman-4,1'-naphthalen]-4'-one (36) 

O

O
EtO

 

35 (290 mg, 0.58 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved in 

dimethylformamide (6 mL), and heated to 85 °C.  To this solution was added CsF (264 mg, 1.74 

mmol) that had been flame dried under vacuum immediately before use.  Upon addition, the 

reaction temperature was raised to 120 °C and stirred at temperature for 10 minutes.  The 

reaction was cooled to room temperature, diluted with a water (40 mL) and brine (40 mL) 

mixture, and extracted with EtOAc (3x 50 mL).  The combined extracts were washed with brine 

(50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by flash chromatography 

(SiO2, 06% EtOAc/Hexanes) afforded two diastereomers of 36 (92 mg less polar, 69 mg more 

polar, 91% combined yield) as oils that solidified to white solids upon standing.  (less polar 

diastereomer) IR (thin film) 2976, 1666 cm-1; 1H NMR (400 MHz, CDCl3)TM δ 8.20 (1H, dd, J=7.9 

,1.4 Hz), 7.62 (1H, d, J=10.2 Hz), 7.45 (1H, td, J=7.5, 1.4 Hz), 7.37 (1H, td, J=7.5, 1.4 Hz), 7.17 (1H, 

td, J=6.8, 1.7 Hz), 7.11 (1H, d, J=7.9 Hz), 6.97 (1H, dd, J=8.2, 1.0 Hz), 6.79 (1H, td, J=7.6, 1.4 Hz), 

6.57 (1H, dd, J=7.5, 1.4 Hz), 6.37 (1H, d, J=10.2 Hz), 5.42 (1H, t, J=3.2 Hz), 3.97-3.90 (1H, m), 

3.69-3.62 (1H, m), 2.64 (1H,dd, J=14.3, 3.1 Hz), 2.31 (1H, dd, J=14.3, 2.3 Hz), 1.22 (3H, t, J=7.0 

Hz); 13C (400 MHz, CDCl3) δ 184.8, 155.2, 151.3, 150.1, 132.9, 131.9, 130.0, 129.1, 128.8, 127.1, 

126.3, 124.6, 124.4, 121.9, 118.2, 96.2, 64.2, 41.6, 41.3, 15.1; HRMS calcd. for C20H18O3 (MH+) 

306.1256, Found 306.1258.  (more polar diastereomer) IR (thin film) 2977, 1667 cm-1; 1H NMR 
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(400 MHz, CDCl3)TM δ 8.20 (1H, dd, J=7.9, 1.4 Hz), 7.48 (1H, td, J=7.5, 1.4 Hz), 7.40 (1H, td, J=7.5, 

1.4 Hz), 7.21 (1H, dd, J=7.9, 1.0 Hz), 7.19-7.15 (2H, m), 6.98 (1H, dd, J=8.2, 1.4 Hz), 6.76 (1H, td, 

J=7.4, 1.4 Hz), 6.51 (1H, dd, J=7.6, 1.4 Hz), 6.40 (1H, d, J=10.0 Hz), 5.37 (1H, dd, J=9.2, 1.4 Hz), 

4.21-4.13 (1H, m), 3.77-3.30 (1H, m), 2.58 (1H, dd, J=14.0, 9.2 Hz), 2.29 (1H, dd, J=14.0, 2.4 Hz), 

1.31 (3H, t, J=7.0 Hz); 13C (400 MHz, CDCl3) δ 184.5, 153.3, 152.6, 148.5, 133.1, 131.6, 129.4, 

129.1, 129.0, 127.4, 126.4, 125.5, 124.6, 121.8, 118.2, 97.1, 65.0, 43.3, 42.8, 15.2; HRMS calcd. 

for C20H18NaO3 (MNa+) 329.11482, Found 329.11503. 
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 ((6-bromonaphthalen-2-yl)oxy)(tert-butyl)dimethylsilane 

OTBS

Br

 

6-bromonaphthalen-2-ol (1.00 g, 4.48 mmol) was dissolved in dichloromethane (5 mL) under 

Ar(g) and chilled to 0 °C.  The reaction mixture was charged with imidazole (76.2 mg, 1.12 mmol) 

and diisopropylethylamine (1.16 g, 8.96 mmol) followed by TBS-Cl (844 mg, 5.60 mmol).  The 

reaction mixture was allowed to warm slowly to room temperature and stirred until completion 

by TLC.  The reaction mixture was diluted with dichloromethane (30 mL) and poured into water 

(50 mL).  The organic layer was removed and the aqueous layer extracted with 

dichloromethane (2x30 mL).  The organic layers were combined, dried over Na2SO4, and 

concentrated in vacuo. The crude mixture was dissolved in hexanes (~5 mL) and passed through 

a SiO2 plug using hexanes as the eluent.  The filtrate was concentrated in vacuo affording pure 

product (1.317 g, 87% yield) as a white solid.  1H NMR (400 MHz, CDCl3)TM δ 7.92 (1H, d, J= 2.6 

Hz), 7.64 (1H, d, J= 8.8 Hz), 7.56 (1H, d, J= 8.8 Hz), 7.78 (1H, dd, J= 8.8, 2.1 Hz), 7.16 (1H, d, J= 

2.2 Hz), 7.10 (1H, dd, J= 8.7, 2.4 Hz), 1.02 (9H, s), 0.25 (6H, s).  
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2-(6-((tert-butyldimethylsilyl)oxy)naphthalen-2-yl)phenol 

OH

OTBS  

Degassed (Ar(g), 30 min) n-butanol was charged with ((6-bromonaphthalen-2-yl)oxy)(tert-butyl) 

dimethylsilane (660 mg, 1.96 mmol), (2-hydroxyphenyl)boronic acid (325 mg, 2.35 mmol), 

K3PO4 (1.25 g, 5.88 mmol), Pd(OAc)2 (4.5 mg, 0.02 mmol), and SPhos (16.4 mg, 0.04 mmol).  The 

reaction mixture was heated to 70 °C under Ar(g) for 4h.  The reaction mixture was allowed to 

cool to room temperature, poured into water (50 mL), extracted with ethyl acetate (3x30 mL), 

and the combined organic layers washed with brine (1x30 mL).  The organic layer was dried 

over Na2SO4 and concentrated in vacuo.  Purification by flash chromatography (SiO2, 4% 

EtOAc/Hexanes) afforded product (330 mg, 48%) as a clear oil.  1H NMR (400 MHz, CDCl3)TM δ 

7.89 (1H, s), 7.85 (1H, d, J= 8.7 Hz), 7.79 (1H, d, J= 8.7 Hz), 7.54 (1H, dd, J= 8.7, 2.3 Hz), 7.34 (2H, 

td, J= 8.2, 1.7 Hz), 7.27 (1H, d, J= 2.3 Hz), 7.16 (1H, dd, J= 8.7, 2.3 Hz), 7.09-7.01 (2H, m), 5.32 

(1H, s), 1.06 (9H, s), 0.29 (6H, s).    
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((6-(2-(2-bromo-1-ethoxyethoxy)phenyl)naphthalen-2-yl)oxy)(tert-butyl)dimethylsilane (37) 

O

OEt
Br

OTBS  

To a chilled (0°C) solution of bromine (320 mg, 2.00 mmol) in dichloromethane (5 mL) under 

Ar(g) was added ethyl vinyl ether (198 mg, 2.74 mmol) dropwise until the orange solution turned 

clear.  The mixture was stirred (5 minutes) and charged with di-isopropylethylamine (471 mg, 

3.64 mmol).  To this mixture was added a solution of 2-(6-((tert-

butyldimethylsilyl)oxy)naphthalen-2-yl)phenol (320 mg, 0.91 mmol) in dichloromethane (5 mL) 

dropwise.  The reaction mixture was allowed to warm slowly to room temperature, stirred 

overnight, and then diluted with water (30 mL).  The organic layer was collected and washed 

with water (1x 30 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by flash 

chromatography (SiO2, 2% EtOAc/Hexanes) afforded 37 (440 mg, 96% yield) as a clear oil.  1H 

NMR (400 MHz, CDCl3)TM δ 7.94 (1H, s), 7.78 (1H, d, J= 8.7 Hz), 7.74 (1H, d, J= 8.7 Hz), 7.67 (1H, 

dd, J= 8.7, 1.7 Hz), 7.46 (1H, dd, J= 7.5, 1.7 Hz), 7.38-7.31 (1H, m), 7.26-7.16 (3H, m), 7.12 (1H, 

dd, J= 8.7, 2.3 Hz), 5.28 (1H, t, J= 5.2 Hz), 3.67-3.57 (1H, m), 3.54-3.44 (1H, m), 3.43-3.36 (2H, 

m), 1.11 (3H, t, J= 7.5 Hz), 1.06 (9H, s), 0.29 (6H, s). 
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Naphthol biaryl ethoxy acetal dimer (39) 

O OEt

O

O

O

EtO

 

37 (200 mg, 0.40 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved in 

dimethylformamide (4 mL), and heated to 85 °C.  To this solution was added CsF (183 mg, 1.20 

mmol) that had been flame dried under vacuum immediately before use.  Upon addition, the 

reaction temperature was raised to 120 °C and stirred at temperature until reaction complete 

by TLC.  The reaction was cooled to room temperature, diluted with a water (40 mL) and brine 

(40 mL) mixture, and extracted with EtOAc (3x 50 mL).  The combined extracts were washed 

with brine (50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by flash 

chromatography (SiO2, 06% EtOAc/Hexanes) afforded 39 (87 mg, 70.7%) as a powdery solid. 

1H NMR (400 MHz, CDCl3)TM δ 7.68 (1H, s), 7.54 (1H, dd, J= 8.6, 1.6 Hz), 7.44 (1H, dd, J= 7.5, 1.8 

Hz), 7.40-7.33 (2H, m), 7.30 (1H, dd, J= 8.3, 1.3 Hz), 7.24-7.18 (2H, m), 6.69 (1H, dd, J= 9.1, 2.6 

Hz), 6.34 (1H, d, J= 2.3 Hz), 5.14 (1H, dd, J= 4.9, 3.4 Hz), 4.04-3.93 (2H, m), 3.88 (1H, dd, J= 10.4, 

3.1 Hz), 3.82-3.73 (1H, m), 1.32 (3H, t, J= 7.0 Hz). 

  



85 
 

6-((triisopropylsilyl)oxy)naphthalen-1-ol 

TIPSO

OH

  

Naphthalene-1,6-diol (300 mg, 1.87 mmol) and imidazole (255 mg, 3.74 mmol) was dissolved in 

DMF (4 mL) and chilled to 0 °C.  TIPS-Cl (361 mg, 1.87 mmol) was dissolved in DMF (4 mL)and 

added dropwise to the reaction mixture.  The reaction mixture was allowed to stir at 5 °C for 48 

hours, poured into a brine/water (1:1) mixture, and extracted with ethyl acetate (3x30 mL).  

The combined organics were washed with brine (1x30 mL), dried over sodium sulfate and 

concentrated in vacuo.  Purification via flash chromatography (SiO2, 4% EtOAc/Hexanes) 

afforded product (266 mg, 45%).  1H NMR (400 MHz, CDCl3)TM δ 8.06 (1H, d, J= 9.1 Hz), 7.25-

7.21 (1H, m), 7.18 (1H, d, J= 2.5 Hz), 7.12 (1H, dd, J= 8.7, 2.5 Hz), 6.65 (1H, dd, J= 7.3, 1.5 Hz), 

5.22 (1H, s), 1.37-1.24 (3H, m), 1.13 (18H, d, J= 7.3 Hz). 
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((5-(2-bromo-1-ethoxyethoxy)naphthalen-2-yl)oxy)triisopropylsilane (40) 

TIPSO

O

OEt
Br

 

To a chilled (0°C) solution of bromine (288 mg, 1.80 mmol) in dichloromethane (5 mL) under 

Ar(g) was added ethyl vinyl ether (177 mg, 2.46 mmol) dropwise until the orange solution turned 

clear.  The mixture was stirred (5 minutes) and charged with di-isopropylethylamine (424 mg, 

3.28 mmol).  To this mixture was added a solution of 6-((triisopropylsilyl)oxy)naphthalen-1-ol 

(260 mg, 0.82 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to 

warm slowly to room temperature, stirred overnight, and then diluted with water (30 mL).  The 

organic layer was collected and washed with water (1x 30 mL), dried over Na2SO4, and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 5% EtOAc/Hexanes) 

afforded 40 (200 mg, 52% yield) as a clear oil.  %).  1H NMR (400 MHz, CDCl3)TM δ 8.16 (1H, d, J= 

8.8 Hz), 7.38-7.28 (2H, m), 7.18 (1H, d, J= 2.5 Hz), 7.12 (1H, dd, J= 9.1, 2.5 Hz), 6.88 (1H, dd, J= 

7.4, 1.1 Hz), 5.56 (1H, dd, J= 6.0, 4.7 Hz), 3.85-3.77 (1H, m), 3.71-3.60 (3H, m), 1.36-1.26 (3H, 

m), 1.23 (3H, t, J= 7.0 Hz), 1.13 (18H, d, J= 7.5 Hz). 
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2-bromophenol 

OH
Br

  

Tert-butylamine (3.13 g, 42.8 mmol) was dissolved in toluene (300 mL) and cooled to -35 °C.  

Br2 was added dropwise to the solution, taking care to keep the reaction mixture between -35 

°C and -40 °C.  After complete addition, the reaction mixture was cooled to -78 °C and stirred 

for 20 minutes.  Phenol (6.04 g, 64.2 mmol) was dissolved in DCM (5 mL) and added in one 

portion.  The reaction mixture was allowed to warm slowly to room temperature over 18 hours.  

The reaction mixture was poured into 1M HCl(aq) (50 mL) and mixed.  The aqueous layer was 

removed and the organic layer was extracted with 1M NaOH (3x50 mL).  The basic aqueous 

layer was neutralized with saturated NH4Cl(aq) and extracted with DCM (3x50 mL).  The organic 

phase was dried over sodium sulfate and concentrated in vacuo. Purification by flash 

chromatography (SiO2, 4% EtOAc/Hexanes) afforded product (3.1 g, 84%) as a clear oil.  1H NMR 

(400 MHz, CDCl3)TM δ 7.46 (1H, dd, J= 8.0, 1.5 Hz), 7.25-7.20 (1H, m), 7.02 (1H, dd, J= 8.2 Hz, 1.5 

Hz), 6.84-6.78 (1H, m), 5.51 (1H, s).  
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(2-bromophenoxy)(tert-butyl)dimethylsilane (42) 

O
Br

Si

 

To a chilled (0 °C) solution of 2-bromophenol (3.1 g, 17.9 mmol) in DCM (20 mL) was added 

imidazole (2.7 g, 39.4 mmol) making a bright yellow solution. TBS-Cl (4.0 g, 26.9 mmol) was 

added to the reaction mixture in one portion causing an immediate exotherm, formation of a 

white solid, and disappearance of the yellow color.  The reaction mixture was stirred for 10 

minutes and the precipitate was filtered off.  The filtrate was concentrated in vacuo to a clear 

liquid.  Purification by flash chromatography (SiO2, 100% Hexanes) afforded 42 (4.47 g, 87%).  

1H NMR (400 MHz, CDCl3)TM δ 7.51 (1H, dd, J= 8.1, 1.6 Hz), 7.17 (1H, td, J= 8.0, 1.8 Hz), 6.87 (1H, 

dd, J= 8.2, 1.6 Hz), 6.82 (1H, td, J= 8.0, 1.8 Hz), 1.05 (9H, s), 0.25 (6H, s);  13C (400 MHz, CDCl3) δ 

152.9, 133.7, 129.4, 128.5, 125.6, 122.8, 120.6, 115.7, 26.1, 18.7, -3.9. 
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2-(tert-butyldimethylsilyl)phenol (44) 

OH
Si

 

Compound 42 (10 g, 34.8 mmol) was dissolved in THF (150 mL) in a flame dried flask and cooled 

to -78 °C.  The reaction mixture was charged with n-BuLi (2.5 M in hexanes, 48.7 mmol, 19.5 

mL) dropwise and the resulting mixture was stirred for 15 minutes.  Isopropyl borate (22.2 g, 

118.3 mmol) was added dropwise and the reaction mixture was allowed to warm slowly to 

room temperature over 18 hours.   The resulting white mixture was poured into saturated 

NH4Cl(aq)
 (100 mL) and extracted with ethyl acetate (3x75 mL).  The combined organics were 

dried over sodium sulfate and concentrated in vacuo.  Purification by flash chromatography 

(SiO2, 4% EtOAc/Hexanes) afforded 44 (4.7 g, 58%) as a white solid.  1H NMR (400 MHz, CDCl3)TM 

δ 7.36 (1H, dd, J= 7.2, 1.6 Hz), 7.27-7.22 (1H, m), 6.93 (1H, td, J= 7.4, 1.0 Hz), 6.69 (1H, d, J= 7.8 

Hz), 4.89 (1H, s), 0.92 (9H, s), 0.34 (6H, s). 
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1-(benzyloxy)-2-bromo-3-methoxybenzene (45) 

OBnO
Br  

To a solution of 25a (1.00 g, 5.0 mmol) in dimethylformamide (20 ml) was added benzyl 

bromide (930 mg, 5.4 mmol, 0.64 ml) and K2CO3 (2.00 g, 15.0 mmol).  The mixture was heated 

to 95 °C for 2.0 hours, cooled to room temperature, poured into a water (125 mL) and brine 

(125 mL) mixture, and extracted with EtOAc (3x50 mL).  The combined extracts were washed 

with brine (1x50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by flash 

chromatography (SiO2, 6% EtOAc/Hexanes) afforded 45 (1.19 g, 81% yield) as a clear oil.  1H 

NMR (400 MHz, CDCl3)TM δ 7.48 (2H, d, J=8.2 Hz), 7.38 (2H, m), 7.31 (1H, m), 7.19 (1H, t, J=8.2 

Hz), 6.61 (1H, dd, J=8.6, 1.2 Hz), 6.58 (1H, dd, J=8.3, 1.2 Hz), 5.17 (2H, s), 3.91 (3H, s); 13C (500 

MHz, CDCl3) δ; HRMS calcd. for C14H13O2Br (M+) 292.0099 and 294.0078, Found 292.0103 and 

294.0079.   
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2'-(benzyloxy)-6'-methoxy-[1,1'-biphenyl]-2-ol (46) 

OBnO
HO

 

To a solution of 45 (950 mg, 3.24 mmol) in dimethylformamide (20 mL) was added (2-

hydroxyphenyl)boronic acid (492 mg, 3.56 mmol) and K3PO4 (1.4 g, 6.48 mmol).  The mixture 

was stirred (15 minutes), charged with PdCl2dppf (214 mg, 0.26 mmol), and heated to 90 °C for 

3 hours.  The reaction mixture was diluted with water (100 mL) and extracted with EtOAc (3x40 

mL).  Combined organic extracts were washed with brine (1x50 mL), dried over Na2SO4, and 

concentrated in vacuo to brown oil.  Purification by flash chromatography (SiO2, 10% 

EtOAc/Hexanes) affording 46 (270 mg, 29% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.32-7.19 (8H, 

m), 7.04 (1H, dd, J=7.8, 0.7 Hz), 6.99 (1H, td, J=8.4, 1.2 Hz), 6.72 (2H, t, J= 8.6 Hz), 5.29 (1H, s), 

5.04 (2H, s), 3.78 (3H, s).  13C (500 MHz, CDCl3) δ 158.1, 157.2, 153.6, 153.0, 136.9, 132.3, 131.3, 

130.0, 129.8, 129.0, 128.4, 127.6, 126.7, 121.6, 121.0, 116.7, 116.3, 114.8, 107.1, 105.0, 70.8, 

56.1; HRMS calcd. for C20H18O3 (MNa+) 329.1148, Found 329.1149.   
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((2'-(benzyloxy)-6'-methoxy-[1,1'-biphenyl]-2-yl)oxy)(tert-butyl)dimethylsilane (47) 

OBnO
TBSO

 

To a solution of 46 (280 mg, 0.92) in CH2Cl2 (10 mL) under Ar(g) was added imidazole (187 mg, 

2.75 mmol).  The reaction mixture was cooled to 0 °C, charged with TBS-Cl (207 mg, 1.37 

mmol), and was allowed to warm slowly to room temperature overnight.  The micture was 

washed with water (2x30 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by 

flash chromatography (SiO2, 1% EtOAc/Hexanes) afforded 47 (300 mg, 77% yield) as a clear oil.  

1H NMR (400 MHz, CDCl3)TM δ 7.26-7.20 (8H, m), 7.01 (1H, td, J=7.4, 1.1 Hz), 6.90 (1H, d, J=7.4 

Hz), 6.62-6.60 (2H, m), 5.00 (2H, d, J=2.4 Hz), 3.72 (3H, s), 0.71 (9H, s), -0.04 (6H, d, J=0.8 Hz); 

13C (500 MHz, CDCl3) δ 158.3, 157.3, 153.6, 137.7, 132.3, 128.5, 128.2, 128.2, 127.2, 126.5, 

120.7, 119.2, 117.7, 105.7, 104.1, 70.2, 55.7, 25.4, 17.8, -4.7, -4.8; HRMS calcd. for C26H32O3Si 

(MNa+) 443.2013, Found 443.2018.   
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2'-((tert-butyldimethylsilyl)oxy)-6-methoxy-[1,1'-biphenyl]-2-ol (48) 

OHO
TBSO

 

To a N2(g) flushed flask containing methanol (10 mL) was added 10% wt Pd/C (30 mg).  The 

mixture was then flushed with H2(g) and charged with a solution of 47 (280 mg, 0.67 mmol) in 

methanol (10 mL).  The mixture was stirred under a balloon of H2(g) overnight.  The black 

suspension was filtered through celite and concentrated in vacuo to a clear oil affording 48 (215 

mg, 97% yield) that solidified upon standing, no purification necessary. 1H NMR (400 MHz, 

CDCl3)TM δ 7.29 (2H, m), 7.20 (1H, t, J=8.2 Hz), 7.07 (1H, td, J=7.5, 1.2 Hz), 6.97 (1H, dd, J=8.6, 

1.1 Hz), 6.65 (1H, dd, J=8.2, 0.8 Hz), 6.54 (1H, dd, J=8.2, 0.8), 5.49 (1H, s), 3.72 (3H, s), 0.77 (9H, 

s), 0.06 (3H, s), -0.13 (3H, s); 13C (500 MHz, CDCl3) δ 157.8, 154.4, 153.0, 133.3, 129.3, 129.0, 

124.5, 122.0, 120.5, 115.0, 109.4, 103.3, 55.7, 25.3, 17.8, -4.7, -5.2; HRMS calcd. for C19H26O3Si 

(MNa+) 353.1543, Found 353.1546.   
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((2'-(2-bromo-1-ethoxyethoxy)-6'-methoxy-[1,1'-biphenyl]-2-yl)oxy)(tert-butyl)dimethylsilane 

(49) 

OO
TBSO

OEt
Br

 

To a chilled (0°C) solution of bromine (412 mg, 2.58 mmol, 0.13 mL) in dichloromethane (5 mL) 

under Ar(g) was added ethyl vinyl ether (253 mg, 3.51 mmol, 0.34 mL) dropwise until the orange 

solution turned clear.  The mixture was stirred (5 minutes) and charged with di-

isopropylethylamine (605 mg, 4.68 mmol, 0.82 mL).  To this mixture was added a solution of 48 

(387 mg, 1.17 mmol) in dichloromethane (5 mL) dropwise.  The reaction mixture was allowed to 

warm slowly to room temperature, stirred overnight, then diluted with water (30 mL).  The 

organic layer was collected and washed with water (1x 30 mL), dried over Na2SO4, and 

concentrated in vacuo.  Purification by flash chromatography (SiO2, 2% EtOAc/Hexanes) 

afforded 49 (490 mg, 88% yield) as a clear oil.  1H NMR (400 MHz, CDCl3)TM Mixture of rotational 

isomers δ 7.26-7.20 (2H, m), 7.16, 7.14 (1.0:1.1 ratio, 1H, dd, J=7.4, 1.7 Hz), 7.00, 6.98 (1.1:1.0 

ratio, 1H, dt, J=7.4, 1.2 Hz), 6.88, 6.86 (1.1:1.0 ratio, 1H, dd, J=8.2 Hz, 1.0 Hz), 6.81, 6.77 (1.1:1.0 

ratio, 1H, dd, J=8.2, 0.8 Hz), 6.68, 6.66 (1.1:1.0 ratio, 1H, bs), 5.13, 5.04 (1.1:1.0 ratio, 1H, dd, 

J=7.4, 3.3 Hz), 3.70, 3.69 (1.1:1.0 ratio, 3H, s), 3.68-3.16 (4H, m), 1.16, 1.10 (1.1:1.0 ratio, 3H, t, 

J=7.0 Hz), 0.72, 0.71 (1.1:1.0 ratio, 9H, s), 0.08--0.03 (6H, m).  13C (500 MHz, CDCl3) δ 158.4, 

158.3, 155.6, 154.8, 153.6, 153.5, 132.3, 132.1, 128.7, 128.6, 128.4, 126.1, 125.9, 120.7, 120.6, 

119.8, 119.7, 119.0, 118.6, 110.8, 110.5, 105.6, 102.3, 101.7, 62.4, 62.1, 55.6, 31.5, 25.4, 25.3, 
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17.8, 17.8, 15.0, 14.9, -4.5, -4.9; HRMS calcd. for C23H33BrO4Si (MNa+) 503.1224, Found 

503.1225.   
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6-ethoxy-1-methoxy-6,7-dihydrodibenzo[e,g][1,4]dioxocine (51a) 

6-ethoxy-1-methoxy-6-methyldibenzo[d,f][1,3]dioxepine (51b) 

O

O

EtO
OMe

and 

O

OEtO

Me
OMe

 

50 (480 mg, 1.00 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved in 

dimethylformamide (10 mL), and heated to 90 °C.  To this solution was added CsF (455 mg, 3.00 

mmol) that had been flame dried under vacuum immediately before use.  Upon addition, the 

reaction temperature was raised to 130 °C and stirred at temperature for 10 minutes.  The 

reaction was cooled to room temperature, diluted with a water (50 mL) and brine (20 mL) 

mixture, and extracted with EtOAc (3x 50 mL).  The combined extracts were washed with brine 

(50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by flash chromatography 

(SiO2, 1:20 EtOAc:Hexanes) afforded 51a (54 mg, 38% yield) and 51b (54 mg, 38%) as clear oils.  

(51a) IR (thin film) 2976, 2931, 2249, 1595, 1466, 1434 cm-1; 1H NMR (400 MHz, CDCl3)TM δ 7.46 

(1H, dd, J=8.2, 2.0 Hz), 7.36-7.30 (2H, m), 7.18-7.14 (2H, m), 6.82 (2H, t, J=8.6 Hz), 5.04 (1H, dd, 

J=9.0, 2.9 Hz), 4.42 (1H, dd, J=8.1, 3.1 Hz), 4.24-4.15 (1H, m), 3.85-3.69 (2H, m), 3.78 (3H, s), 

1.30 (3H, t, J=7.0 Hz); 13C (400 MHz, CDCl3) TM δ 158.6, 157.5, 156.0, 131.9, 129.6, 129.3, 126.9, 

123.7, 122.3, 121.6, 114.3, 107.8, 105.8, 74.7, 64.4, 55.9, 14.9; HRMS calcd. for C17H18O4 

(MNa+)309.1097, Found 309.1100.  (51b) IR (thin film) 2979, 1471, 1436, 1380 cm-1; 1H NMR 

(400 MHz, CDCl3)TM δ 7.79 (1H, dd, J=7.8, 1.9 Hz), 7.32-7.25 (3H, m), 7.15 (1H, dd, J=8.2, 1.6 Hz), 

6.87 (1H, dd, J=8.6, 1.2 Hz), 6.81 (1H, dd, J=8.2, 1.2 Hz), 3.89 (2H, q, J=7.0 Hz), 3.84 (3H, s), 1.74 
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(3H, s), 1.27 (3H, t, J=7.0 Hz);  13C (400 MHz, CDCl3) TM δ 156.9, 151.9, 151.0, 131.2, 128.7, 128.5, 

128.3, 125.6, 124.3, 122.8, 120.3, 115.8, 108.2, 60.0, 55.9, 21.5, 15.2; HRMS calcd. for C17H18O4 

(MNa+)309.1097, Found 309.1099.   
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2'-(2-bromo-1-ethoxyethoxy)-[1,1'-biphenyl]-2-ol (56) 

O
OH

OEt
Br

 

Dichloromethane (7 mL) was charged with Br2 (58 mg, 0.36 mmol) and cooled to 0 °C.  Ethyl 

vinyl ether (39 mg, 0.54 mmol) was added dropwise to the orange mixture until the color 

disappeared.  Diisopropylethylamine (93 mg, 0.72 mmol) was added followed by [1,1'-

biphenyl]-2,2'-diol (200 mg, 1.07 mmol).  Purification by flash chromatography (SiO2, 1:10 

EtOAc:Hexanes) afforded 56 (111 mg, 92% yield) as an oil.  1H NMR (400 MHz, CDCl3)TM δ 7.47-

7.27 (6H, m), 7.10-7.05 (2H, m), 6.13 (1H, s), 5.30 (1H, t, J=5.5 Hz), 3.69-3.43 (4H, m), 1.15 (3H, 

t, J=7.0 Hz);  13C (400 MHz, CDCl3) TM δ 153.4, 152.7, 132.6, 131.2, 129.8, 129.5, 129.4, 125.9, 

124.5, 121.0, 118.7, 117.5, 103.0, 63.9, 31.1, 14.9; HRMS calcd. for C16H17BrO3 (MNa+) 359.0253 

and 361.0235, Found 359.0256 and 361.0236. 
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((2'-(2-bromo-1-ethoxyethoxy)-[1,1'-biphenyl]-2-yl)oxy)(tert-butyl)dimethylsilane (53) 

O
OTBS

Br
OEt

 

To a chilled (O oC) solution of 56 (400 mg, 1.186 mmol) and imidazole (242 mg, 3.56 mmol) in 

dichloromethane (10 mL) was added tert-butyldimethylsilyl chloride (268 mg, 1.78 mmol) in 

one portion causing immediate formation of a white solid.  The mixture was allowed to stir at 

room temperature for 40 hours.  The reaction mixture was diluted with water (30 mL) and the 

organic layer removed.  The organic layer was dried over sodium sulfate and concentrated in 

vacuo.  The crude mixture was purified via flash chromatography (SiO2, 1:50 EtOAc:Hexanes) 

affording 53 (482 mg, 90.1% yield). 1H NMR (400 MHz, CDCl3)TM δ 7.31-7.21 (4H, m), 7.16 (1H, d, 

J=8.5 Hz), 7.09 (1H, td, J=7.2, 1.1 Hz), 6.99 (1H, td, J=7.2, 1.1 Hz), 6.88 (1H, d, J= 8.5 Hz), 5.14 

(1H, dd, J=7.2, 4.1 Hz), 3.67-3.58 (1H, m), 3.48-3.39 (1H, m), 3.35-3.27 (1H, m), 1.14 (3H, t, J= 

7.2Hz), 0.74 (9H, s), 0.01 (3H, s), -0.03 (3H, s); 13C (400 MHz, CDCl3) TM δ 154.4, 153.3, 132.4, 

131.8, 130.9, 130.3, 128.8, 122.8, 121.1, 119.6, 118.1, 102.1, 62.2, 31.5, 25.6, 18.1, 15.2, -4.3, -

4.4; HRMS calcd. for C22H31BrO3Si (MNa+) 473.1118 and 475.1101, Found 473.1125 and 

475.1108. 
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6-ethoxy-6,7-dihydrodibenzo[e,g][1,4]dioxocine (55a) 

6-ethoxy-6-methyldibenzo[d,f][1,3]dioxepine (55b) 

O

O

EtO

 and 

O

OEtO

Me

 

53 (154 mg, 0.341 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved 

in dimethylformamide (4 mL), and heated to 90 °C.  To this solution was added CsF (155 mg, 

1.02 mmol) that had been flame dried under vacuum immediately before use.  Upon addition, 

the reaction temperature was raised to 130 °C and stirred at temperature for 10 minutes.  The 

reaction was cooled to room temperature, diluted with a water (50 mL) and brine (20 mL) 

mixture, and extracted with EtOAc (3x 50 mL).  The combined extracts were washed with brine 

(50 mL), dried over Na2SO4, and concentrated in vacuo.  Purification by flash chromatography 

(SiO2, 1:50 EtOAc:Hexanes) afforded 55a (35 mg, 40% yield) and 55b (31 mg, 35%) as clear oils.  

6-ethoxy-6,7-dihydrodibenzo[e,g][1,4]dioxocine (55a).  1H NMR (400 MHz, CDCl3)TM δ 7.44-

7.17 (8H, m), 5.10 (1H, d, J=7.2 Hz), 4.48 (1H, d, J= 8.3 Hz), 4.31-4.21 (1H, m), 3.89 (1H, t, J=9.5 

Hz), 3.84-3.74 (1H, m), 1.35 (3H, t, J=7.2 Hz); 13C (400 MHz, CDCl3) TM δ 151.2, 132.1, 128.8, 

128.2, 125.8, 125.4, 122.9, 59.9, 22.0, 15.2; HRMS calcd. for C16H16O3 (MNa+) 279.0992, Found 

279.0997.  6-ethoxy-6-methyldibenzo[d,f][1,3]dioxepine (55b).  1H NMR (400 MHz, CDCl3)TM δ 

7.52 (2H, dd, J=7.5, 1.7 Hz), 7.36 (2H, td, J=7.5, 1.7 Hz), 7.29 (2H, td, J= 7.5, 1.3 Hz), 7.16 (2H, J= 

7.5, 1.3 Hz), 3.92 (2H, q, J= 7.2 Hz), 1.78 (3H, s), 1.28 (3H, t, J= 7.2 Hz); 13C (400 MHz, CDCl3) TM δ 
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158.3, 154.8, 133.6, 131.9, 130.3, 130.0, 129.7, 129.4, 125.1, 124.8, 122.4, 121.9, 105.6, 74.5, 

64.4, 14.9; HRMS calcd. for C16H16O3 (MNa+) 279.0992, Found 279.1000. 

Alternatively: To a solution of 56 (150 mg, 0.44 mmol) in t-butanol (3 mL) was added Cs2CO3 

(1.45 g, 4.4 mmol).  The mixture was heated at reflux for 1.5 hours forming a pink mixture.  The 

mixture was cooled to room temperature, poured into water (50 mL), and extracted with EtOAc 

(3x 30 mL).  The combined extracts were washed with brine (1x50 mL), dried over Na2SO4, and 

concentrated in vacuo.  Purification by prep TLC (SiO2, 10% EtOAc/Hexanes) afforded 55a (54 

mg, 48% yield) and 55b (20 mg, 18%) as clear oils 
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6-(4-((tert-butyldimethylsilyl)oxy)phenyl)benzo[d][1,3]dioxole-5-carbaldehyde (59) 

H

O

O
O

OTBS  

To a degassed solution of 6-bromopiperonal (2.00 g, 8.73 mmol) in dimethoxyethane (60 mL) 

was added (4-((tert-butyldimethylsilyl)oxy)phenyl)boronic acid (3.30 g, 13.10 mmol), K2CO3 

(3.32 g, 24.00 mmol), and PCy3 (490 mg, 1.75 mmol).  The mixture was stirred for 15 minutes, 

charged with Pd2dba3 (400 mg, 0.44 mmol), and heated at reflux for 2.5 hours.  The mixture 

was cooled to room temperature, poured into water (100 mL), and extracted with EtOAc (3x50 

mL).  The combined organic extract was washed with brine (1x50 mL), dried over Na2SO4, and 

concentrated to a red solid.  Purification by flash chromatography (SiO2, 4% EtOAc/Hexanes) 

afforded 59 (2.85 g, 92% yield) as a toffee colored solid.  1H NMR (400 MHz, CDCl3)TM δ 9.76 

(1H, s), 7.45 (1H, s), 7.19 (2H, d, J=8.6 Hz), 6.90 (2H, d, J=8.6 Hz), 6.83 (1H, s), 6.08 (2H, s), 1.00 

(9H, s), 0.24 (6H, s); 13C (400 MHz, CDCl3) δ 195.3, 160.3, 156.4, 151.9, 148.0, 135.7, 134.8, 

133.1, 124.3, 114.6, 110.6, 106.4, 30.0, 22.6, 0.0 
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2-(((6-(4-((tert-butyldimethylsilyl)oxy)phenyl)benzo[d][1,3]dioxol-5-yl)methyl)amino)ethanol 

(60) 

H
N

O
O

OTBS

OH

 

To a solution of 59 (2.21 g, 6.2 mmol) in methanol (50 mL) over 4Å sieves was added 

ethanolamine (947 mg, 15.5 mmol, 0.937 mL) and stirred for 1 hour.  The solution was cooled 

to 0 °C and NaBH4 (141 mg, 3.7 mmol) was added with evolution of H2(g).  The mixture was 

stirred for 1 hour and poured into water (100 mL).  Methanol was removed in vacuo and a 

saturated aqueous solution of Rochelle’s salt (# mL) was added to the mixture.  After stirring for 

30 minutes, the mixture was extracted with EtOAc (4x50 mL), washed with brine (1x50 mL), 

dried over Na2SO4, and concentrated in vacuo to a brown oil that was carried through to the 

next step without purification (2.17 g, 87% crude yield).  1H NMR (400 MHz, CDCl3)TM δ 7.14 (2H, 

d, J=8.7 Hz), 6.94 (1H, s), 6.86 (2H, d, J=8.5 Hz), 6.73 (1H, s), 5.98 (2H, s), 3.64 (2H, s), 3.52 (2H, t, 

J=5.1 Hz), 2.62 (2H, t, J=5.1 Hz), 2.01 (2H, bs), 1.03 (9H, s), 0.26 (6H, s). 
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2-(N-((6-(4-((tert-butyldimethylsilyl)oxy)phenyl)benzo[d][1,3]dioxol-5-yl)methyl)-4-

methylphenylsulfonamido)ethyl 4-methylbenzenesulfonate (57) 

N

O
O

OTBS

OTs

Ts

 

To a chilled (0 °C) solution of crude 60 (95 mg, 0.237 mmol) in pyridine (1 mL) was added p-

toluenesulfonyl chloride (180 mg, 0.946 mmol) portion wise over 15 minutes so that the 

exotherm was controlled.  The green solution was slowly warmed to room temperature under 

Ar(g) overnight.  The mixture was poured into water (50 mL), extracted with EtOAc (3x30 mL), 

washed with brine (1x20 mL), dried over Na2SO4, and concentrated in vacuo.  The crude mixture 

was azeotroped with cyclohexane (2x20 mL) to remove excess pyridine.  Purification by flash 

chromatography (neutral alumina, 12% EtOAc/Hexanes) afforded 57 (135 mg, 80% yield, 70% 

yield over 2 steps).  1H NMR (400 MHz, CDCl3)TM δ 7.61 (2H, d, J=8.2 Hz), 7.56 (2H, d, J=8.2 Hz), 

7.31 (2H, d, J=8.2 Hz), 7.25 (2H, d, J=8.2 Hz), 6.95 (2H, d, J=8.2 Hz), 6.80 (2H, d, J=8.2 Hz), 6.63 

(1H, s), 5.99 (2H, s), 4.13 (2H, s), 3.69 (2H, t, J=6.8 Hz), 3.03 (2H, t, J=6.8 Hz), 2.45 (3H, s), 2.41 

(3H, s). 
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N-((6-(4-hydroxyphenyl)benzo[d][1,3]dioxol-5-yl)methyl)-4-methyl-N-

vinylbenzenesulfonamide (62) 

O
O

OH

N
Ts

 

To a stirred solution of 57 (1.00 g, 1.41 mmol) in MeOH (20 mL) was added KF (1.00g, 17.2 

mmol) at room temperature.  The reaction mixture was stirred until complete by TLC and then 

poured into water (50 mL).  The mixture was extracted using EtOAc (3x30 mL), washed with 

brine (1x20 mL), dried over sodium sulfate, and concentrated in vacuo to a white foam 

consisting of crude 61.  Deemed sufficiently pure by TLC, crude 61 (50 mg, 0.084 mmol) was 

dissolved in t-BuOH (5 mL) and heated to reflux.  KOtBu was added to the reaction mixture and 

stirred for one hour.  The reaction mixture was allowed to cool to room temperature and was 

poured into saturated NH4Cl(aq) (10 mL), extracted with EtOAc (3x20 mL), the combined organic 

layers dried over sodium sulfate, and concentrated in vacuo.  Purification by preparatory TLC 

(SiO2, 2% EtOAc/Hexanes) afforded 62 (33 mg, 92.9%). 1H NMR (400 MHz, CDCl3)TM δ 7.61 (2H, 

d, J= 7.6Hz), 7.28 (2H, d, J= 7.6 Hz), 7.07 (2H, d, J= 7.6 Hz), 7.02 (1H, s), 6.89-6.80 (3H, m), 6.63 

(1H, s), 5.95 (2H, s), 5.12 (1H, s), 4.33 (2H, s), 4.13 (1H, d, J= 8.6 Hz), 3.79 (1H, d, J= 15.6 Hz), 

2.39 (3H, s).  
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N-(2-bromoethyl)-N-((6-(4-((tert-butyldimethylsilyl)oxy)phenyl)benzo[d][1,3]dioxol-5-

yl)methyl)-4-methylbenzenesulfonamide (63) 

O
O

OTBS

N
Ts

Br

 

To a stirred mixture of 57 (700 mg, 0.98 mmol) in DMF (6 mL), was added LiBr (500 mg, 5.7 

mmol).  The mixture was heated under Ar(g) to 70 °C for one hour.  The reaction mixture was 

allowed to cool to room temperature and poured into water (50 mL).  The mixture was 

extracted using ethyl acetate (3x30 mL).  The combined organics were washed with brine (1x20 

mL), dried over sodium sulfate, and concentrated in vacuo.  Purification via flash 

chromatography (SiO2, 2% EtOAc/Hexanes) afforded 63 (440 mg, 71%) as a white solid.  1H NMR 

(400 MHz, CDCl3)TM δ 7.64 (2H, d, J= 8.4 Hz), 7.29 (2H, J= 8.0 Hz), 7.03-6.96 (3H, m), 6.83 (2H, d, 

J= 8.4 Hz), 6.64 (1H, s), 5.99 (2H, s), 4.21 (2H, s), 3.16-3.06 (2H, m), 2.95-2.87 (2H, m), 2.42 (3H, 

s), 0.983 (9H, s), 0.21 (6H, s).  
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(4'-((tert-butyldimethylsilyl)oxy)-[1,1'-biphenyl]-2-yl)methanol 

OTBS

OH

 

To a degassed (Ar(g) for 30 min) mixture of dioxane/water (8 mL/ 2 mL) was added (4-((tert-

butyldimethylsilyl)oxy)phenyl)boronic acid (1.00 g, 3.96 mmol), 2-bromobenzyl alcohol (530 mg, 

2.80 mmol), K2CO3 (1.16 g, 8.39 mmol), and PdCl2dppf (114 mg, 0.14 mmol).  The orange 

mixture was heated to 90 °C for two hours under Ar(g) while stirring.  The reaction mixture was 

allowed to cool to room temperature and was poured into water.  The mixture was extracted 

using ethyl acetate (3x30 mL), washed with brine (1x20 mL), dried over sodium sulfate, and 

concentrated in vacuo. Purification by preparatory TLC (SiO2, 100% DCM) afforded product (86 

mg, 68%).  1H NMR (400 MHz, CDCl3)TM δ 7.53 (1H, d, J= 8.1 Hz), 7.40-7.31 (2H, m), 7.30-7.21 

(3H, m), 6.90 (2H, d, J= 8.5 Hz), 4.63 (2H, s), 1.64 (1H, s), 1.02 (9H, s), 0.25 (6H, s). 
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((2'-((2-bromo-1-ethoxyethoxy)methyl)-[1,1'-biphenyl]-4-yl)oxy)(tert-butyl)dimethylsilane 

(64) 

OTBS

O OEt

Br

 

To a chilled (0°C) solution of Br2 (914 mg, 5.72 mmol) in 1,2 DCE (10 mL) was added ethyl vinyl 

ether (620 mg, 8.6 mmol) dropwise until the orange color disappeared and then di-

isopropylethylamine (1.48 g, 11.44 mmol) was added to the mixture in one portion.  (4'-((tert-

butyldimethylsilyl)oxy)-[1,1'-biphenyl]-2-yl)methanol (900 mg, 2.86 mmol) dissolved in 1,2 DCE 

(2 mL) was added swiftly to the reaction mixture and it was allowed to warm to room 

temperature over 15 hours.  The reaction mixture was poured into water and extracted with 

DCM (3x30 mL).  The combined organics were dried over sodium sulfate and concentrate in 

vacuo.  Purification by flash chromatography (SiO2, 2% EtOAc/Hexanes) afforded 64 (1.27 g, 

95%). 1H NMR (400 MHz, CDCl3)TM δ 7.56-7.52 (2H, m), 7.37-7.33 (2H, m), 7.23 (2H, d, J= 8.6 Hz), 

6.88 (2H, d, J= 8.6 Hz), 4.70-4.65 (1H, m), 4.60 (1H, d, J= 11.2 Hz), 4.48 (1H, d, J= 11.2 Hz), 3.67-

3.44 (2H, m), 3.41 (2H, d, J= 7.0 Hz), 1.15 (3H, t, J= 7.0 Hz), 1.01 (9H, s), 0.24 (6H, s). 
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2'-((2-bromo-1-ethoxyethoxy)methyl)-[1,1'-biphenyl]-4-ol (66) 

OH

O OEt

Br

 

64 (50 mg, 0.11 mmol) was dried by azeotroping with toluene (2x 30 mL) in vacuo, dissolved in 

dimethylformamide (1 mL), and heated to 90 °C under Ar(g).  To this solution was added CsF (50 

mg, 0.33 mmol) that had been flame dried under vacuum immediately before use.  Upon 

addition, the reaction temperature was raised to 130 °C and stirred at for one hour.  The 

reaction was cooled to room temperature, diluted with a water/brine (1:1, 50 mL) mixture and 

extracted with EtOAc (3x30 mL).  The combined extracts were washed with brine (1x50 mL), 

dried over Na2SO4, and concentrated in vacuo.  Purification by preparatory chromatography 

(SiO2, 1:5 EtOAc:Hexanes) afforded 65 (16 mg, 41% yield).  1H NMR (400 MHz, CDCl3)TM δ 7.58-

7.52 (1H, m), 7.39-7.32 (2H, m), 7.29-7.23 (3H, m), 6.87 (2H, d, J= 8.7 Hz), 4.96 (1H, s), 4.69 (1H, 

t, J= 5.8 Hz), 4.60 (1H, d, J= 10.6 Hz), 4.80 (1H, d, J= 10.6 Hz), 3.66-3.47 (2H, m), 3.35 (2H, d, J= 

4.8 Hz), 1.16 (3H, t, J= 7.0 Hz). 
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3 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923-2925. 
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Appendix A: X-ray Data for 14 

Figure 1.  View of molecule 1 of 14 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  
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Figure 2.  View of molecule 2 of 14 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  
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Figure 3.  View of molecule 3 of 14 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  
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Figure 4.  View of molecule 4 of 14 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  
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X-ray Experimental for C24H27NO3S (14): Crystals grew as long colorless rods by slow 

evaporation from ethyl acetate and hexane.  The data crystal was cut from a larger crystal and 

had approximate dimensions; 0.28 x 0.12 x 0.08 mm.  The data were collected on a Rigaku SCX-

Mini diffractometer with a Mercury CCD using a graphite monochromator with MoKα radiation 

(λ = 0.71075Å).  A total of 1080 frames of data were collected using ω-scans with a scan range 

of 0.5° and a counting time of 22 seconds per frame.  The data were collected at 153 K using a 

Rigaku XStream low temperature device.  Details of crystal data, data collection and structure 

refinement are listed in Table 1.  Data reduction were performed using the Rigaku Americas 

Corporation’s Crystal Clear version 1.40.1  The structure was solved by direct methods using 

SIR972 and refined by full-matrix least-squares on F2 with anisotropic displacement parameters 

for the non-H atoms using SHELXL-97.3  Structure analysis was aided by use of the programs 

PLATON984 and WinGX.5  The hydrogen atoms were calculated in ideal positions with 

isotropic displacement parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl 

hydrogen atoms).  The absolute configuration was determined by the method of Flack.6  The 

Flack x parameter refined to a value very close to 0 with a standard uncertainty of 0.09.  The 

assignment was confirmed by the use of the Hooft y-parameter,7 which refined to 0.04(7).  The 

function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0281*P)2 + (2.2112*P)] 

and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.186, with R(F) equal to 0.0981 and a goodness of 

fit, S, = 1.10.  Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given 

below.8  The data were checked for secondary extinction effects but no correction was necessary.  

Neutral atom scattering factors and values used to calculate the linear absorption coefficient are 

from the International Tables for X-ray Crystallography (1992).9  All figures were generated 

using SHELXTL/PC.10  Tables of positional and thermal parameters, bond lengths and angles, 

torsion angles and figures are found elsewhere.   
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Table 1.  Crystal data and structure refinement for 14. 

Empirical formula  C24 H27 N O3 S 

Formula weight  409.53 

Temperature  153(2) K 

Wavelength  0.71075 Å 

Crystal system  Monoclinic 

Space group  P21 

Unit cell dimensions a = 11.421(3) Å α= 90°. 

 b = 22.139(5) Å β= 93.914(6)°. 

 c = 16.156(4) Å γ = 90°. 

Volume 4075.5(17) Å3 

Z 8 

Density (calculated) 1.335 Mg/m3 

Absorption coefficient 0.185 mm-1 

F(000) 1744 

Crystal size 0.28 x 0.12 x 0.08 mm3 

Theta range for data collection 2.99 to 27.48°. 

Index ranges -14<=h<=14, -28<=k<=28, -20<=l<=20 

Reflections collected 27318 

Independent reflections 17525 [R(int) = 0.0888] 

Completeness to theta = 27.48° 98.4 %  

Max. and min. transmission 1.00 and 0.642 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17525 / 1 / 1057 

Goodness-of-fit on F2 1.096 

Final R indices [I>2sigma(I)] R1 = 0.0981, wR2 = 0.1454 

R indices (all data) R1 = 0.2072, wR2 = 0.1858 

Absolute structure parameter -0.01(9) 

Largest diff. peak and hole 0.484 and -0.388 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for 14.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
C1 11476(6) 7118(3) 7028(4) 27(2) 

C2 12283(7) 6747(4) 6685(5) 41(2) 

C3 11906(7) 6460(4) 5921(5) 46(2) 

C4 10832(7) 6565(3) 5529(5) 37(2) 

C5 10013(6) 6939(3) 5885(4) 25(2) 

C6 8813(6) 7114(3) 5483(4) 30(2) 

C7 8124(6) 7570(3) 5990(4) 28(2) 

C8 8870(5) 8014(3) 6549(4) 20(2) 

C9 9467(5) 8530(3) 6139(4) 22(2) 

C10 10224(6) 8881(3) 6809(4) 28(2) 

C11 11149(6) 8481(3) 7224(4) 28(2) 

C12 10673(6) 7929(3) 7656(4) 25(2) 

C13 9671(6) 7613(3) 7134(4) 23(2) 

C14 8862(6) 7258(3) 7688(4) 29(2) 

C15 7935(6) 6900(3) 7176(4) 30(2) 

C16 10374(6) 7198(3) 6630(4) 21(2) 

C17 6372(7) 6923(3) 6100(5) 42(2) 

C18 10387(7) 9060(3) 4811(4) 34(2) 

C19 11409(7) 9408(3) 4878(5) 43(2) 

C20 11456(8) 9968(4) 4503(6) 54(3) 

C21 10494(10) 10201(4) 4077(5) 61(3) 

C22 9464(8) 9875(4) 3997(5) 53(2) 

C23 9424(7) 9307(4) 4365(5) 40(2) 

C24 13870(7) 6879(4) 7686(5) 45(2) 

C25 3936(6) 10162(3) 7134(4) 26(2) 

C26 3102(6) 10563(3) 6832(5) 31(2) 

C27 3333(7) 10884(4) 6123(5) 43(2) 

C28 4355(6) 10802(3) 5721(5) 36(2) 

C29 5204(6) 10394(3) 6038(4) 23(2) 

C30 6300(5) 10235(3) 5604(4) 24(2) 

C31 7085(6) 9750(3) 6068(4) 25(2) 
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C32 6433(6) 9285(3) 6602(4) 24(2) 

C33 5743(5) 8772(3) 6163(4) 25(2) 

C34 5117(6) 8396(3) 6785(4) 25(2) 

C35 4257(6) 8791(3) 7239(4) 29(2) 

C36 4825(6) 9313(3) 7711(4) 25(2) 

C37 5742(6) 9649(3) 7217(4) 18(2) 

C38 6652(6) 9978(3) 7796(4) 25(2) 

C39 7495(5) 10361(3) 7340(4) 23(2) 

C40 4972(5) 10095(3) 6750(4) 20(2) 

C41 8859(6) 10387(3) 6245(4) 35(2) 

C42 4537(6) 8307(3) 4774(4) 28(2) 

C43 5418(7) 8078(3) 4293(4) 37(2) 

C44 5221(8) 7532(4) 3873(5) 50(2) 

C45 4207(8) 7205(4) 3938(5) 52(3) 

C46 3350(8) 7438(4) 4416(5) 57(3) 

C47 3528(7) 7981(3) 4840(5) 40(2) 

C48 1619(6) 10318(3) 7765(5) 39(2) 

C49 12058(6) 9967(3) 10294(4) 21(2) 

C50 12970(6) 10262(3) 10709(4) 25(2) 

C51 12754(6) 10530(3) 11460(4) 26(2) 

C52 11691(6) 10505(3) 11797(4) 32(2) 

C53 10738(6) 10211(3) 11364(4) 24(2) 

C54 9548(6) 10115(3) 11712(4) 29(2) 

C55 8711(6) 9711(3) 11156(4) 26(2) 

C56 9286(6) 9240(3) 10611(4) 23(2) 

C57 9835(5) 8682(3) 11044(4) 23(2) 

C58 10435(6) 8286(3) 10412(4) 30(2) 

C59 11425(5) 8648(3) 10041(4) 27(2) 

C60 10989(5) 9224(3) 9601(4) 23(2) 

C61 10117(6) 9599(3) 10075(4) 22(2) 

C62 9333(6) 9993(3) 9490(4) 30(2) 

C63 8545(6) 10399(3) 9976(4) 28(2) 

C64 10951(6) 9962(3) 10619(4) 20(2) 

C65 7074(6) 10441(3) 10992(5) 41(2) 

C66 10485(6) 8094(3) 12490(4) 30(2) 

C67 11301(7) 7624(3) 12491(5) 39(2) 
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C68 11023(8) 7072(4) 12857(5) 49(2) 

C69 9941(8) 6992(4) 13179(5) 47(2) 

C70 9153(7) 7472(4) 13188(5) 48(2) 

C71 9422(7) 8008(3) 12835(4) 36(2) 

C72 14265(6) 10316(3) 9579(4) 34(2) 

C73 3997(6) 7245(3) 10200(4) 27(2) 

C74 3148(6) 6933(3) 10576(4) 24(2) 

C75 3501(6) 6603(3) 11291(4) 26(2) 

C76 4650(6) 6607(3) 11629(4) 26(2) 

C77 5514(6) 6933(3) 11236(4) 23(2) 

C78 6771(5) 7019(3) 11579(4) 26(2) 

C79 7515(6) 7469(3) 11072(4) 25(2) 

C80 6790(5) 7968(3) 10596(4) 19(2) 

C81 6345(6) 8497(3) 11107(4) 26(2) 

C82 5599(6) 8918(3) 10508(4) 26(2) 

C83 4564(5) 8590(3) 10109(4) 27(2) 

C84 4903(6) 8041(3) 9608(4) 27(2) 

C85 5862(5) 7646(3) 10029(4) 20(2) 

C86 6537(5) 7291(3) 9382(4) 23(2) 

C87 7439(6) 6857(3) 9806(4) 25(2) 

C88 5139(6) 7232(3) 10521(4) 21(2) 

C89 9083(6) 6748(3) 10800(5) 37(2) 

C90 5299(6) 8975(3) 12487(4) 33(2) 

C91 4154(7) 9124(4) 12639(5) 46(2) 

C92 3937(9) 9648(5) 13077(5) 65(3) 

C93 4824(11) 10038(4) 13307(6) 67(3) 

C94 5957(9) 9890(4) 13168(5) 61(3) 

C95 6200(7) 9363(4) 12762(5) 47(2) 

C96 1648(6) 7011(3) 9482(4) 31(2) 

N1 7291(5) 7277(2) 6552(3) 26(1) 

N2 8020(4) 10014(2) 6672(3) 23(1) 

N3 7888(4) 10052(2) 10571(3) 23(1) 

N4 8200(4) 7163(2) 10442(4) 25(1) 

O1 11617(4) 7478(2) 7728(3) 34(1) 

O2 13389(5) 6604(3) 6985(4) 83(2) 

O3 9520(4) 9115(2) 7428(3) 31(1) 
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O4 3912(4) 9772(2) 7820(3) 30(1) 

O5 2027(5) 10692(2) 7142(4) 60(2) 

O6 5940(4) 8138(2) 7398(3) 30(1) 

O7 12029(4) 9628(2) 9573(3) 25(1) 

O8 14104(4) 10292(2) 10455(3) 37(1) 

O9 9630(4) 8096(2) 9751(3) 29(1) 

O10 3854(4) 7637(2) 9523(3) 26(1) 

O11 1962(4) 6914(2) 10349(3) 28(1) 

O12 6305(4) 9141(2) 9873(3) 26(1) 

S1 10324(2) 8337(1) 5257(1) 32(1) 

S2 4742(2) 9014(1) 5284(1) 32(1) 

S3 10800(2) 8793(1) 11989(1) 34(1) 

S4 5519(2) 8270(1) 11990(1) 36(1) 

________________________________________________________________________________  
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Appendix B: X-ray Data for 16 

 

Figure 1.  View of molecule 1 of 16 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  
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X-ray Experimental for C18H21NO3 (16):   Crystals grew as brown prisms by slow 

evaporation from ethyl acetate.  The data crystal was cut from a larger crystal and had 

approximate dimensions; 0.29 x 0.25 x 0.19 mm.  The data were collected at -120 °C on a 

Nonius Kappa CCD diffractometer using a Bruker AXS Apex II detector and a graphite 

monochromator with MoKα radiation (λ = 0.71075Å).  Reduced temperatures were maintained 

by use of an Oxford Cryosystems 600 low-temperature device.  A total of 1153 frames of data 

were collected using ω and φ-scans with a scan range of 0.6° and a counting time of 9 seconds 

per frame.  Details of crystal data, data collection and structure refinement are listed in Table 1.  

Data reduction were performed using SAINT V8.27B.1  The structure was solved by direct 

methods using SIR972 and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL-97.3  Structure analysis was aided 

by use of the programs PLATON984 and WinGX.5  The hydrogen atoms were calculated in 

idealized positions with Uiso set to 1.2xUeq of the attached atom (1.5xUeq for methyl groups).    

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0661*P)2 + 

(0.1176*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.100, with R(F) equal to 0.0358 and a 

goodness of fit, S, = 1.03.  Definitions used for calculating R(F),Rw(F2) and the goodness of fit, 

S, are given below.6  The data were checked for secondary extinction but no correction was 

necessary.  Neutral atom scattering factors and values used to calculate the linear absorption 

coefficient are from the International Tables for X-ray Crystallography (1992).7  All figures were 

generated using SHELXTL/PC.8  Tables of positional and thermal parameters, bond lengths and 

angles, torsion angles and figures are found elsewhere.   
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Table 1.  Crystal data and structure refinement for 16. 

Empirical formula  C18 H21 N O3 

Formula weight  299.36 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  P212121 

Unit cell dimensions a = 7.2153(4) Å α= 90°. 

 b = 7.5043(5) Å β= 90°. 

 c = 27.4614(15) Å γ = 90°. 

Volume 1486.92(15) Å3 

Z 4 

Density (calculated) 1.337 Mg/m3 

Absorption coefficient 0.091 mm-1 

F(000) 640 

Crystal size 0.29 x 0.25 x 0.19 mm 

Theta range for data collection 2.81 to 27.50°. 

Index ranges -9<=h<=9, -9<=k<=9, -35<=l<=35 

Reflections collected 20244 

Independent reflections 3429 [R(int) = 0.0432] 

Completeness to theta = 27.50° 100.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.821 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3429 / 0 / 201 

Goodness-of-fit on F2 1.027 

Final R indices [I>2sigma(I)] R1 = 0.0358, wR2 = 0.0960 

R indices (all data) R1 = 0.0407, wR2 = 0.1003 

Absolute structure parameter -0.5(10) 

Largest diff. peak and hole 0.254 and -0.195 e.Å-3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for 16.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
C1 7534(2) 5530(2) 8967(1) 18(1) 

C2 8658(2) 5595(2) 9379(1) 21(1) 

C3 8791(2) 4032(2) 9654(1) 23(1) 

C4 7861(2) 2475(2) 9520(1) 22(1) 

C5 6689(2) 2442(2) 9112(1) 19(1) 

C6 5730(2) 811(2) 8911(1) 23(1) 

C7 2412(2) 3246(2) 8771(1) 25(1) 

C8 3397(2) 4791(2) 8522(1) 22(1) 

C9 5428(2) 4334(2) 8404(1) 16(1) 

C10 6538(2) 4019(2) 8859(1) 16(1) 

C11 4628(2) 1137(2) 8431(1) 20(1) 

C12 5482(2) 2600(2) 8107(1) 17(1) 

C13 7437(2) 2166(2) 7945(1) 23(1) 

C14 8683(2) 3635(2) 7811(1) 24(1) 

C15 8002(2) 5530(2) 7825(1) 26(1) 

C16 6477(2) 5961(2) 8193(1) 20(1) 

C17 10877(3) 7174(3) 9851(1) 46(1) 

C18 1566(2) 137(2) 8702(1) 34(1) 

N1 2654(2) 1594(2) 8495(1) 23(1) 

O1 7337(2) 6833(1) 8622(1) 25(1) 

O2 9544(2) 7170(2) 9470(1) 31(1) 

O3 7854(2) 2520(2) 7439(1) 34(1) 

________________________________________________________________________________ 
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Appendix C: X-ray Data for 21 

 
Figure 1.  View of molecule 1 of 21 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  
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Figure 2.  View of molecule 2 of 21 showing the atom labeling scheme.  Displacement ellipsoids are 
scaled to the 50% probability level.  The disordered methyl group at O5 is shown.  
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X-ray Experimental for C18H22NO3Br (21):  Crystals grew as clusters of colorless plates by 

slow evaporation from ethyl acetate.  The data crystal was cut from a larger crystal and had 

approximate dimensions; 0.38 x 0.22 x 0.08 mm.  The data were collected on a Rigaku SCX-

Mini diffractometer with a Mercury 2 CCD using a graphite monochromator with MoKa 

radiation (l = 0.71075Å).  A total of 760 frames of data were collected using w-scans with a scan 

range of 0.5° and a counting time of 12 seconds per frame.  The data were collected at 100 K 

using a Rigaku XStream low temperature device.  Details of crystal data, data collection and 

structure refinement are listed in Table 1.  Data reduction were performed using the Rigaku 

Americas Corporation’s Crystal Clear version 1.40.1  The structure was solved by direct methods 

using SIR972 and refined by full-matrix least-squares on F2 with anisotropic displacement 

parameters for the non-H atoms using SHELXL-2013.3  Structure analysis was aided by use of 

the programs PLATON984 and WinGX.5  The hydrogen atoms on carbon were calculated in 

ideal positions with isotropic displacement parameters set to 1.2xUeq of the attached atom 

(1.5xUeq for methyl hydrogen atoms).   

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(s(Fo))2 + (0.0308*P)2] and P = 

(|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.118, with R(F) equal to 0.0527 and a goodness of fit, S, = 

1.02.  Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given below.6  

The data were checked for secondary extinction but no correction was necessary.  Neutral atom 

scattering factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).7  All figures were generated using 

SHELXTL/PC.8  Tables of positional and thermal parameters, bond lengths and angles, torsion 

angles and figures are found elsewhere.   
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Table 1.  Crystal data and structure refinement for 21. 

Empirical formula  C18 H22 Br N O3 

Formula weight  380.27 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  orthorhombic 

Space group  P 21 21 21 

  Unit cell dimensions a = 7.234(2) Å α= 90°. 

 b = 13.705(3) Å β= 90°. 

 c = 32.703(8) Å γ = 90°. 

Volume 3242.2(14) Å3 

Z 8 

Density (calculated) 1.558 Mg/m3 

Absorption coefficient 2.551 mm-1 

F(000) 1568 

Crystal size 0.380 x 0.220 x 0.080 mm 

Theta range for data collection 3.037 to 27.469°. 

Index ranges -9<=h<=9, -17<=k<=16, -41<=l<=42 

Reflections collected 22283 

Independent reflections 7373 [R(int) = 0.1060] 

Completeness to theta = 25.242° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.125 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7373 / 13 / 427 

Goodness-of-fit on F2 1.021 

Final R indices [I>2sigma(I)] R1 = 0.0527, wR2 = 0.1115 

R indices (all data) R1 = 0.0663, wR2 = 0.1178 

Absolute structure parameter 0.041(9) 

Largest diff. peak and hole 0.796 and -0.515 e.Å-3 
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Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for 21.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________   
C1 2615(9) 4405(4) 5677(2) 16(1) 

C2 1406(8) 3626(4) 5647(2) 15(1) 

C3 63(9) 3553(4) 5954(2) 20(2) 

C4 -118(9) 4248(4) 6264(2) 18(2) 

C5 1080(8) 5039(5) 6284(2) 14(1) 

C6 948(8) 5898(4) 6579(2) 14(1) 

C7 2489(9) 6677(4) 6536(2) 16(1) 

C8 5008(9) 5546(4) 6701(2) 19(2) 

C9 5583(9) 5511(4) 6248(2) 16(1) 

C10 3973(8) 5808(4) 5961(2) 11(1) 

C11 3301(9) 6806(4) 6102(2) 12(1) 

C12 2211(8) 7395(4) 5786(2) 14(1) 

C13 3206(9) 7380(4) 5374(2) 14(1) 

C14 3423(9) 6333(4) 5220(2) 15(1) 

C15 4497(9) 5685(4) 5510(2) 15(1) 

C16 2469(8) 5071(4) 5995(2) 13(1) 

C17 112(10) 2344(5) 5241(2) 27(2) 

C18 3725(10) 6580(5) 7238(2) 22(2) 

C19 8050(9) 11472(5) 6676(2) 17(1) 

C20 7896(9) 12387(4) 6854(2) 16(1) 

C21 6271(9) 12911(5) 6761(2) 20(1) 

C22 4877(9) 12540(4) 6517(2) 18(2) 

C23 5046(8) 11595(4) 6351(2) 15(1) 

C24 3505(9) 11061(4) 6130(2) 16(1) 

C25 3991(8) 9981(5) 6005(2) 15(1) 

C26 6512(9) 10418(4) 5547(2) 18(1) 

C27 7938(9) 10072(5) 5860(2) 18(1) 

C28 7140(8) 10080(4) 6300(2) 15(1) 

C29 5404(9) 9456(4) 6289(2) 13(1) 

C30 4746(9) 9064(4) 6704(2) 16(1) 

C31 6378(9) 8641(4) 6949(2) 17(1) 
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C32 7880(9) 9391(5) 7014(2) 19(1) 

C33 8619(8) 9843(4) 6619(2) 17(1) 

C34 6669(9) 11117(4) 6428(2) 11(1) 

C35 11020(20) 12550(30) 7111(13) 33(4) 

C35A 10727(14) 12296(11) 7229(6) 33(4) 

C36 3493(10) 10168(5) 5264(2) 25(2) 

Br1 -411(1) 7042(1) 5706(1) 18(1) 

Br2 3390(1) 9966(1) 7061(1) 21(1) 

N1 4118(7) 6493(4) 6800(2) 16(1) 

N2 4779(7) 9881(4) 5586(2) 16(1) 

O1 4054(6) 4645(3) 5412(1) 15(1) 

O2 1612(6) 2998(3) 5323(1) 22(1) 

O3 5040(5) 7769(3) 5426(1) 16(1) 

O4 9457(6) 10790(3) 6725(1) 18(1) 

O5 9123(6) 12848(3) 7111(1) 24(1) 

O6 7144(6) 7827(3) 6735(1) 20(1) 

__________________________________________________________________________
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