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In this dissertation, we discuss the development of new phase transfer agents, which are
capable of rapid fluorination of silicon. These are 18-C-6 derivatives containing a
hydroxyl group in the side arm (podand), also known as C-pivot lariats. The syntheses of
these lariats including several that have not been previously reported and their efficient
purification are described. The synthesis route leads to a robust and generalized approach
to obtain these lariats on the gram scale. These agents were initially designed for
applications in positron emission tomography (PET). In this medical imaging modality,
tracer agents containing silicon have found promising utility as fluoride receptors for
more rapid radiolabeling. Phase transfer agents are generally required for 18F-labeling due
to the low solubility in organic reaction media and reactivity of cyclotron-generated
[18F]potassium fluoride.
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We envisioned that 18-C-6 derivatives may serve as both phase transfer agents as well as
nucleophilic catalysts (CENCs). In this conception, CENCs were rapidly pre-complexed
with KF followed by silicon fluorination, which takes advantage of a previously
established silicon dianion mechanism. In collaboration with researchers at the NIH, we
studied the effect of various linkers connecting the metal chelating unit to the
nucleophilic hydroxyl group on the radiofluorination of silicon under mild condition. A
hydrolysis resistant aryl silicon fragment has also been developed that contains various
functional groups for convenient attachment to the potential PET radiotracer agents.
In a second project, we demonstrate the unique reactivity of γ-silyl allenyl esters. Taking
advantage of the silyl group as a fluoride acceptor, these allenoates readily underwent
addition to a variety of carbon electrophiles, including aryl fluorides, to afford all-carbon
quaternary centers bearing an ethynyl group. Surprisingly, in the presence of aldehydes,
exclusive bis-substitution occurs at the γ-position to afford the dicarbinol. Details relating
to reaction optimization and substrate scope for both the reactions are presented.
Dicarbinol allenes were subsequently converted to highly substituted δ-lactones, a novel
6-hydro-2-pyrone as single diastereomers.
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CHAPTER I
SYNTHESIS OF NOVEL C-PIVOT 18-CROWN-6 LARIATS AND THEIR
EFFICIENT PURIFICATION FOR EVENTUAL USE AS NUCLEOPHILIC
CATALYSTS IN THE FLUORINATION OF CARBON AND SILICON
Adapted in part from:
Jana, S.; Suresh, V.; Lepore, S. D. Synlett 2015, 26, 1977.
Copyright  2015 by Georg Thieme Verlag Stuttgart • New York
1.1 Introduction
The complexation of alkali and alkaline earth metal cations was challenging until the
1960s. Neutral compounds to bind these metal cations were unprecedented, although
ethylenediaminetetraacetic acid (EDTA) as a Ca2+ binder was well known. 1 In 1967,
Pedersen introduced crown ethers to change the situation dramatically. Crown ethers are
large macrocyclic ether chains that can effectively complex/bind alkali metal cations,
which enhanced their ability to dissolve neutral salts in organic solvent; a pioneering feat
of great importance on heterogeneous reaction systems.2 Three dimensional complexing
agents, known as cryptands, were reported by Lehn3 and Cram who studied the use of
crown ethers and cryptands in selective complexation. 4 In 1987, the Nobel Prize was
jointly awarded to Pedersen, Cram and Lehn for their combined efforts. The ability of
crown ethers as well as other “coronands” having various other heteroatoms (e.g. N and
S) to dissolve salts in organic media by shielding the cation and activating the anion has
1

attracted many groups. These researchers studied the ability of these macrocycles to bind
metal cations including lanthanides and transition and heavy metal ions.5 They also
developed syntheses of various crown ethers derivatives that were then used to perform
reactions in heterogeneous system. 6 Extensive studies were also undertaken to mimic
naturally occurring ionophoric molecules7 such as valinomycin, one of the best K+
complexing agents, or enniatin, an ammonium binding agent.8 It is evident that the
cryptands possess the required three-dimensionality for excellent cation binding but lack
conformational mobility, whereas the crowns are dynamic but are inferior in cation
binding strength. To solve this problem, Gokel and co-workers discovered and explored
crown ethers having one or more side-arms. A suitable and flexible side-arm having
potential cation coordinating heteroatom donors to provide a “third dimension” of
solvation to a ring bound cation, was attached to the polyether ring to form a complexing
agent called “lariats” (Figure 1).1,9 The name lariat (derived from the Spanish term “la
reata”) was adopted from the lingo of the American West, which used the term to mean
“lasso” to ‘rope and tie’ an animal.

Figure 1: Schematic diagram of lariat ether complexation process

Carbon-pivot (C-pivot) lariats 4 are a subclass of these compounds in which the side
podand arms extend from a carbon atom in the macrocycle and are usually derived from a
glycerol unit.10 Nitrogen-pivot (N-pivot) lariats 5 are obtained from a diethanolamine unit
or by direct N-alkylation of known azacrowns (Figure 2).11 Nitrogen-pivot lariats are
2

flexible, stronger cation binding agents but are chemically less stable than their carbonpivot counterparts due to the facile inversion of the nitrogen atom in the former. 12

Figure 2: General structure of C-pivot and N-pivot lariats
Lariat ethers were found to bind uniquely toward different cation guests 13 and exhibit
increased guest specificity due to their ability to provide a suitable cation capturing
framework in forming chelating structures.14 Lariats were originally studied to generate
three-dimensional cavities to cation binding through the electron donating flexible sidearm in the complexation (Figure 3).15

Figure 3: Complexation of lariat ethers with cation

Side-arms constituted from glycerol or ethylene glycol fragments lead to lariats bearing a
pendant hydroxyl group.16 New types of lariat crown ethers and related synthetic
receptors have been studied as complexing agents and their binding affinity to different
guest ions has also been examined.17 Different classes of synthetic receptors such as
calixarenes,18 cyclodextrins,19 resorcinarenes,20 and cavitands21 have been examined for
suitable host-guest binding22 via non-covalent interactions such as hydrogen bonding,
3

electrostatic interactions, hydrophobic interactions, cation–π interactions, π–π staking
interactions and steric complementarity in molecular recognition.
1.2 Crown Ether as Phase Transfer and Nucleophilic Catalysts
It is a general principle of reactivity that chemical entities must come into intimate
contact for a successful reaction to occur. A homogeneous solution provides such an
environment for reactants. However, choosing a common solvent suitable for reactants of
different solubility characteristics is sometimes problematic. This is often the case for the
reaction between ionic species and non-polar organic compounds. Polar aprotic solvents
(e.g. DMSO, DMF) sometimes provide a solution to this incompatibility by offering not
only excellent solubility but also enhanced reactivity of the ionic reactants in the case of
nucleophilic substitution reactions. However, these solvents are not always suitable for
the large-scale reactions due to toxicity and economic factors. Thus, an alternative twophase system consisting of water and water-immiscible organic solvent was developed
where the incompatible reactants dissolve in different phases and the reaction takes place
at the interface between two phases. This approach, however, provides a low reaction rate
as the interface is too small. 23 The use of phase-transfer catalysts (PTC) dramatically
improves the reaction rate. A phase-transfer agent24 (PTA), usually a quaternary
ammonium25 or a phosphonium salt 26 or a crown ether, transfers the ionic reactants into
the organic phase. Unlike ammonium and phosphonium salts, crown ethers can form
stable complexes with a metal cation and thus provide highly reactive and nucleophilic
unsolvated anions by increasing the dissociation of ion pairs. 27 However, their practical
importance is limited by the typical use of equimolecular amounts in nucleophilic
substitution reactions. For catalytic usage, crown ethers have been designed in such a
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way that the aliphatic chains are bounded to the molecules to establish a partition of
crown ether-salt complex between two phases. For example, the catalytic activity of
crown ethers increases from dibenzo-18-C-6 to dicyclohexyl-18-C-6 (by increasing the
aliphatic character of crown compounds and related solubility) in the simple substitution
reaction of alkyl bromide by potassium iodide into corresponding alkyl iodide.27a
Crown ether-based chiral phase transfer catalysts have been utilized to induce selectivity
in a number of organic reactions.28 Cram reported the first successful Michael reaction
between a β-keto ester and methyl vinyl ketone (MVK) under PTC conditions using
chiral crown ether 8 with high asymmetric induction, yields, and catalytic turnover
numbers (CTN).29 Simple C2-symmetric and optically active substituted crown ethers 9
complexed with K+ have also catalyzed Michael reactions with high enantioselectivity.
The vicinal diaxial substituents in the complexes are primarily responsible for the
asymmetric induction.30 Brunet synthesized novel optically active crown ethers 10,
derived from (1R)-(+)-camphor (Figure 4), to study the catalytic effect on the Micheal
reaction of phenylacetate and acrylate.31

Figure 4: Typical chiral crown ether phase transfer catalysts

Chiral mono-lacto-crown-6 and C2-symmetric and more rigid bis-lacto-18-crown-6
derivatives, prepared by Penadés, have also been utilized as catalysts in the addition
5

reaction of phenylacetate to methyl acrylate to afford the Michael adduct in reasonable
enantiomeric excesses.32 A different class of chiral crown ethers tuned with varying steric
characteristics and micro-environmental features (e.g. hydrophobic and polar regions in
their cavities) have been developed by Pandit to examine their potential as catalysts in the
C–C bond formation reactions asymmetrically33 and to design (co)enzyme-like catalysts
and reagents.34 Chiral macrocyclic ethers complexed with either K+ or Na+ have also
been studied for enantioselective and catalytic conjugate addition of nucleophiles.35
In addition, crown ether based chiral phosphine ligands have been developed by
Sawamura for the alkylation reaction of enolate. 36 The enantiomeric recognition is
usually dictated by the chiral nature, stereochemical factors, rigidity of the
microenvironment of the cavity and nature of the side arm of the crown ethers. 37 Bakó
developed glucopyranoside-based crown ethers to mediate enantioselective Michael
reactions38 and Darzens condensations (Figure 5). 39 The macrocyclic polyethers have also
been utilized as ambifunctional cooperative catalysts40 and for fixation of CO2.41

Figure 5: Glucopyranoside-based chiral crown ethers for Michael and Darzen reaction

Catalysis by a Lewis base, which donates a pair of electron to the substrate (Lewis acid)
is known as nucleophilic catalysis. This catalysis involves the formation of a Lewis
adduct as a reaction intermediate. This kind of catalysis requires the use of synthetic or
natural alkaloids,42 histidine containing peptides, 43 asymmetric DMAP equivalents,44 and
6

well-designed oligosaccharides or cyclopeptoids.45 Macrocyclic polyethers have
properties in common with the naturally occurring ionophores and thus made an impact
in the scientific community. 46 The coordinative interaction between polyether chains and
alkali or alkaline-earth metal ions led us to the design simple functionalized agents that
we have termed crown ethers nucleophilic catalysts (CENCs). The goal was to use
CENCs to accelerate 18F and 11C labeling via substitution reactions at carbon and silicon.
1.3 Designing Crown Ether Based Catalysts for Aliphatic Fluorination
Organofluorine compounds are utilized extensively in pharmaceuticals, 47 medical
imaging,48 material science49 and agrochemicals.50 Organic compounds with low fluorine
content are particularly important because of their physiological properties. 51 Typically a
single fluorine atom in organic aliphatic compounds is introduced by nucleophilic
displacement of various sulfonates and halides with traditional alkali metal fluorides such
as potassium fluoride. 52 In general, nucleophilic fluorination is more efficient than
electrophilic version as fluoride is less costly and less hazardous and its positron-emitting
isotope (18F-) is readily available and has higher specific activity compared to its
electrophilic counterpart (F+).53 However, the requirement of vigorous conditions due to
the low nucleophilicity and poor solubility of fluoride in organic media limits its utility in
organic synthesis. In an attempt to solve this problem, several metal fluoride reagents
such as KF/18-C-6,54 “spray-dried” KF, 55 polymer supported fluoride,56 and calcium
fluoride supported on alkali metal fluoride 57 were developed. The above-mentioned
reagents, however, remain less efficient than tetrabutylammonium fluoride (TBAF) for
the nucleophilic fluorination, which is the most widely used reagent for fluorination
purposes. Despite its good solubility and reactivity, fluorination with TBAF suffers from
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several drawbacks such as elimination reactions of alkyl halides and alkyl sulfonates to
alkene, hydroxylation of alkyl sulfonates to alcohol etc. because of good basicity of
“naked” fluoride. 58 Deshong developed tetrabutylammonium triphenyldifluorosilicate
(TBAT) which is less basic than TBAF, to encounter the above challenge. 59 However, the
reaction with TBAT required longer reaction times due to its low reactivity. Moreover,
the relatively high cost and low atom economy compared to KF, made TBAT
synthetically less useful. Eco-friendly ionic liquids can serve as alternatives for volatile
organic solvents due to their unique chemical and physical properties. 60 Kim developed a
nucleophilic substitution reaction of alkyl halides or sulfonates 14 using KF and an ionic
liquid such as [bmim]X (1-n-Butyl-3-methylimidazolium cation [bmim] and its
counteranions) for the synthesis of fluorinated products 15 in reasonable yields (Scheme
1).61

Scheme 1: Fluorination using potassium fluoride in ionic liquid

These ionic liquids not only enhance the reactivity of KF significantly but also reduce the
formation of byproducts, e.g. alkenes, alcohols, or both. However, limited substrate
scope, formation of byproducts, use of excess fluoride source (5 equiv – not possible in
radiofluorination), higher reaction temperature and longer reaction times are a few
notable limitations of this method. In seeking an improved approach for carbon
radiofluorination, we proposed a crown ether carrying a side-arm (lariat) with a terminal
nucleophile, i.e. a molecule which we term a “crown ether nucleophilic catalyst”
8

(CENC). We sought to take advantage of their ability to sequester metal salts1 and
nucleophilicity while maintaining the entropic advantage of intramolecular [ 18F]fluoride
ion attack. CENCs were designed and synthesized to address the problems of poor
solubility and reactivity of metal fluoride and cyanide salts in organic solvents. Emphasis
was placed on varying the “activator unit” of these catalysts for enhanced transition-state
stabilization (Figure 6).

Figure 6: Design of CENCs for fluorination of carbon

Several recent precedents inspired our approach. Metal chelating catalysts have been
recently designed by Mandolini to aid in the formation of phosphodiesters via transition
state 17.62 Recent computational and limited experimental studies by Pliego suggested
that rather simple small molecules such as 1,4-di-(hydroxymethyl)-benzene can catalyze
SN2 reactions via the formation of 18 while minimizing elimination (Figure 7).63

Figure 7: Nucleophilic H-bonding catalysis

Our group has demonstrated that radiofluorination were significantly faster with chelating
9

leaving groups, dubbed Nucleophilic Assisting Leaving Groups (NALGs). The crown
ether containing leaving group provided an enhanced rate of nucleophilic substitution
compared to that with traditional leaving groups such as halides, sulfonates, or even
triflate. The entropic advantage afforded by localizing the fluoride ion nucleophile near to
the electrophilic carbon center (as in 19) and by stabilizing the developing negative
charge on the leaving group (as in 20) is believed to be critical for the observed rate
enhancement (Scheme 2).64

Scheme 2: NALGs for the fluorination of carbon
These methods were applied to the radiofluorination of small molecules. 65 However, this
approach suffered problems with solubilizing the [ 18F]fluoride ion due to the high
lipophilicity of the NALG molecule leading to low overall yields.
Based on these precedents, we propose to design a molecular entity that can attract a
radioactive fluoride or cyanide salt on one side and use either hydrogen bonding (or other
strategies) to activate the leaving group moiety on the other side to expedite the rate of
the reaction of interest (Figure 8). We hypothesized that a spacer unit placed in between
metal chelating unit and thiourea H-bond donors will be critical to fit in the substrate
containing a leaving group possessing H-bond acceptors. This will allow transition state
21 where the electrophilic sp3 carbon center of the substrate will come into the proximity
of nucleophilic fluoride while a leaving group is engaged in H-bonding to the thiourea
10

moiety of the catalyst (Figure 8). These interactions are expected to stabilize the
nucleophilic substitution transition state leading to an increased reaction rate.

Figure 8: Crown ether based thiourea phase transfer agent for enhanced fluorination of
carbon

1.4 Synthesis of C-Pivot 18-C-6 Lariats for CENCs Development
For these projects, we required access to gram quantities of 18-crown-6 (18-C-6)
containing side-arms possessing a hydroxyl group including some derivatives not
previously reported. A careful review of the literature revealed a variety of strategies and
purification methods to prepare lariat ethers. These reports required either vacuum
distillation or tedious column chromatography as the purification method.66 We reported
our development of an optimized route that takes advantage of various elements of
previous reports to efficiently prepare a series of C-pivot 18-C-6 compounds. We
prepared a series of derivatives of 18-C-6 to explore reactions in which lariat side-arm
length may play a role. For this reason, we began the synthesis of lariats 23 – 26 (Scheme
3).
We first synthesized intermediate epoxides 23b – 26b by reacting the appropriate
alcohol67 with epichlorohydrin 22 in aqueous sodium hydroxide in the presence of
catalytic TBAB.68 The resulting epoxides 23b – 26b were converted69 to functionalized
diols 23c – 26c that were then reacted with pentaethyleneglycol ditosylate and KO tBu in
11

THF under reflux conditions to afford benzyl protected lariats 23d – 26d. Lariat ethers 23
– 26 were then achieved after debenzylation of intermediates 23d – 26d under
hydrogenation conditions70 (H2/Pd-C) in two-step yields ranging from 48% to 65%. The
overall yields for these lariats were between 35% and 53%, which are significantly better
than previously reported methods.

Scheme 3: Synthetic route of ethyleneglycol linked lariats

Fukunishi reported overall yields of 32% and 24% respectively for 23 in two different
pathways70 using a tedious work up followed by extensive chromatography on alumina,
whereas Montanari reported only 6% overall yield of 23 in 6 steps71 using KBF4 mediated
purification technique. The overall yields of 31% and 35% of 23 have been reported by
Okahara72 and Bĕlohradský73 respectively using a Kugelrohr distillation technique for the
purification of the final compound. However, the Kugelrohr technique eventually
becomes untenable with larger compounds due to increasing boiling points. Others have
also synthesized the 23 in 5-20% overall yields74 and either chromatographic technique or
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distillation was employed for the purification. We are delighted to report an overall yield
of 53% of 23 in 4 steps using an aqueous KOH mediated extraction method for
purification. The only synthesis of 28, available in literature, uses a troublesome radical
process to functionalize the 18-C-6 with allyl alcohol in 6-8% yield.75 Colera reported the
synthesis of 30 in an overall yield of 11% in 6 steps76 compared to the 41% overall yield
in 4 steps in our work. We reported lariats 24 – 27 and 29 for the first time.

Scheme 4: Synthetic route of hydrocarbon linked lariats
The above route to obtain functionalized diols worked well for 23c – 26c since the
starting materials, benzyl alcohol and its mono- and diethylene glycol derivatives, were
reasonably aqueous soluble. This was not the case for the analogous reactions required to
give lariats 27 – 30 containing alkanol side-arms. The analogous epichlorohydrin addition
reactions (not shown) led to low yields (~10%) even after significant attempts at
optimization. Therefore, an alternative approach was required. Our synthesis began with
a benzylation step of appropriate alkenol 27a – 30a using NaH and BnBr to obtain alkene
13

27b – 30b.77 Diols 27c – 30c were then prepared using OsO4/NMO following a literature
procedure.78 Cyclization reactions between various diols and pentaethyleneglycol
ditosylate followed by debenzylation afforded the desired crown ethers 27 – 30 in
reasonable overall yields (30 – 40%) (Scheme 4). As mentioned, benzyl lariat ethers 27d
– 30d were formed by condensation with pentaethylene glycol ditosylate in the presence
of potassium tert-butoxide using the well-known template effect.79
These reactions usually required more than 48 hours for all starting material to be
consumed. Upon completion, the reaction mixture contained byproducts that could not be
conveniently separated using flash chromatography. A variety of traditional eluent
systems and both silica gel and alumina stationary phases were evaluated to no avail. We
carried forward these product mixtures to the hydrogenolysis step. The resulting mixture
of debenzylated compounds was then separated on neutral alumina using a gradient
elution of 1 - 10% 2-propanol/dichloromethane or 1-10% MeOH/EtOAc eluent system.
However, this gradient method is a lengthy process requiring copious amounts of solvent
(> 3 L for 3 g of crude). In an attempt to isolate the final lariat products more efficiently,
we sought to take advantage of their metal chelating properties to bring about a selective
precipitation of the desired compound from the product mixture.

A few reports

demonstrate that complexation followed by precipitation using KBF4 is a feasible
approach.80 Along these lines, we also found KNO3 to be effective in purifying lariat
ether products by precipitation. However, these methods were problematic and unreliable
on the multi-gram scale. As an alternative, we developed a simplified extraction
technique using aqueous potassium hydroxide. Therefore, crude debenzylated reaction
mixtures (~5 g) were stirred with 50 mL of aqueous KOH (1 M) for 5 mins. After this
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time, the impurities were removed by extraction using ethyl acetate until TLC showed the
absence of any impurity (usually three extractions). The water layer was then extracted
with dichloromethane (3 times) (monitored by alumina TLC; 4% iPrOH/DCM eluent).
The organic layer was collected; the solvent was removed in vacuo; and the resulting
material was passed through a small plug of neutral alumina (10% MeOH/EtOAc as
eluent) to furnish non-complexed lariat products. This process was significantly less
tedious and offered nearly identical isolated yields as those based on flash
chromatography.
1.5 Aliphatic Fluorination using Crown Ethers Based Thiourea Phase Transfer Agent
For the aliphatic fluorination to be performed and to test our hypothesis, we sought to
synthesize a thiourea-containing phase transfer agent (PTA). Specifically, we envisioned
a bifunctional phase transfer agent containing a thiourea unit and an 18-C-6 moiety
separated by a benzene unit. The synthesis of our designed catalyst proved more
challenging than expected. However, after some exploration of the chemistry involved,
we identified PTA 33 as a target that could be successfully achieved.

Scheme 5: Synthetic steps for the preparation of thiourea 33

It was prepared from simple 18-C-6-methanol 23, which was mesylated readily to 31 in
quantitative yield. Aminophenyl 18-C-6-methyl ether 32 was prepared by refluxing
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mesylate 31 with 4-amino phenol for 48 h in THF in presence of NaH. The free amino
group of intermediate 32 was then reacted with corresponding isothiocyanate in
acetonitrile in presence of triethyamine (TEA) at room temperature for 24 h to afford the
thiourea 33 in good yield (Scheme 5).
Preliminary fluorination experiments of alkyl 3-pyridine sulfonate or N-methyl-2imidazole sulfonate with KF in presence of thiourea compound 33 failed to produce the
desired fluorinated product. We reasoned that the strong H-bonding affinity of fluoride to
the thiourea moiety makes it less nucleophilic and nullifies the designed reaction model
depicted in Figure 8, thus producing no fluoride product. We reasoned that the strong Hbonding affinity of fluoride to the thiourea moiety makes it less nucleophilic and nullifies
the designed reaction model depicted in Figure 8, thus producing no fluoride product. If
fluoride truly binds with thiourea via H-binding, there will be a charge separation
between potassium and fluoride ion as the catalyst is not flexible enough; it seems highly
unlikely that potassium cation can easily form an ion pair with the fluoride. There will be,
therefore, a formation of highly energetic “frustrated ion pair” due the presence of
heteroditopic receptors. In heteroditopic receptor molecules, specific cation and anion
binding sites coexist to bind both the inorganic salt ions synergistically. 81 Numerous
heteroditopic receptors were designed to recognize inorganic ion-pair salts in both solid
state and solution. 82 We envisioned that we can take advantage of the above-mentioned
charge separation by heteroditopic binding in nucleophilic fluorination of simple alkyl
halide with KF in presence of thiourea compound 33. We first confirmed our intuitions
on charge separation by 1H NMR spectroscopy which clearly indicated a change in
chemical shift values for aromatic protons in KF-complexed molecule 38 (Figure 9).
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Figure 9: 1H NMR spectra to confirm the heteroditopic binding of KF with 33

Our initial experiments involved fluorination of a simple primary alkyl bromide 34 with
KF in acetonitrile-d3. To our pleasant surprise, compound 33 (used in excess following
typical radiofluorination conditions) led to fluorination product much faster than basal
18-C-6 36. This agent is also significantly faster than K2.2.2. (kryptofix) 37 and 18-C-6,
which are widely used for radiofluorination.

Entry

PTA

time for complexation

% conversion

1

18-C-6 (36)

12 min

0

2

K2.2.2 (37)

> 2 min

20

3

33

< 2 min

45



Mean ± SD, (i = 3)

Table 1: Aliphatic fluorination using different phase transfer agents
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We have repeated this reaction several times and, in each trial, compound 33 is
significantly better than the “gold standard” kryptofix as measured by TLC and NMR
(Table 1).
At this point, we can only speculate on the mechanism for the rate enhancement afforded
by compound 33. Given the rapid dissolution of KF in the presence of this compound, we
believe that the fluoride is indeed hydrogen bonded to the thiourea moiety and potassium
is chelated with 18-C-6 moiety to afford intermediate 38. Thus, we believe that a charge
separation exists and that this high potential energy situation might encourage the
formation of an SN2 transition state 40 in order to bridge the charge gap. A
thermodynamic driving force allows the formation of stronger C – F bond and
regenerates the PTA with bromide as counter anion 42. It seems unlikely that the bromide
will hydrogen bond to the thiourea unit and hence enhancing reaction rate of fluorination
with increased turnover numbers (Figure 10).

Figure 10: Mechanism for faster aliphatic fluorination with PTA/KF complex 38

Ultimately, the synthesis of thiourea/18-C-6 PTA 33 has proven problematic. We noticed
that, over time, aminophenol adduct (18-C-6-methyloxy-aniline) 32 incorporates carbon
dioxide possibly as a carbamic acid. In addition, compound 33 itself is also very unstable.
18

It is possible that the electron-rich nature of the aromatic unit in compound 33 is the main
cause of instability. One potential fix is to replace the aromatic spacer unit with one that
is more electron poor. The syntheses of such PTA compounds bearing electron poor
groups and their application in aliphatic fluorination are currently under investigation.
1.6 Experimental Section
General Information: Reactions were performed in oven-dried glassware with
magnetic stirring under an argon atmosphere (unless otherwise stated). Reaction products
were purified with flash chromatography on silica gel (40−63 μm). Extracts were
concentrated with a rotary evaporator (bath temperatures up to 30 °C) at a pressure of
either 15 mmHg (diaphragm pump) or 0.1 mmHg (oil pump), as appropriate, and a high
vacuum line at rt. Analytical thin-layer chromatography was performed on silica gel 60
F-254 plates (200 μm). Plates were visualized under UV light (254 or 365 nm), followed
by staining with vanillin, or potassium permanganate or silica/I 2 and drying with a heat
gun. 1H NMR spectra were acquired on a 400 MHz spectrometer and are reported as δ in
ppm relative to TMS using solvent as an internal standard (CDCl3 at δ 7.26 or CD3CN at
δ 1.94 ppm). Data are reported as br = broad, s = singlet, d = doublet, t = triplet, q =
quartet, p = pentet, sext = sextet, sept = septet, m = multiplet; coupling constants in Hertz
(Hz).
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C{1H} NMR were measured on a 100 MHz spectrometer. Chemical shifts are

reported as δ (ppm) relative to signal for TMS using solvent as an internal standard
(CDCl3 at δ 77.0 or CD3CN at δ 1.39 and 118.69 ppm). High-resolution mass spectra
were recorded by an ESI-TOF MS spectrometer (DART ion source). All reagents were
obtained commercially and were used without further purification. Solvents were
purchased in an anhydrous state, or purified and dried as required.
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General Procedure for the synthesis of benzyl protected 18-C-6 lariat ethers 23d –
30d: To a solution of benzylated diol (23c – 30c) (25 mmol) in THF (240 mL) was
added KOtBu (100 mmol) at room temperature. After the mixture was allowed to react 1
h under a nitrogen atmosphere, a solution of pentaethylene glycol ditosylate (27.5 mmol)
in THF (48 mL) of was added over a period of 1 h with stirring. The mixture was stirred
for an additional 1 h at room temperature, refluxed for 24 h, and cooled to room
temperature. The volatile solvents were removed by distillation under reduced pressure.
The crude solids were dissolved in water and the resulting solution was extracted with
DCM (5 x 20 mL). The combined organic layer was dried over anhydrous Na 2SO4. After
filtration and evaporation, the crude product (approx 3.5 g) was directly used for the
debenzylation in the next step.
General Procedure for the synthesis of 18-C-6 lariat ethers 23 – 30: To a dry round
bottom flask was added 10% (w/w) of 5% palladium on activated carbon and anhydrous
EtOH (200 mL) was added to the reaction flask. The solution was degassed by bubbling
the H2 gas through it twice. Benzylated lariat ethers (23d – 30d) (approx 3.5 g) dissolved
in anhydrous ethanol (20 mL) was added in to the reaction flask. The solution was
degassed twice. The reaction mixture was stirred for 48 h under 1 atm of hydrogen. Thinlayer chromatography with alumina plates using 4% iPrOH/DCM as the eluent indicated
the formation of product (Rf = 0.15). The product mixture was filtered, concentrated and
purified by extraction from KOHaq with DCM (see above). Filtration through alumina
using 10% MeOH/EtOAc as eluent yielded the desired metal-free crown ether lariats.
2-Hydroxymethyl-18-C-6 (23): Obtained as colorless viscous oil. Yield:1.74 g, 65%; 1H
NMR (400 MHz, CDCl3) δ (ppm) 2.93 (s, 1H), 3.46-3.82 (m, 25H); 13C NMR (100 MHz,
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CDCl3) δ (ppm) 63.0, 69.6, 70.6, 70.7, 70.75(2C), 70.8, 70.83, 71.0, 71.03, 71.2, 71.8,
79.4. ESI-HRMS: m/z [M+H] calculated for C13H26O7 is 295.1757; found 295.1751.
2-(Hydroxy-(ethoxymethyl))-18-C-6 (24): Obtained as colorless viscous oil. Yield:1.66
g, 60%; 1H NMR (400 MHz, CDCl3) δ (ppm) 2.84 (s, 1H), 3.50-3.84 (m, 29H); 13C NMR
(100 MHz, CDCl3) δ (ppm) 61.8, 69.8, 70.7, 70.73, 70.77, 70.8, 70.83, 70.9, 70.95, 71.0,
71.1, 71.13, 71.4, 72.7, 78.3. ESI-HRMS: m/z [M+H] calculated for C15H30O8 is
339.2019; found 339.2017.
2-(Hydroxy-(ethoxy)-(ethoxymethyl))-18-C-6 (25): Obtained as colorless viscous oil.
Yield:1.56 g, 55%; 1H NMR (400 MHz, CDCl3) δ (ppm) 2.76 (s, 1H), 3.47-3.81 (m,
33H);
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C NMR (100 MHz, CDCl3) δ (ppm) 61.8, 69.9, 70.4, 70.6, 70.7(2C), 70.73,

70.76, 70.8, 70.9(2C), 70.93, 71.0, 71.4, 71.5, 72.6, 78.3. ESI-HRMS: m/z [M+H]
calculated for C17H34O9 is 383.2281; found 383.2276.
2-(Hydroxy-(ethoxy)-(ethoxy)-(ethoxymethyl))-18-C-6 (26): Obtained as colorless
viscous oil. Yield: 2.59 g, 48%; 1H NMR (400 MHz, CDCl3): δ (ppm) 2.79 (brs, 1H),
3.553.82 (m, 37H); 13C NMR (100 MHz, CDCl3): δ (ppm) 61.7, 69.9, 70.3, 70.5, 70.58,
70.59, 70.61, 70.65, 70.67, 70.7, 70.75(2C), 70.81, 70.82, 70.84, 71.3, 71.6, 72.5, 78.3.
ESI-HRMS: m/z [M+H] calculated for C19H38O10: 427.2543; found 427.2538.
2-Hydroxyethyl-18-C-6 (27): Obtained as colorless viscous oil. Yield:1.35 g, 50%; 1H
NMR (400 MHz, CDCl3) δ (ppm) 1.65-1.85 (m, 2H, CH2), 3.01 (s, 1H), 3.58-3.90 (m,
25H);
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C NMR (100 MHz, CDCl3) δ (ppm) 34.7, 61.2, 69.3, 70.7, 70.72, 70.8, 70.81,

70.9, 71.2, 71.6, 72.8, 74.4, 77.6. ESI-HRMS: m/z [M+H] calculated for C14H28O7 is
309.1913; found 309.1908.
2-Hydroxypropyl-18-C-6 (28): Obtained as colorless viscous oil. Yield:1.31 g, 48%; 1H
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NMR (400 MHz, CDCl3) δ (ppm) 1.51-1.68 (m, 4H), 2.30 (s, 1H), 3.50-3.88 (m, 25H);
13

C NMR (100 MHz, CDCl3) δ (ppm) 28.5, 28.9, 62.8, 69.6, 70.6, 70.68, 70.7, 70.9(2C),

70.91, 70.92, 70.94, 71.0, 74.2, 79.0. HRMS (ESI) (M+H): calculated for C15H30O7 is
323.2070; found 323.2064.
2-Hydroxybutyl-18-C-6 (29): Obtained as colorless viscous oil. Yield:1.24 g, 45%; 1H
NMR (400 MHz, CDCl3) δ (ppm) 1.26-1.62 (m, 6H), 2.48 (s, 1H), 3.62-3.85 (m, 25H);
13

C NMR (100 MHz, CDCl3) δ (ppm) 21.9, 31.5, 32.9, 62.7, 69.5, 70.67(4C), 70.7, 70.8,

70.9, 71.0, 71.1, 74.3, 79.3. ESI-HRMS: m/z [M+H] calculated for C16H32O7 is 337.2226;
found 337.2221.
1,2-Dihydroxymethyl-18-C-6 (30): Obtained as colorless viscous oil. Yield:1.24 g, 55%;
1

H NMR (400 MHz, CDCl3) δ (ppm) 2.60 (s, 1H), 3.44 (s, 1H), 3.59-3.84 (m, 26H); 13C

NMR (100 MHz, CDCl3) δ (ppm) 61.8(2C), 70.2(2C), 70.3(2C), 70.5(2C), 70.9(2C),
70.91(2C), 80.7(2C). ESI-HRMS: m/z [M+H] calculated for C14H28O8 is 325.1862; found
325.1857.
Procedure to synthesize 2-(4-aminophenyloxy)-methyl-18-C-6 (32): To a stirred
solution of alcohol 23 (1.0 g mg, 3.40 mmol) and triethylamine (1.03 g, 10.20 mmol) in
methylene chloride (8.0 mL) was dropwise and neatly added methanesulfonyl chloride
(1.17 g, 10.20 mmol). After being stirred at room temperature for 18 h, the resulting
mixture was partitioned between DCM (50 mL) and brine (20 mL). The organic layer
was separated and washed with saturated sodium bicarbonate (20 mL) and brine/water
(1:1, 10 mL x 2), dried over anhydrous sodium sulfate, filtered, and concentrated in
vacuo. The product was purified by flash chromatography on neutral alumina using
EtOAc as eluent to obtain the product 31 as white solid (1.25 g, 99%).
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A solution of aminophenol (59 mg, 0.54 mmol) in THF (1.7 mL) was added to a
suspension of NaH (26 mg, 0.65 mmol) in THF (0.72 mL) under argon. The mixture was
stirred for 1 h at room temperature. After this time a solution of mesylated crown ether 31
(200 mg, 0.54 mmol) in THF (1.7 mL) was added and the mixture was refluxed for 48 h.
The solvent was evaporated in vacuo and the residue was purified by column
chromatography on alumina using 1-15% MeOH in EtOAc as eluent to afford the desired
product 32 in pure. Yield: 0.17 g, 83%; 1H NMR (400 MHz, CDCl3) δ (ppm) 3.64-3.76
(m, 22H), 3.85 (t, J = 4.6 Hz, 2H), 3.90-3.93 (m, 1H), 3.96-3.97 (m, 2H), 6.60-6.63 (m,
2H), 6.74 (dd, J = 8.7, 1.9 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ (ppm) 68.6, 70.0,
70.56, 70.6, 70.61(2C), 70.63, 70.7, 70.74, 70.9(2C), 71.3, 77.8, 115.7(2C), 116.2(2C),
140.2, 151.9. ESI-HRMS: m/z [M+H] calculated for C19H31NO7 is 386.2191; found
386.2232.
Procedure to synthesize 2-(4-(3-phenylthiourea)-phenyloxy)-methyl-18-C-6 (33): The
amine 32 (0.45 mmol) and triethylamine (0.31 mL, 2.25 mmol) in MeCN (0.75 mL) was
stirred under nitrogen at room temperature for 30 min and then phenylisothiocyanate (73
mg, 0.54 mmol) in MeCN (0.92 mL) was added to the reaction. The reaction mixture was
stirred for 24 h at rt and then evaporated to dryness. The residue was purified by column
chromatography on neutral alumina using 2% MeOH in DCM as eluent to afford 33 as
yellow oil. Yield: 0.17 g, 71%; 1H NMR (400 MHz, CD3CN) δ (ppm) 3.54-3.70 (m,
21H), 3.81-3.88 (m, 2H), 4.04-4.16 (m, 2H), 6.89-7.01 (m, 2H), 7.20-7.27 (m, 1H), 7.297.42 (m, 4H), 7.45-7.52 (m, 2H), 8.64 (s, 2H);
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C NMR (100 MHz, CD3CN) δ (ppm)

67.4, 69.1, 70.0, 70.06(2C), 70.08(3C), 70.1, 70.4, 70.5, 70.9, 77.3, 114.8(2C),
125.0(2C), 125.6, 127.3(2C), 128.7(2C), 131.6, 138.9, 157.0, 181.1. ESI-HRMS: m/z

23

[M+H] calculated for C26H36N2O7S is 521.2321; found 521.2306.
Typical procedure for fluorination: In an oven dried vial was added anhydrous KF (1.0
equiv) and phase transfer agent (PTA) (1.0 equiv) in CD3CN (0.05 M). The reaction
mixture was stirred vigorously until the solution was homogeneous (usually 1-15 min).
After dissolution, a solution of 3-bromo-1-phenylpropane 34 (0.5 equiv) in CD3CN was
added (0.05 M) and the stirring was continued for an additional 6 h at room temperature.
The reaction mixture was monitored by TLC and directly taken into clean and dry NMR
tube to acquire the 1H NMR spectrum (See supporting spectra for more details).
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CHAPTER II
CROWN ETHER NUCLEOPHILIC CATALYSTS (CENCs): AGENTS FOR
ENHANCED FLUORINATION OF SILICON AND CARBON FOR PET IMAGING
Adapted in part from:
Jana, S.; Al-huniti, M. H.; Yang, B. Y.; Lu, S.; Pike, V. W.; Lepore, S. D.
J. Org. Chem. 2017, 82, 2329.
Copyright  2017 by American Chemical Society
2.1 Introduction
Positron emission tomography (PET) is a non-invasive imaging technique that allows
monitoring of physiological, biochemical, and pharmacological functions at the
molecular level. 83 This technique provides in vivo information about the distribution of
radiolabeled biomolecules by 180° coincidence detection of two simultaneously emitted
photons from positron–electron annihilation. 84 PET is an important diagnostic tool in
modern medicine as it can locate and assess abnormalities in neurology, oncology, and
cardiology.85 This technique is based on labeling molecules such as peptides or small
bioactive molecules containing positron emitters. There are several radioactive nuclides
available, which emit a positron and can be used to label PET radiotracers (Table 2).86
However, the use of these in modern medicine is limited by their very short or very long
half-lives. For example, use of 15O in PET is nearly impossible because of its very short
half-life (2.03 min). Even though

13

N and

11

C have somewhat longer half-lives, which
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make it possible to incorporate these through chemical reactions into bioactive molecules,
they require rapid preparation. To accommodate this, each imaging facility must be
equipped with a cyclotron to allow for ultrafast synthesis onsite, ultimately resulting in
high investment costs. Conversely, the relatively long half-life of 64Cu and 124I permit the
transport of their radiotracers without the need of an onsite cyclotron facility; however,
the long half-lives subject patients to unnecessary radiation after PET scan. 87
Radionuclide

Half-Life
(t1/2 min)

Specific Activity
(GBq/mol)

Maximum Energy
(MeV)

11

C

20.40

3.4 X 1011

0.96

13

N

9.96

6.9 X 1011

1.19

15

2.07

3.4 X 1012

1.72

F

109.7

6.3 X 1010

0.64

Cu

768

9.1 X 109

0.65

6048

1.1 X 109

1.50

O

18
64

124

I

Table 2: Half-life of most common positron emitting radionuclides

The half-life of

18

F (109.7 min) permits the transport of the

18

F-radiotracers from an

offsite synthesizing lab to a hospital without the need for an onsite cyclotron facility. It
also minimizes patient exposure to unnecessary radiation after imaging. 88 In addition, the
radionuclide
from

18

18

F can be easily produced in high radioactivity and the positron emission

F nuclide is relatively low energy and high abundance, which makes picomolar

quantities of radiotracer sufficient for imaging. 89 Radioactive fluorine can be prepared
following different techniques: (a) in a carrier free (c.f.) method, radioactive isotope 18F
is prepared in such a way that it is completely free from its stable nonradioactive isotope,
19

F; (b) if the

18

F produced is essentially free (it may contain some amount of carrier)
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from its stable isotope
added (c.a.) technique,

19

F, then the method is no carrier added (n.c.a); (c) in a carrier

19

F is added deliberately so that

18

F retains its characteristic

activities during subsequent process.90 Radiofluorination can be achieved using fluorine
as an electrophile or a nucleophile depending on the functionality present in the starting
material and other factors.91

Figure 11: Common electrophilic and nucleophilic fluorinating agents
Cyclotron generates nucleophilic [18F]fluoride from proton bombardment of 18O-enriched
water (H218O) by converting the

18

O atom into an

18

F atom (18O(p,n)18F). The

electrophilic reagent is obtained from [18F]fluorine gas ([18F]F2) either by deuteronirradiation of Ne (20Ne(d,α)18F) or by irradiating

18

O2 gas. [18F]F2 gas is produced along

with [19F]F2 from the cyclotron resulting in substantially lower specific activity compared
to [18F]fluoride. High specific activity is often critical to obtaining useful PET images
especially in biological targets of low concentration.83,92 Although many electrophilic
fluorinating reagents, ultimately developed from [18F]F2, have emerged to cope with
specific activity issues, 93 nucleophilic [18F]fluoride remains the only practical and
generally available source of fluorine to prepare PET tracers with high specific activity.94
In general, aqueous [18F]HF generated from a cyclotron, is eventually converted to
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hydrated [18F]KF by treatment with K2CO3. This hydrated [18F]KF lacks the desired
nucleophilicity for a substitution reaction to occur. In addition, the isolation of pure
anhydrous [18F]KF (in microgram quantities) usually results in a substantial loss of
radioactivity due to interactions with the reaction vessel (glass, stainless steel, Teflon
etc.). This problem has been largely minimized by simultaneous azeotropic removal of
water and sequestering radioactive salts using organic ionophoric phase transfer agents
(e.g. Kryptofix or K2.2.2, 18-C-6 etc.) to obtain the ‘naked’ or minimally hydrated

18 -

F-

K+/PTA complex (Figure 12).95

Figure 12: K18F complex of K2.2.2 and 18-C-6
Although [18F]fluoride is considered as the optimal nuclide for PET imaging, chemists
encounter several synthetic challenges to synthesize
half-life of

18

18

F-radiotracers. Owing to the short

F, the synthesis and purification of the radiotracers has to be performed

quickly before administering and imaging so that it has usable radioactivity. 96
Widespread medical application of PET imaging has been limited by these synthetic
difficulties.97 [18F]-2-fluoro-2-deoxyglucose ([18F]-FDG) 54 is one of the few widelyused

18

F-labelled radiopharmaceutical agents. It has been used to great effect in the

detection of many diseases especially cancer. Despite the excellent clinical performance
of [18F]-FDG, this vastly used radiotracer is not suitable for brain imaging due to its high
physiological cortical uptake and low target specificity which led to occur in
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inflammatory and granulomatous tissues. 98 Although the above limitations paved the way
for the development of many novel radiotracers, 99

[18F]-FDG remains the most

prominent imaging probe in nuclear medicine to date.

Scheme 6: Synthesis of [18F]-2-fluoro-2-deoxyglucose or [18F]-FDG 54
The preparation of [18F]-FDG has been highly optimized for this monosaccharide system
(Scheme 6). In this synthesis, the acetylated 2-fluoro-2-deoxyglucose 53 was obtained by
the displacement of triflate in 52 by 18 F- in presence of K2.2.2 phase transfer agent. 97 The
acetylated fluoro compound 53 was then readily converted to [18F]-FDG by hydrolyzing
the acetyl groups. However, efficient and convenient labeling of more complex smallmolecules and oligopeptides remains a significant challenge. The existing methods for
18

F-radiotracer labeling often suffer from poor chemoselectivity, involve the use of harsh

conditions, and require time-consuming isolation and purification. 100 Therefore, an
ultrafast

18

F-labeling step as the last step with high chemoselectivity (for minimal

purification) would remove a major bottleneck to the widespread use of PET imaging.
2.2 Organosilicon Radiotracers
In general, PET-imaging centers focus on the use of well-established radiotracers
such as [18F]-FDG; only a limited number of large PET-imaging facilities can offer
imaging with other

18

F-radiotracers, which offer greater biological targeting specificity.

To address this shortcoming, the development of new labeling techniques is necessary.101
In this vein, radiofluorination of silyl groups has recently emerged as a potentially
29

successful strategy for the rapid introduction of

18

F-fluoride into potential PET

substrates.102 This relatively new approach takes advantage of the exceptionally strong
bond between fluorine and silicon (135 kcal mol-1 vs. 116 kcal mol-1 for C – F) to
overcome the poor reactivity of the fluoride anion. Moreover, the experimental results of
Whitmore substantiate the concept of fluoride substitution at silicon center for siliconbased PET radiotracers development. 103 While organosilicon compounds have begun to
attract interest as receptors of positron emitting fluoride, this class of radiotracers remains
largely experimental as medical imaging tools.

Scheme 7: Proposed mechanism for hydrolysis of organofluorosilanes

The main drawback has been poor hydrolytic stability of silicon-fluoride bond in vivo
under physiological conditions. The fluorinated silyl compounds readily undergo
hydrolysis to give the corresponding silanol (Scheme 7). The first synthesis of siliconradiotracer was reported by Rosenthal who converted the chlorotrimethylsilane to the
corresponding [18F]-fluorotrimethylsilane in 65% radiochemical yield in one step. 102a The
resulting fluorosilane is volatile and when inhaled by rats it was quickly taken up into the
blood stream. However, due to the low in vivo stability (hydrolysis half-life t½ = 1.5 min)
of the Si-18F bond, the corresponding silanol was more or less formed immediately. The
resulting free [18F]-fluoride was shown to be predominantly uptaken by the bones (proven
by a strong radioactivity signal from the bones), forming fluoroapatite - Ca5(PO4)3F; thus,
making it unsuitable as a labeling synthon.
30

Some headway has been made in solving this stability problem by using appropriately
bulky groups on silicon to render the labeled moiety hydrolytically more stable and
useful for at least some important in vivo applications (such as labeled peptides). 104 Both
steric and electronic factors have shown to play critical role in stabilizing S-F bond
towards hydrolysis. Bulkier groups on silicon reduce the Lewis acidity of silicon centers;
making it less accessible (due to steric) and less electrophilic towards water attack in
pseudo first order reaction. 105
However, the increased steric bulk of these silicon substituents raises the lipophilicity of
these compounds significantly. This leads to a non-specific uptake of radiotracers and
further causes problems with bio-distribution when these compounds are chemically
bonded to biomolecules, leading to poor PET imaging.106 If the lipophilicity of the
administrated compounds is too high, they end up in liver and get accumulated there;
making them unavailable for binding to its intended binding site. These compounds are
then syphoned out of the blood stream by liver obviating a proper binding to the target.
For brain imaging, a passive transport of radiotracers across the blood-brain barrier is
required and only compounds with a certain degree of lipophilicity can pass through that
protective membrane. However, for high lipophilic compounds, this passive diffusion
across the blood brain-barrier does not occur and therefore, they get trapped in the lipid
layer.107 The first small model SiFA compounds (Figure 13), developed by
Ametamey,104a exhibited very high lipophilicity, basically due to the presence of the
hydrophobic tert-butyl groups. After administration of SiFA compound [18F]61 to a rat,
dynamic PET data were acquired over an hour. Liver uptake of this compound was
initially high and Si-18F bond was hydrolyzed over time resulting in predominant uptake
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of fluoride into bones. This result suggests that one tert-butyl group on silicon does not
make Si-18F bond hydrolytically stable. However, Si-18F bond in bis-tert-butyl SiFA
[18F]60 was proven to be hydrolytically stable (no bone uptake) in vivo when
administered to rats. The compound did not lose its radiolabel and was primarily
metabolized in the liver.

Figure 13: In-vivo hydrolytic stability of [18F]fluorosilanes in human serum

The increased steric hindrance of the silicon center also makes it more difficult to bring
about radiofluorination. Existing techniques for the fluorination of organosilyl groups
require forcing conditions to afford reasonable yields including high temperatures and
very polar solvents. A common starting material is an organo-silane which is converted to
the radiofluorinated product. Two methods are currently employed to fluorinate silicon,
fluorination of silyl ethers and 18F-19F isotopic exchange (IE).108 In the first method, silyl
ethers were successfully converted to silyl fluoride using acetic acid as a co-solvent with
DMSO at elevated temperature. Such conditions are incompatible with many biologically
relevant substrates that might be used as PET imaging agents. The latter method is
applied to develop Silicon-Fluoride-Acceptor (SiFA) (Figure 14) building blocks to
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synthesize silicon radiotracers.109 However, the 18F-19F IE method often suffers from low
specific activity and hence low radiochemical yield due to the presence of inseparable 19F
radioisomer (Scheme 8).110

Scheme 8: Early development of organo-[18F]fluorosilanes

These SiFA moieties can be appended to biomolecules such as peptides or proteins as
prosthetic groups to generate PET probes for in vivo imaging. In PET clinical setting,
however, the high lipophilicity of SiFA compounds is one of the biggest problems. Some
efforts have been made to circumvent this obstacle by introducing charges and
hydrophilic moieties in SiFA compounds to reduce the lipophilicity. In some cases,
presence of other polar functionalities in the biomolecule can compensate the high
lipophilicity of SiFA building blocks. The first positively-charged SiFA compound (68)
with reduced lipophilicity, termed SiFAN+Br−, was synthesized by Kostikov in 2011 as
a lead compound for a new generation of SiFA building blocks. 111

Figure 14: Structure of common SiFA building blocks amenable to IE and peptide
labeling
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In both the above fluorination methods, we see the predominant usage of Kryptofix
(K2.2.2/K18F). In the context of silicon fluorination, this K2.2.2/K18F complex performs
poorly.107 In general, we believe the large molecular size of this complex impedes its
approach to the target leading to poor reaction kinetics. This is especially true with
organo-silyl targets which must be necessarily bulky to afford in-vivo hydrolytic stability
of the corresponding silyl fluorides.106a In addition, these methods require HPLC
purification to remove excess phase transfer catalyst such as kryptofix (K.2.2.2) and
reaction by-products. Due to these drawbacks, current silicon fluorination methods have
limited use in PET imaging. We wanted to address these challenges to come up with an
improved silicon-fluorination method for eventual synthesis of PET radiotracers.
Recently the Lepore group has developed a new class of leaving groups named
Nucleophilic Assisted Leaving Group (NALG) for the formation of

18

F – C bond.65 A

chelating leaving group on silicon, termed as silicon nucleophile assisting leaving groups
(S-NALGs) 73, was also recently developed to lower the energy barrier to nucleophilic
substitution by an alkali metal fluoride salt such as potassium fluoride (Scheme 9).112

Scheme 9: Recent radiofluorination method using crown ether leaving group or S-NALG

With chelating leaving groups on silicon, the idea was to attract metal fluoride to the site
of nucleophilic attack for an entropic advantage and improved chemoselectivity (such as
in 74). By chelating potassium, this leaving group leaves more easily for speedier and
34

milder reactions to afford fluorinated silicon 75 and therefore, further advancing the 18Fsilicon technique. The current silicon radiofluorination technology entails the use of K18F
since many radiochemistry PET laboratories have highly optimized and automated
systems to generate this salt from cyclotron-generated hydrated H18F. The S-NALGs
approach works well but does not allow for the convenient and efficient removal of water
required with cyclotron-derived fluoride (i.e. H318O+ /

18 -

F ). Unfortunately, the limited

solubility (1-5%) of n.c.a [18F]KF in reaction media undermined the radiochemical yield
(RCY) using S-NALGs. The solubility of [18F]KF was increased to some extent (31%) by
adding water (up to 0.5% v/v); however, this resulted in diminished observed RCY (only
10%). To further improve the radiochemical yield, we attempted to first sequester K18F
using ionophores such as lariats. We sought to take advantage of the nucleophilic
property as well as phase transfer capability of the crown ethers containing a side arm
having terminal hydroxy group (lariats). It is evident that the spacers between the
macrocycle and terminal hydroxy group in lariats play pivotal role for not only cation
binding/extraction13 but also for the enhancement of enantioselectivity for Michael
reaction38 and Darzen condensation reaction.39
2.3 Rapid Nucleophilic Fluorination of Silicon with KF
We hypothesized that a relatively unhindered nucleophile on the phase transfer
capable metal chelating unit such as crown ethers or the CENCs 76 would quickly react
with the electrophilic silicon centers to bring the crown ether-complexed metal fluoride
ion to the proximity of electrophilic centers, therefore, lowering the energies in the
transition states 77. The fluoride ion might then be delivered intramolecularly to afford
the desired fluorinated compounds 78. The nucleophilic hydroxy group is believed to be
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crucial for the formation of the hypervalent silicon intermediate in fluorination of silicon
(Scheme 10).113 We hypothesized that varying the spacer that connects the crown
macrocycle to hydroxyl group might lead to the most favorable geometry for the
formation of the pentavalent silicon.114

Scheme 10: Proposed silicon-fluorination using CENC

In our work, we aimed to enhance the fluorination of organosilanes with both KF and
cyclotron-produced [18F]F- utilizing CENCs, based on an 18-C-6 scaffold. We began our
studies with a commercially available 18-crown-6 lariat alcohol 23. Because silicon has a
high bonding affinity towards oxygen, we decided to perform cold silicon fluorination
with 23. We wanted to first determine the sequestration ability of the commercially
available and common PTAs for this work.

Entry

PTA/CENC

R

Conversion to 81 (%)

1

36 (18-C-6)

H

30

2

82

CH2OMe

0*

3

23

CH2OH

49

4

37 (K2.2.2)

-

18

*Reaction time was 30 min.

Table 3: Role of hydroxyl group of CENC in silicon fluorination of 80
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Although we observed only 72% recovery with 18-C-6-CH2OH 23 of pure K18F compare
to that with K2.2.2 37 (89% recovery) after sequestration. As expected, we only observed
44% recovery using 18-C-6 36 after sequestration. The better recovery of pure K18F with
23 compare to that with basal 18C6 can be explained by H-bonding between hydroxyl
group in 23 and fluoride. In the presence of simple lariat/CENC 23, substrate 80
(synthesized from a corresponding silane) was converted into silyl fluoride 81 at room
temperature in 49% yield using KF as limiting reagent within 20 minutes. A lower
conversion (30%) was observed with 18-C-6 (36) as anticipated; the commonly used
PTA, K2.2.2 led to an underwhelming conversion (only 18%) under identical conditions
(Table 3). The lower conversion with K2.2.2/K18F complex is probably due to the large
molecular size of K2.2.2. It appeared that the hydroxyl group in 23 enhances the
fluorination. Conversely, when the terminal hydroxyl group was replaced with a methoxy
group, the resulting 82 proved ineffective in the fluorination of 80, even after 30 minutes.
Although it is not clear why 82 reacts so much more slowly than 23 or even 18-C-6 (36),
these results reinforce the notion that the oxygen of the hydroxyl group in CENC 23
accelerates the fluorination reaction by acting as a nucleophile and/or as a hydrogen bond
donor.

Figure 15: Radiochemical yield (RCY) in presence of various crown ethers with time
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The radiofluorination of substrate 80 also provided [18F]81 in high radiochemical yields
(65%) with 23 only in 5 min. Whereas the basal 18C6 and traditional PTA, K2.2.2 gave
much inferior results (Figure 15).
We expect that one of the principal applications of a CENC approach to fluorination
could be to radiolabel peptides. To this end, we prepared small silyl-containing fragments
88 and 89 that can be easily appended to a peptide via an amide coupling reaction. The
arylsilane 85 was prepared by treating THP–protected 4-bromo-benzyl alcohol 84 with
n

BuLi followed by quenching with iPr2SiHCl. Deprotection of THP-group followed by

oxidation of resulting alcohol afforded the desired aldehyde 87. The silane-group in 87
was first chlorinated by isocyanuric chloride to give the silyl chloride (less stable) which
was then readily converted to methyl ether 88. We prepared compound 90 as a
representative substrate by oxidative amidation of 88 with benzylamine following
Pinnick conditions (Scheme 11).

Scheme 11: Synthesis of model peptide compound 90
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In our initial series of experiments, lariat alcohols containing hydrocarbon side-arms
varying from one to four methylene units (23, 27–29) were used as CENCs to fluorinate
substrate 90 to afford the silylfluoride 91. To represent more closely the stoichiometry
typically used in radiofluorination, substrate was used in a two-fold ratio to the preformed
CENC/KF (1:1) complex.

Figure 16: Effect of hydrocarbon spacer of CENCs on silicon fluorination conversion

In this series, the yields of silicon fluorination varied as a function of hydrocarbon spacer
chain length. For all reaction times examined in this hydrocarbon linker series, the
optimal length was three methylene units (as in 28), which gave almost quantitative yield
after 25 min (Figure 16).
We next sought to ascertain if this trend for CENC side-arm length extended to other
substrates and conditions. To this end, desilylation experiments were performed with tertbutyldiphenylsilyl (TPS) protected substrate 92 to form alcohol 93. In this series of
experiments, preformed CENC/KF complexes were used in a two-fold molar ratio to
substrate. Again, CENC 28 (1-hydroxypropyl side-arm) proved most effective (shortest
time) in this desilylation reaction compared to the basal 18-C-6 and other lariats,
presumably by more rapidly fluorinating TPS group. The reaction was monitored by both
TLC and 1H NMR (Table 4).
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entry
1

PTA/CENC
36

n
-

time for complete conversion to 93 (h)
38

2

23

1

31

3

27

2

24

4

28

3

15

5

29

4

33

Table 4: Effect of hydrocarbon spacer length in CENCs on the rate of TPS deprotection

Other CENCs containing alcoholic side-are were also prepared and examined. The
fluorination of 90 using CENCs containing ethylene glycol side-arm led to substantially
enhanced conversion in only 10 min (Table 5).

entry
1

CENC
24

n
1

conversion to 91 (%)
88

2

25

2

52

3

26

3

90

4

30

-

27

5

36

-

12

6

37

-

17



Mean ± SD, (i = 3)

Table 5: Effect of ethylene glycol side-arms of CENCs on silicon fluorination

These studies revealed that CENCs with side-arms of one (24) or three ethylene glycol
units (26) performed virtually equally well. To our surprise, a side-arm comprised of two
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ethylene glycol units (25) gave a much inferior result. 18C6-dimethnol 30 also performed
poorly (27% conversion) under identical conditions, presumably due its ability to form
stronger H-bonding. Nevertheless, these studies revealed substantial improvement over
the performance of traditional PTAs, such 18-C-6 and K 2.2.2.
We hypothesized that the above rates can be explained by the side-arm chelation and Hbonding: stronger the H-bonding, slower the rate. We speculated that the lower
conversion with 25 was presumably due to the stronger H-bond between the hydroxyl
group in the side-arm and fluoride compared to that with 24 and 26 in the “threedimensional cavity” created by these lariats (Figure 17). It is likely that the lariat 25
behaves somewhat similarly as K2.2.2 due to their identical three-dimensional structures.
The length of side-arm, once again, is crucial in defining the strength of H-bonding and
hence the rate of the reaction.

Figure 17: Three-dimensional structures of different lariats/KF complexes

We also examined the effect of H-bond donor catalysts 97, 98 and 99 on the rate of
silicon fluorination reaction as proof-of-concept studies to reinforce our hypothesis. From
these studies it is noteworthy that rate of fluorination is slower when the catalyst is strong
H-bond donor. The benzyl thiourea compound 98 being weakest H-bond donor, provides
the fastest fluorination of silicon (77%) when reacted with 90 as more free fluoride ions
are available to react. Whereas the 3,5-bistrifluorophenyl thiourea 99 – the strongest H41

bond donor to fluoride, provides very little free fluoride ion to react with silicon center of
90, resulting in only 4% conversion to corresponding silyl fluoride. On the other hand,
the fluorination of 90 in presence of the thiocarbamate compound 97 fares better (10%
conversion) than the thiourea 99 due to the weaker H-bond ability of the former (Figure
18).

Figure 18: Effect of H-bond donor catalysts on rate of silicon fluorination

It was of our interest to test the performance of 26 towards a peptidic substrate. Dipeptide
100 was prepared from aldehyde 88 by reacting with Gly-Phe-OMe under oxidative
amidation conditions. Using CENC 26 with 100 the fluorosilyl dipeptidic product 101
was obtained in 90% yield without epimerization in just 25 min at room temperature
(Scheme 12).

Scheme 12: Fluorination of silicon on a dipeptide substrate in the presence of 26

2.4 Radiofluorination of Organosilanes using CENCs
As discussed earlier, a major drawback of our previously reported NALG approach
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was the poor ability of the NALG to solubilize no-carrier-added (n.c.a) [18F]potassium
fluoride into an organic solvent for subsequent reaction. Therefore, it was of primary
interest to test the ability of CENCs to perform such sequestration. Table 6 compares the
abilities of CENCs 23 and 30 with those of 18-C-6 (36) and K 2.2.2 (37) to sequester
dried n.c.a [18F]potassium fluoride into acetonitrile for subsequent reaction.
NALG/PTA/CENC

Sequestration (%)

NALGs

<4

36

21 ± 28

23

70 ± 6

30

93 ± 3

37

91 ± 2



From reference 112

Table 6: Sequestration efficiencies of NALG, PTA or CENCs to sequester dry [18F]KF
The sequestration studies revealed that the recovery of K18F was better with crown ethers
possessing hydroxyl side-arms (such as with 23 and 30) compare to that with basal 18-C6 unit 36. CENC 30 showed excellent sequestration ability and rivals the performance
with K2.2.2 due to the presence of two –CH2OH groups on 18C6 which may act as dual
handle for H-bonding.
We proceeded to compare the CENC 30 with K 2.2.2 and 18-C-6 as a PTA for the
radiofluorination of 90 (2 mg in 450 µL of MeCN). Control reactions using K2CO3 in the
absence of a PTA gave < 1% yield. Reactions using varying molecular ratios of K2CO3 to
PTA afforded [18F]91 as the only product. Notably, yields of [ 18F]91 depended on the
amount of K2CO3/PTA (as K+PTA complex in µmol). A lower amount of K+PTA in
the reaction (1.0 µmol) seemed beneficial, whereas excess base inhibited the reaction.
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CENC 30 performed slightly better than K 2.2.2 and much better than 18-C-6 as PTA
(Scheme 13).

Scheme 13: Radiofluorination of 90 using K 2.2.2, 18-C-6 or 30 as phase transfer agent

The radiofluorination of substrate 90 was screened with various CENCs in optimal ratio
to base. We selected the following as standard conditions to evaluate all phase transfer
agents in radiofluorination: K2CO3/CENC (0.66/1.32 µmol), substrate (2 mg), solvent
(MeCN, 450 µL), reaction temperature (rt) and reaction time (20 min). Some of these
conditions were chosen to closely resemble the conditions used for conversion
measurements earlier illustrated in Scheme 13 and Table 5. All reactions were carried out
in triplicate. [18F]91 was the only product (see Supplemental Fig. S1 for an example of
chromatogram). Yields are summarized in Table 7, and are based on isolated product
fraction from HPLC. Use of CENCs with hydroxyl-terminated side-arms (23-30) clearly
improved the yields for silicon radiofluorination over use of the basal unit 18-C-6 (36).
The top performer, 30 with two –CH2OH side-arm units, rivals the performance of K
2.2.2. Lariat 30 was the best-performing PTA in radiofluorination (Table 7, entry 9)
mainly due to its trifunctional property. RCYs from 18-C-6 derivatives are much better
than from 18-C-6. However, we are surprised that K2.2.2 is significantly more effective
in the radiofluorination of silicon (Table 7, entry 12) than in our cold studies which were
conducted at much larger scale and stoichiometry. While it is our hypothesis that lariat
44

hydroxyl groups activate silicon towards fluorination, it is possible that other trends are in
play in this system: (1) phase transfer efficiency differences in the microscale, (2) water
molecules dampening the nucelophilicity of hydroxyl or fluoride.

Entry CENC/PTA Yield of [18F]91(%) Entry

CENC/PTA

Yield of [18F]91(%)

1

36

14 ± 4

7

25

26 ± 7

2

23

35 ± 2

8

26

33 ± 8

3

27

30 ± 7

9

30

38 ± 11

4

28

36 ± 7

10

36 + MeOH

7±4

5

29

23 ± 8

11

36 + HO(CH2)2OH

12 ± 3

6

24

29 ± 7

12

37

38 ± 5



Mean ± SD, (i = 3)

Table 7: Screening of CENCs or other PTA systems in radiofluorination of 90
In addition, the radiofluorination conditions which are highly optimized for K2.2.2/K18F
complex may not be suitable for the studies involving CENCs. By contrast, the simple
addition of MeOH (2 eq.) or ethylene glycol (1 eq.) to 18-C-6 (36), to mimic the
chemical composition of 30 or 24 respectively, had detrimental or no effect on the
radiofluorination yield. CENCs containing a three-methylene unit spacer (28) or three
ethylene glycol unit side-arm (26) are the best CENCs in their respective series. These
radiochemistry results parallel those from non-radioactive materials conducted at much
larger scale and stoichiometry.
It was of interest to compare the performance of CENC 30 with that of 18-C-6 (36) for
the radiofluorination of the silyl-dipeptidic compound 100 under similar conditions
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(Table 8). [18F]101 was the only product. Remarkably, the use of CENC 30 gave 6-fold
greater yield than the use of 18-C-6. Though the RCYs for 18C6 and K2.2.2 is somewhat
understood, we are uncertain about such a low RCY involving the lariat 30.

Yield of [18F]101 (%)

Entry

PTA/CENC

1

36

2

37

39 ± 7

3

30

12 ± 2

2 ± 0.3



Mean ± SD, (i = 3)

Table 8:

Radiofluorination of dipeptide 100

2.5 Mechanistic Considerations
Even though the role of the hydroxyl group of lariats in facilitating fluoride ion
addition was unclear, we envisioned that the studies outlined above will provide the data
required to justify our mechanistic picture. Our studies on the mechanism of rate
enhancement afforded by our CENCs over 18-C-6 (36) are at early stage. Our current
rationale is that the hydroxyl group of the lariat side arm initially attacks the silicon
center in two different pathways to give a pentacoordinate intermediate 104 and 106 or
hexacoordinate intermediate such as 105 (Scheme 14). Studies by Corriu and coworkers
demonstrate that various silicon substitution reactions involving R3SiX were catalytically
accelerated by Lewis bases such as HMPA, carboxylates, and DMSO. These agents led to
the formation of a pentacoordinate silicon intermediate, which proved to be reactive
towards nucleophiles leading to a hexacoordinate intermediate, which rapidly collapsed
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to give substitution product.113 Others have shown that pentacoordinate silicon anions are
exceptionally stabilized by an 18-C-6/K+ counter ion complex. 115 Based on these
precedents, it is possible that an initial hydroxyl group attack is favorable due to a
stabilizing interaction of the nearby 18-C-6/K+ moiety with the silicon anion center.

Scheme 14: Proposed silicon fluorination mechanism involving hypervalent silicon

In pathway I, after the lariat side-arm addition to silicon center, the pentacoordinated
intermediate 104 may persist long enough to undergo rapid addition of the nearby
fluoride ion to give hexacordinated intermediate 105 as the silyl dianion by analogy with
Corriu’s findings. After which the hexacoordinated silicon copmplex collapses down to
form the fluorinated product 107 and regenerates crown ether. On the other hand, in the
case of pathway II, lariat hydroxyl side-arm may attack the silicon center via SN2
reaction to form the pentacoordinated intermediate 106 in the expense of methanol. The
intermediate 106 can undergo rapid collapse to the more stable tetracoordinated silyl
fluoride 107 (Scheme 14). It is highly likely that the extra stabilization of the K+ ion by
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the lariat improves the rate with 30 compare to that with 23 and 27-29 (Table 6). The
reaction forms easily separable methanol and crown ether alkoxide as byproducts.
Like all the nucleophilic catalysis, the hydroxyl groups of the crown ether derivatives
attack the silicon (Lewis acid) to activate the substrate for the nucleophilic addition of the
fluoride. Thus, crown ether derivatives indeed act as nucleophilic catalysts and therefore
can be named as crown ether nucleophlic catalysis or CENC. In this scenario, one might
expect there to be an optimal distance between the hydroxyl group and the crown ether.
With a hydrocarbon unit linking the hydroxyl group and macrocyclic ether, the optimal
distance appears to be three methylene units. By contrast, an oligoether linker likely
participates in chelating interactions with the potassium cation perhaps affording
additional stabilizing interactions. This may explain the appreciable rate enhancement
observed in the fluorinations of agents 28 and 26 (Tables 4 and 5).
2.6 Experimental Section
General Information: Reactions were performed in oven-dried glassware with
magnetic stirring under an argon atmosphere (unless otherwise stated). Reaction products
were purified with flash chromatography on silica gel (40−63 μm). Extracts were
concentrated with a rotary evaporator (bath temperatures up to 30 °C) at a pressure of
either 15 mmHg (diaphragm pump) or 0.1 mmHg (oil pump), as appropriate, and a high
vacuum line at rt. Analytical thin-layer chromatography was performed on silica gel 60
F-254 plates (200 μm). Plates were visualized under UV light (254 or 365 nm), followed
by staining with vanillin, or potassium permanganate or silica/I 2 and drying with a heat
gun. 1H NMR spectra were acquired on a 400 MHz spectrometer and are reported as δ in
ppm relative to TMS using solvent as an internal standard (CDCl3 at δ 7.26 or CD3CN at
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δ 1.94 ppm). Data are reported as br = broad, s = singlet, d = doublet, t = triplet, q =
quartet, p = pentet, sext = sextet, sept = septet, m = multiplet; coupling constants in Hertz
(Hz).

13

C{1H} NMR were measured on a 100 MHz spectrometer. Chemical shifts are

reported as δ (ppm) relative to signal for TMS using solvent as an internal standard
(CDCl3 at δ 77.0 or CD3CN at δ 1.39 and 118.69 ppm). High-resolution mass spectra
were recorded by an ESI-TOF MS spectrometer (DART ion source). All reagents were
obtained commercially and were used without further purification. Solvents were
purchased in an anhydrous state, or purified and dried as required.
General

procedure

for

synthesis

of

silane

precursors:

A

solution

of

bromophenyl/biphenyl substrate (1.0 equiv) in THF (0.5 M) was chilled to −78 °C. nBuLi (1.6 M in hexanes, 1.0 equiv) was added over 10 min. The mixture was stirred for
30 min at −78 °C, after which chlorodiisopropylsilane (1.0 equiv) was slowly added via
syringe. After 1 h, the ice-bath was removed and the solution was allowed to warm to rt
with stirring overnight. The reaction was quenched with saturated aq. NH 4Cl (5.0 mL)
and extracted with ether (20 mL × 3). The combined organic extracts were washed with
brine, dried (Na2SO4), filtered, and concentrated in vacuo to yield a light-yellow oil
which was purified by flash chromatography (1% EtOAc/hexane), affording the product
as a colorless oil.
[1,1'-Biphenyl]-4-yldiisopropylsilane: Yield: 2.98 g, 94%; 1H NMR (400MHz, CDCl3):
δ (ppm) 1.06 (d, J = 7.2 Hz, 6H), 1.13 (d, J = 7.2 Hz, 6H), 1.241.34 (m, 2H), 4.02 (t, J =
3.2 Hz, 1H), 7.35−7.39 (m, 1H), 7.45−7.49 (m, 2H), 7.62−7.66 (m, 6H); 13C NMR (100
MHz, CDCl3): δ (ppm) 11.0(2C), 18.8(2C), 18.9(2C), 126.6(2C), 127.4(2C), 127.6,
129.0(2C), 133.1, 136.2(2C), 141.3, 141.9. ESI-HRMS: m/z [M+H] calculated fo
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C18H24Si: 269.1726; found 269.1722.
Diisopropyl(4-(((tetrahydro-2H-pyran-2-yl)-oxy)-methyl)-phenyl)-silane (85): Yield:
1.88 g, 92%; 1H NMR (400MHz, CDCl3): δ (ppm) 0.99 (d, J = 7.2 Hz, 6H), 1.06 (d, J =
7.2 Hz, 6H), 1.171.27 (m, 2H), 1.54−1.92 (m, 6H), 3.543.58 (m, 1H), 3.913.96 (m,
2H), 4.50 (d, J = 12.4 Hz, 1H), 4.74 (t, J = 4.0 Hz, 1H), 4.80 (d, J = 12.4 Hz, 1H), 7.36
(d, J = 8.0 Hz, 2H), 7.50 (d, J = 8.0 Hz, 2H);
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C NMR (100MHz, CDCl3): δ (ppm)

10.9(2C), 18.7(2C), 18.9(2C), 19.6, 25.7, 30.8, 62.3, 69.1, 98.1, 127.2(2C), 133.4,
135.8(2C), 139.4. NMR data of this material were consistent with reported values. 105
Procedure to synthesize 2-methoxymethyl-18-C-6 (82): 2-hydroxymethyl-18-C-6 23
(1.0 equiv) was added to a suspension of NaH (1.5 equiv) in THF (0.1 M) and the
mixture was stirred for 2 h. Methyl iodide (2.0 equiv) was added, and the mixture was
stirred for 20 h and then refluxed for 10 h. The cooled solution was then concentrated
under reduced pressure and purified with flash chromatography on neutral alumina using
EtOAc as eluent. Yield: 0.23 g, 59%; 1H NMR (400 MHz, CDCl3): δ (ppm) 3.31 (s, 3H),
3.523.69 (m, 24H), 3.813.85 (m, 1H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 59.4,

68.4, 70.0, 70.03 (4C), 70.11 70.13, 70.4, 70.5, 71.6, 71.65, 77.6. Proton and carbon
NMR data of this material were consistent with reported values. 74b
Procedure to synthesize 4-(diisopropylsilyl)-benzaldehyde (87): To a solution THP
ether 85 (1.0 equiv) in ethanol (13 mL/mmol) was added p-toluenesulfonic acid
monohydrate (1.0 equiv) and the mixture was stirred for 2 h at rt. The mixture was added
to saturated aq. sodium bicarbonate and extracted with CH2Cl2. The combined organic
extracts were washed with brine and dried (Na2SO4). After filtration and removal of the
solvent, the crude alcohol 86 was used directly in the next step. Yield: 1.36 g, 100%; 1H
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NMR (400MHz, CDCl3): δ (ppm) 0.99 (d, J = 7.2 Hz, 6H), 1.06 (d, J = 7.2 Hz, 6H),
1.181.28 (m, 2H), 1.90 (brs, 1H), 3.95 (t, J = 3.2 Hz, 1H), 4.69 (s, 2H), 7.35 (d, J = 8.0
Hz, 2H), 7.52 (d, J = 8.0 Hz, 2H);

13

C NMR (100MHz, CDCl3): δ (ppm) 10.9(2C),

18.7(2C), 18.9(2C), 65.6, 126.5(2C), 133.7, 135.9(2C), 141.9. NMR data of this material
were consistent with reported values. 116
A solution of alcohol 86 (1.0 equiv) in dry CH2Cl2 (0.4 M) was added to a suspension of
activated MnO2 (10 equiv) in dry CH2Cl2 (3.8 mL/mmol) at rt, and the mixture was
stirred for 5 h. The black residue was filtered on a pad of celite and washed thoroughly
with CH2Cl2. The collected organic layer was passed through a silica gel bed. The filtrate
was evaporated in vacuo to give the aldehyde 87 as a colorless oil. Yield: 1.08 g, 80%; 1H
NMR (400MHz, CDCl3): δ (ppm) 0.98 (d, J = 7.2 Hz, 6H), 1.07 (d, J = 7.2 Hz, 6H),
1.211.31 (m, 2H), 3.99 (t, J = 3.2 Hz, 1H), 7.69 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 8.0 Hz,
2H), 10.02 (s, 1H); 13C NMR (100MHz, CDCl3): δ (ppm) 10.8(2C), 18.6(2C), 18.8(2C),
128.7(2C), 136.2 (2C), 136.9, 143.4, 192.9. NMR data of this material were consistent
with reported values.116
General procedure for the synthesis of silyl ethers: To a suspension of
trichloroisocyanuric acid (0.33 equiv) in CH2Cl2 (0.3 M) was added the previously
synthesized silane (1.0 equiv) in CH2Cl2 (0.5 M) at 0 oC under N2 atmosphere. The
mixture was stirred for 1 h at rt. Then the white solid was filtered off through a short pad
of celite. The filtrate was concentrated under reduced pressure to give the chlorosilane,
which is unstable. Therefore, this product was used immediately in the next step, as
follows. A solution of the chlorosilane (1.1 equiv) in CH2Cl2 (0.5 M) at 0 oC under N2
atmosphere was added to a mixture of corresponding alcohol (1.0 equiv) and imidazole
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(1.2 equiv) in CH2Cl2 (0.3 M). The mixture was warmed to rt and stirred for 4 h. After
filtering off the white solid, the filtrate was concentrated and purified with flash column
chromatography (5% EtOAc/hexane) to give product as a colorless oil.
[1,1'-Biphenyl]-4-yldiisopropyl(methoxy)-silane (80): Yield: 3.18 g, 96%; 1H NMR
(400MHz, CDCl3): δ (ppm) 1.12 (d, J = 7.2 Hz, 6H), 1.17 (d, J = 7.2 Hz, 6H), 1.39 (sept,
J = 7.2 Hz, 2H), 3.70 (s, 3H), 7.37−7.41 (m, 1H), 7.47−7.51 (m, 2H), 7.66−7.70 (m, 6H);
13

C NMR (100MHz, CDCl3): δ (ppm) 12.3(2C), 17.6(2C), 17.8(2C), 52.4, 126.6(2C),

127.4(2C), 127.7, 129.0(2C), 133.1, 135.4(2C), 141.3, 142.2. ESI-HRMS: m/z [M+H]
calculated for C19H26OSi: 299.1826; found 299.1821.
4-(Diisopropyl(methoxy)-silyl)-benzaldehyde (88): Yield: 1.10 g, 90%; 1H NMR
(400MHz, CDCl3): δ (ppm) 1.00 (d, J = 7.2 Hz, 6H), 1.07 (d, J = 7.2 Hz, 6H), 1.32 (sept,
J = 7.2 Hz, 2H), 3.64 (s, 3H), 7.72 (d, J = 8.0 Hz, 2H), 7.86 (d, J = 8.0 Hz, 2H), 10.03 (s,
1H);

13

C NMR (100MHz, CDCl3): δ (ppm) 12.1(2C), 17.4(2C), 17.5(2C), 52.4,

128.7(2C), 135.3(2C), 137.0, 143.3, 192.9. ESI-HRMS: m/z [M+H] calculated for
C14H22O2Si: 251.1467; found 251.1464.
Procedure to synthesize 4-(diisopropyl(methoxy)silyl)benzoic acid (89): The aldehyde
88 (1.0 equiv) was dissolved in a mixture of tBuOH-acetonitrile (2:1, 0.03 M) and 2methyl-1-butene (5.0 equiv) was added. The mixture was cooled to 0 oC. NaH2PO4 (3.5
equiv) and NaClO2 (3.125 equiv) were then added. The mixture was then slowly warmed
to rt over 5 h before it was quenched with saturated Na2S2O3. After common work-up, the
obtained product was dissolved in dry CH2Cl2 (2 mL) and purified with flash
chromatography (5−20% EtOAc/hexane). Yield: 0.45 g, 65%; 1H NMR (400MHz,
CDCl3): δ (ppm) 1.02 (d, J = 7.2 Hz, 6H), 1.08 (d, J = 7.2 Hz, 6H), 1.33 (sept, J = 7.2 Hz,
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2H), 3.65 (s, 3H), 7.68 (d, J = 8.0 Hz, 2H), 8.11 (d, J = 8.0 Hz, 2H); 13C NMR (100MHz,
CDCl3): δ (ppm) 12.1(2C), 17.4(2C), 17.6(2C), 129.1(2C), 130.5, 134.9(2C), 142.2,
172.6. ESI-HRMS: m/z [M+H] calculated for C14H22O3Si: 267.1411; found 267.1407.
General procedure for oxidative amidations: Aldehyde 88 (1.0 equiv), amine (1.5
equiv) and 2-methylbut-2-ene (5.0 equiv) were added to toluene (0.6 M) and allowed to
stir for 5 min. NaClO2 (3.125 equiv) and NaH2PO4 (3.5 equiv) were then added to the
mixture, which was then stirred at 40 oC for 15–26 h. Reaction progress was monitored
with TLC. After the reaction was complete, the mixture was diluted with anhydrous
CH2Cl2 (5.0 mL), filtered and concentrated under reduced pressure. The residue was
purified with flash chromatography (5−10% EtOAc/hexane).
N-Benzyl-4-(diisopropyl(methoxy)silyl)-benzamide (90): Yield: 1.19 g, 75%; 1H NMR
(400MHz, CDCl3): δ (ppm) 1.00 (d, J = 7.2 Hz, 6H), 1.06 (d, J = 7.2 Hz, 6H), 1.30 (sept,
J = 7.2 Hz, 2H), 3.62 (s, 3H), 4.65 (d, J = 5.6 Hz, 2H), 6.57 (brs, 1H), 7.287.35 (m, 5H),
7.61 (d, J = 8.0 Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H); 13C NMR (100MHz, CDCl3): δ (ppm)
12.1(2C), 17.4(2C), 17.6(2C), 44.3, 52.3, 126.2(2C), 127.8, 128.1(2C), 129.0(2C),
135.0(2C), 135.2, 138.4, 139.1, 167.8. ESI-HRMS: m/z [M+H] calculated for
C21H29NO2Si: 356.2040; found 356.2038.
Methyl (4-(diisopropyl(methoxy)silyl)benzoyl)glycyl-L-phenylalaninate (100): Yield:
0.18 g, 65%; 1H NMR (400MHz, CDCl3): δ (ppm) 1.00 (d, J = 7.2 Hz, 6H), 1.06 (d, J =
7.2 Hz, 6H), 1.31 (sept, J = 8.0 Hz, 2H), 3.05−3.18 (m, 2H), 3.63 (s, 3H), 3.72 (s, 3H),
4.11 (s, 2H), 4.85−4.90 (m, 1H), 6.80 (d, J = 8.0 Hz, 1H), 7.07−7.17 (m, 5H), 7.62 (d, J =
8.0 Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H);

13

C NMR (100MHz, CDCl3): δ (ppm) 12.1(2C),

17.4(2C), 17.6(2C), 38.0, 43.7, 52.7, 53.5, 126.3(2C), 127.4, 128.9(2C), 129.4(2C),
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134.2, 135.0(2C), 135.8, 139.6, 168.1, 168.9, 171.9. ESI-HRMS: m/z [M+H] calculated
for C26H36N2O5Si: 485.2466; found 485.2464.
Procedure to synthesize thiocarbamate catalyst (97): NaH (60% dispersion in mineral
oil) (1.0 mmol) was added in a single portion at rt to vial containing a stirred solution of
the 1,2-dihydroxymethyl-18-C-6 30 (1.0 mmol) in dry THF (3.0 mL). After stirring for
30 min, the isothiocyanate (1.1 mmol) was added to reaction mixture, which was then
stirred for 24 h at rt. The reaction was monitored by TLC (neutral alumina TLC, R f =
0.18, 4% iPrOH/CHCl3). After 48 h, THF was evaporated under vacuum and purified by
column chromatography under neutral alumina using 2-5% MeOH/EtOAc as eluents.
Yield: 0.18 g, 40%; 1H NMR (400 MHz, CD3OD): δ (ppm) 3.51-3.76 (m, 26H), 3.93 (s,
1H), 7.09-7.17 (m, 1H), 7.21-7.46 (m, 4H), 7.66 (s, 1H); 13C NMR (100 MHz, CD3OD):
δ (ppm) 57.3, 65.2, 73.5, 74.0, 74.07(2C), 74.1, 74.11(2C), 74.2(2C), 74.7, 81.8, 84.4,
125.2(2C), 128.7(2C), 132.6, 141.7, 192.5. ESI-HRMS: m/z [M+Na] calculated for
C21H33NO8S: 482.1819; found 482.1817.
General procedure to synthesize thiourea catalysts: A solution of the 2-aminomethyl18-C-6 (1.0 equiv) in THF (0.6 M) was added to a stirred solution of the isothiocyanate
(1.2 equiv) in THF (0.6 M) at room temperature. The reaction was monitored by TLC
(neutral alumina TLC, Rf = 0.38, 2% iPrOH/CHCl3). After 48 h, the solvent was removed
under reduced pressure. The residue was purified by column chromatography (2%
MeOH/EtOAc on neutral alumina) to afford the desired product.
1-(18-C-6-methyl)-3-benzylthiourea (98): Yield: 0.22 g, 73%; 1H NMR (400 MHz,
CDCl3): δ (ppm) 3.45-3.63 (m, 25H), 3.69-3.71 (m, 2H), 4.72 (s, 2H), 7.17-7.31 (m, 5H);
13

C NMR (100 MHz, CDCl3): δ (ppm) 45.2, 48.5, 67.5, 69.7, 69.95(2C), 69.99(2C),
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70.1(2C), 70.3, 70.5, 70.9, 71.7, 127.2, 127.9(2C), 128.4(2C), 138.6, 182.9. ESI-HRMS:
m/z [M+H] calculated for C21H34N2O6S: 443.2210; found 443.2207.
1-(18-C-6-methyl)-3-(3,5-bis(trifluoromethyl)phenyl)thiourea (99): Yield: 0.30 g,
78%; 1H NMR (400 MHz, CDCl3): δ (ppm) 3.50-3.76 (m, 23H), 3.84-3.91 (m, 2H), 7.47
(s, 1H), 7.65 (s, 1H), 8.23 (s, 2H), 9.61 (s, 1H);

13

C NMR (100 MHz, CDCl3): δ (ppm)

44.1, 66.5, 69.2, 69.7, 69.8, 69.9, 70.1, 70.2, 70.4, 70.5, 71.6, 71.8, 74.9, 116.7,
122.22(2C), 122.24(2C), 130.9-131.9 (2C), 142.1, 181.3. ESI-HRMS: m/z [M+H]
calculated for C22H30F6N2O6S: 565.1802; found 565.1791.
General procedure for fluorination: In an oven-dried vial purged with argon was
added a CENC (0.10 mmol) and anhydrous KF (0.10 mmol) in anhydrous MeCN (0.5
mL). After the complexation reaction, the solvent was removed under vacuum and the
residue was kept under high vacuum overnight followed by discharging under argon for
15 min. A solution of silyl ether substrate 90 or 100 (0.20 mmol) in anhydrous CD3CN
(0.1 M) was added to the CENC/KF complex. The mixture was directly transferred in a
dry NMR tube and the 1H NMR was acquired in 5 min intervals up to 25 min. The
percent conversions were then estimated based on comparisons of integrations of the
isopropyl group signals in the 1H NMR of starting material versus product. (see SI for
more details).
General procedure for radiofluorination: No-carrier-added (n.c.a) [18F]fluoride ion
was obtained through the 18O(p,n)18F nuclear reaction by irradiating [18O]water (95 atom
%) for 90–120 min with a proton beam (17 MeV; 20 μA) generated with a PETrace
cyclotron (GE Medical Systems, Milwaukee, WI).

Cyclotron-produced NCA

[18F]fluoride ion (1.1−3.7 GBq) in [18O]water (150−250 μL), and K2CO3/PTA stock
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solution (0.66/1.32 μmol; 15 μL) were loaded into a 5-mL glass V-vial. MeCN (500 μL)
was added and water/MeCN was azeotropically removed at 110 oC under a stream of N2
gas (200 mL/min) and vacuum (< 20 mmHg). The azeotropic process was repeated three
more times to obtain dry [18F]fluoride ion agent. The vial was cooled with several dry-ice
pellets over 4 min to rt. A solution of 90 or 100 (2.0 mg) was dissolved in MeCN (450
μL) and transferred to the drying vial at rt. For reactions involving MeOH or ethylene
glycol, the additive alcohol was introduced when 90 was dissolved in MeCN (450 μL)
after azeotropic drying with 18-C-6. The reaction mixture was allowed to stand at rt for
20 min before dilution with water (1 mL) and injected onto a semi-preparative scale
HPLC column (Luna C18, 10 μm, 250 × 10 mm) for separation of products. The reaction
mixture was eluted at 6 mL/min, with a mixture of aq. ammonium formate (A, 25 mM)
and MeCN (B), with B initially 40% for 3 min, and then increasing linearly to 90% over
2 min. The fractions at tR = 14.7− 14.9 min ([18F]91) or 13.4−13.9 min ([18F]101) were
collected and measured for radioactivity. Identities of [ 18F]91 and [18F]101 were verified
by LC-MS analysis of associated carrier as m/z = 344.2 and 471.2 for [M ++H],
respectively.
For radiofluorination in the presence of added MeOH or ethyleneglycol, the alcohol was
added along with 36.
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CHAPTER III:
DIVERSIFICATION REACTIONS OF γ-SILYL ALLENYL ESTERS TO ALLCARBON QUATERNARY STEREOGENIC CENTERS AND γ-DICARBINOL
ALLENOATES
Adapted in part from:
Jana, S.; Roy, A; Lepore, S, D. Chem. Commun. 2017, 53, 5125.
Copyright  2017 The Royal Society of Chemistry
3.1 Introduction
Allene was discovered by van’t Hoff in 1885117 and first synthesized in 1887.118
They are found in many natural products possessing biological activity and are being
increasingly incorporated in pharmaceuticals. 119 Owing to their unusual properties and
reactivity, they have been utilized as attractive building blocks for chemical synthesis.
Due to their cumulated form, allenes are often more reactive than dienes. In addition,
when 1,3-disubstituted, they display axial chirality, which has been curiously referred to
“elongated tetrahedral geometry”.120 Extremely bent allenes have been investigated due
to their interesting electronic structures and coordination properties. 121 Allene building
blocks have been exploited to access variety of compound classes over the past few
years. 122 In particular, the cumulated double bonds of allenyl carbonyls can be
chemoselectively and regioselectively manipulated which make these conjugated allenes
promising synthetic intermediates.123 Allenes also play pivotal role in hydrocarbon
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chemistry124 and molecular materials. 125 In addition, optically pure allenes have been
utilized as chiral ligands for asymmetric catalysis. 126
When a carbon atom is bonded to four different carbon substituents, it is known as an allcarbon quaternary stereogenic centers. These are common structural units in many
biologically active molecules and pharmaceuticals such as cortisone, morphine,
gelsemine etc.127 The efficient construction of these stereocenters remains a formidable
challenge for synthetic chemists especially in natural product synthesis due to the steric
hindrance posed by carbon substituents.128 The congested nature of quaternary
stereocenters makes the carbon center barely visible at the end of the pointing arrow in
the space-filling model of morphine 108 (Figure 19).

Figure 19: Structure and space-filling model of morphine

In addition to the steric challenge, the stereo-controlled construction of these quaternary
centers must involve carbon-carbon bond formation reactions to provide the requisite
three-dimensional orientation of the four carbon substituents i.e. the absolute
configuration of the quaternary stereocenter.129 To remove this barrier of incorporating
quaternary stereocenters in organic molecules, a variety of chemical transformations have
been reported to produce such functionalities with high enantioselectivity. 130 Numerous
efforts have been made for the efficient construction of quaternary centers in the total
synthesis of various natural products, pharmaceuticals and bioactive molecules. 131 All58

carbon quaternary stereocenters bearing an alkyne have emerged as versatile and
synthetically significant moieties for the total synthesis of biologically active compounds
(Scheme 15).132 The alkynes especially the terminal alkyne functionality can be found in
thousands of acetylenic natural products.133 The possibility of direct functionalization of
alkyne C-H bond without the removal of protecting groups makes these ethynyl groups
even more desirable. Hence these acetylenes have been extensively used for the synthesis
of organic molecules via addition, cyclization, cycloaddition and cross-coupling
reactions. 134

Scheme 15: Application of alkyne bearing quaternary centers in total synthesis

In addition, these types of alkynes have widespread application in material science and
biochemistry. 135 We wished to utilize allene building blocks to construct all-carbon
quaternary centers bearing an alkyne i.e. the α,α-disubstituted β-alkynyl esters.
3.2 Previous Approaches to Synthesize α,α-Disubstituted β-Alkynyl Esters
Functionalized α,α-disubstituted β-alkynyl esters have gained importance as synthetic
intermediates for number of synthetic targets such as functionally substituted
heterocycles and carbocycles which are found in many natural products possessing
biological activities.136 The alkynyl scaffolds 114 have been utilized by Metcalf to
produce 2-alkynyl-substituted glutaric acid (pentanedioic acid) derivatives 115 (Scheme
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16).137 The methods to synthesize simpler glutaric acid derivatives are known138 and
these have been extensively used in total synthesis. 139

Scheme 16: Method to synthesize 2-alkynyl-substituted glutaric acid

Several methods are reported to synthesize quaternary centers containing an alkyne via
addition reactions to carbonyls or imines and cross-coupling reactions; however, none of
these methods lead to all carbon quaternary centers.140 Several attempts were made to
synthesize alkynes bearing an all-carbon quaternary center. The coupling of active
alkynyl halides 118 with an α,α-disubstituted esters 116 directly yielded α,α-disubstituted
β-alkynyl esters in good yields 121 (Scheme 17).141

Scheme 17: Addition-elimination mechanism for enolate and α-chloroalkyne addition
Kende141a reported that the alkynylated product formation was base dependent as the use
of LiHMDS instead of LDA led to the chlorovinyl adducts 120. The competition between
C1- elimination to form alkynylated product 121 vs. proton abstraction from an in situ
proton donor (by HMDS compare to less acidic diisopropylamine) to form chlorovinyl
adduct 120 determined the fate of the vinyl anion 119 formed upon reaction of enolate
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117 with α-chloroalkyne substrate 118. The reaction was also substrate dependent as the
tertiary enolates derived from conjugated ketones gave the alkynated products only when
α-chloroalkynes were added to enolates. Conversely, the tertiary enolates generated from
saturated ketones or esters gave the products by reversing the order of enolates and αchloroalkynes addition. The reaction was unsuccessful with a variety of primary and
secondary enolates as proton exchange between enolate and initially formed adduct can
eventually lead to formation of byproducts. The β-substituents (Cl, Ph or EWG) in αchloroalkynes 118 play an important role in mild stabilization of a carbanion intermediate
β to the chlorinated carbon for the observed reactivity, in accord with an additionelimination mechanism (Scheme 17). This mechanistic consideration is further reinforced
by reacting enolates with 1-chloro-1-hexyne or 1-bromo-1-hexyne as no desired products
were detected. Jørgensen prepared the α,α-disubstituted propargylic esters 124 via
organocatalytic enantioselective direct α-alkynylation of cyclic β-keto esters 122 with
haloalkynes 123 under phase transfer conditions (Scheme 18).142

Scheme 18: Catalytic enantioselective acetylenic substitution of cyclic β-keto esters

The propargylic quaternary stereocenters were constructed with good yields and high
enantioselectivities and the reaction proceeded via an addition-elimination mechanism.
However, this method suffers from few limitations, for example, the reaction worked
only with cyclic β-keto esters equipped with bulky tert-butyl groups and functionalization
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of C9-hydroxyl group of the phase transfer catalysts with sterically demanding
adamantoyl group and nitrogen center with anthracenyl group are found to be requisite
for obtaining high enantioselectivity. Furthermore, several β-haloalkynes having different
activating groups were synthesized. In case of highly electron-deficient bromoalkynes,
addition on the triple bonds by the β-keto esters has also been encountered.
Use of hypervalent alkynyl–main group derivatives such as alkynyl–iodonium salts143 or
in situ formed alkynyl–lead triacetate reagents144 in the α-alkynylation of enolates has
also been documented. The former reaction involves the formation of a carbene
intermediate while the latter proceeds through formation of an enolate alkynyl-lead
intermediate. Despite the apparent success of such enolate-alkynylation, the synthetic
utility remained unexplored due to the complexity arises in enantioselective variants of
these reactions. More recently, a transition-metal-free base-mediated direct alkynylation
of oxindoles 126 with iodoalkynes 127 via a radical-radical coupling process (Scheme
19, Eq. 1)145 and 1,4-conjugate alkynylation of alkylidene Meldrum’s acids 129 with
alkynyl Grignard reagent 130 (Scheme 19, Eq. 2)146 provided the propargylic all-carbon
quaternary stereogenic centers 128 and 131 respectively in high yields.

Scheme 19: Direct alkynylation methods for the preparation of α,α-disubstituted
propargylic esters
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However, the above methods only yielded the substituted alkyne, lacked substrate
generality. Some of the reactions required to utilize external oxidants or radical initiators
and transition-metal catalysts which are often expensive, hazardous and difficult to
remove from final compounds. Furthermore, the use of forcing reaction conditions,
occasional selectivity problems and the formation of complex reaction mixtures signify
the requirement for further method development to efficiently introduce alkynyl groups at
α-position of the carbonyl groups by other more efficient pathways.
Transition-metal-catalyzed carbene-involved cross-coupling reactions constitute another
recent method that produced products containing an all-carbon quaternary center bearing
an alkyne. 147 The copper-catalyzed C(sp)−C(sp3) bond forming reactions prevail over the
palladium-catalyzed or rhodium-catalyzed methods as they avoid the use of complex
ligands and stoichiometric use of highly reactive organometallic reagents and employ
inexpensive and bench-stable copper catalysts to provide a powerful and tunable method
for the construction of all-carbon quaternary centers bearing an alkyne. In addition, the
spontaneous β-hydride elimination of organometallic species to afford the corresponding
olefins limits the utility of Pd or Rh-catalyzed methods. A copper-catalyzed threecomponent cross-coupling reaction between terminal alkyne 132, α-diazo ester 133 and
alkyl halide or Michael acceptor has been developed by Wang to afford the α,αdisubstituted propargylic ester 135 in good yields (Scheme 20). 148

Scheme 20: Carbene-involved three-component method for quaternary propargylic ester
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The reaction proceeded in one-pot manner on a carbonic center via sequential carbene
migratory insertion and nucleophilic substitution or Michael addition. The reaction
afforded reasonably low yields due to the formation of several byproducts arising from
coupling reactions between alkynes 132 and diazoesters 133 and/or that between alkynes
132 and alkyl halides 134. Use of strong base, higher temperature and limited substrate
scope are the other notable limitations of this method.
Feng accounted for a copper-catalyzed decarboxylative alkynylation of quaternary αcyano acetate salts 137 with alkynyl halides 136 for the synthesis of propargylic
quaternary stereocenters bearing a nitrile group 138 (Scheme 21)149 which represent
interesting synthetic intermediates.150

Scheme 21: Decarboxylative alkynylation of α-cyano acetate salts

The release of CO2 as the only byproduct in this reaction shows high atom economy and
provides an alternative to existing enolate alkynylation under basic conditions. The use of
α,α-disubstituted-cyano acetate salts 137 was critical in obtaining the products as the
desired products could not be formed with α-cyano acetate containing active H and in
that case only the homocoupling product of the alkynylbromide was obtained.
Requirement of harsh conditions and lower yields with alkynes substituted with alkyl
groups are the major drawbacks of this method.
Chiral allenylmetal species have been utilized as versatile nucleophiles in number of
reactions where the axial chirality has been efficiently transferred to point chirality.151
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During the past decade, chiral allenylsilanes have been exploited as nucleophiles in new
asymmetric methodologies and natural product total syntheses. Both tertiary152 and
quaternary153 carbon centers bearing an alkyne unit have been constructed with high
enantioselectivities by nucleophilic silylallenes addition to a number of electrophiles
through a mechanism that involves axial-to-center chirality transfer (Scheme 22). The
apparent need of synthetically challenging chiral 3,3-dialkylallenylsilanes 139 or 141 as
starting materials is one of the significant drawbacks of these methods. The
regiochemical issues in the synthetic strategies of alkynes involving propargylic anion
equivalents addition to carbonyl compounds arises from the presence of an equilibrating
mixture of allenic and propargylic organometallic derivatives; thus, often leading to the
lower yields of the desired alkyne products. These organometallic species combine with
carbonyl compounds via SE2′ or SEi pathways to afford the allenic alcohols and
homopropargylic alcohols.154

Scheme 22: Chirality transfer reaction of chiral allenylsilanes to point chirality bearing
an alkyne

The regiochemical outcome of these reactions has been shown to be influenced by the
steric bulk of the electrophile and the substitution pattern on the organometallic species.
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The above problems are largely minimized by the regiospecific addition of allenylsilane
141 to aldehydes or ketones in presence of titanium tetrachloride to furnish the
homopropargyl alcohols 142 predominantly in good yields (Scheme 22, Eq. 2).153 The
reaction seemed to have proceeded via a carbonyl-ene-type mechanism155 under the
conditions developed by Danheiser.156 Surprisingly, the labile TMS group was retained
in the alkyne product 142. One significant limitation of this methodology was that the
reaction was accompanied by the formation of dihydrofuran annulation products and
vinyl chloride derivatives. The detailed mechanistic analysis for the formation of these
products has also been discussed by Danheiser.
Because allenoates can be prepared using standard protocols 157, the nucleophilic addition
of allenyl esters to many different electrophilies through the α-position of the allene have
been employed extensively to render carbon stereogenic centers bearing an alkyne
substitution i.e. α,α-disubstituted β-alkynyl esters.158

Scheme 23: Literature methods for the preparation of an α,α-disubstituted-β-alkynyl
esters

For example, Dr. Yuanjun He, a former member of the Lepore Group, demonstrated that
conjugated α-alkynyl esters 143 can be converted to α,α-disubstituted β-alkynyl esters
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144 using 2.0 equiv. of LDA/HMPA (Scheme 23, Eq. 1).159 The rapid intracomplex
protonation of lithium enolate intermediate that precludes second electrophile addition,
leading to the allene product is the major setback of this method. Alper discovered that in
the presence of a palladium catalyst, α,α-disubstituted propargylic esters 147 can be
obtained via the reaction of allenoates 145 with vinyl oxiranes 146 under mild conditions
in moderate to good yields (Scheme 23, Eq. 2).160 The alkylation strategy of vinyl
oxiranes was regeioselective providing the 1,4-adduct exclusively. However, the reaction
afforded the mixture of cis and trans isomers. Also, the trisubstituted allenes 145 must be
utilized as they were important in stabilization of negatively charged allene intermediate
which may be difficult in case of mono- and disubstituted allenes, leading to the
substituted alkyne 147 and hence limiting the product generality. It is noteworthy that the
lower yields were obtained with disubstituted aryl allenes compare to monosubstituted
aryl allenes due to their steric bulkiness and that with substituted vinyl oxiranes due to
the steric congestion in -allylpalladium intermediate.
The alkylation of 1-alkylallene-1,3-dicarboxylates 148 under phase transfer condition using
activated alkyl bromide raised the issue of regioselectivity as the mixture of tetrasubstituted
allene 151 and quaternary carbon bearing an alkyne 152 were obtained with predominant
formation of alkyne 152 in presence of TBAB as phase transfer catalyst. The regioselective
preference can be altered with high regio- and enantioselectivity by the use of suitable
condition and bulkier allenyl esters and catalysts (Scheme 24).161 This method however
suffers from lack of generality and several other limitations. Firstly, the use of synthetically
challenging and costly allenic diesters 148 greatly limits the utility of this method. In addition
to requiring a blocking group at α-position of the allene, the ester group at the α-position needs
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to be sterically more hindered (requiring the use of an unusual bis-tert-butyl methyl group at
R2) than the γ-ester to favor addition at the γ-position.

Scheme 24: Regioselective alkynylation of 1-alkylallene-1,3-dicarboxylates under phase
transfer condition

Secondly, the synthetically complex and thus expensive catalyst 153 is required to disfavor
alkynyl ester product formation and hence α-adduct formation. Thirdly, this method is feasible
only with activated alkyl bromides such as benzyl, substituted benzyl, allyl and propargylic
electrophiles.
Hammond demonstrated that allenyl esters 154 add to electron-deficient olefins (mainly
Michael acceptors) under the action of catalytic TBAF to afford propargyl esters 155. These
allenyl esters 154 also add to an impressive variety of alkyl halides, acid chlorides and alkyl
chloroformate to yield propargyl esters 157 in the presence of LDA (1.5 equiv). Both of these
reactions are believed to proceed via the formation of a common alkynylenolate intermediate
158 (Scheme 25).162 Because of the presence of two nucleophilic centers in an alkynylenolate
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158, regioselectivity becomes a major concern in the addition reaction with electrophiles.
According to Hammond, the higher electron density at the α-carbon atom compared to the γcarbon atom in the alkynylenolate 158 is the main reason for the inherent preference for αfunctionalization (kinetic product). They described the highly regioselective and efficient
approach to the construction of quaternary α-alkynyl-α-fluoro esters (α-products) and γiodoallenoates (γ-products) from readily available allenyl esters through an alkynylenolate
generated by LDA.163

Scheme 25: Methods by Hammond for the synthesis of α,α-disubstituted-β-alkynyl esters
from allenoates through the alkynylenolate intermediate
The term “geometry optimization" of both alkyne and allenoate after deprotonation, described
by Hammond is not fully understood. We interpret this to mean that, the alkynylenolate 158 is
perhaps the more stable resonance form compared to deprotonated allene 157 due to the
presence of slightly better π-π conjugation. However, this assertion would require
computational verification, which Hammond did not provide in his published work. One of
the few limitations of Hammond’s methods is the apparent need for allenoate substrates to be
substituted at the γ-position with an alkyl or aryl group. This necessarily limits product
generality to substituted alkynes.
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Direct α-ethynylation of carbonyl compounds 160 using electrophilic alkynyl synthons
such as ethynyl-benziodoxolones (EBX) developed by Waser,164 have been reported for
the construction of all-carbon quaternary center containing compounds 161.

Scheme 26: Electrophilic ethynylation methods for the synthesis of acetynyl substituted
quaternary center
Unlike Hammond’s methods, these are capable of producing terminal alkyne products.
Using Waser’s ethynylating reagent 159, the quaternary carbon center bearing an
acetylene group 161 was synthesized efficiently (Scheme 26). However, due to their
limited substrates scope and use of expensive reagents, the above methods have not been
adopted broadly by synthetic chemists. The challenging asymmetric variants also limit
the synthetic utility of such direct alknylations despite their apparent success. In addition,
the EBX reagents 159 should be handled and manipulated with adequate care as these
reagents showed strong exothermic decomposition in a differential scanning calorimetry
(DSC) study. 165
Enantioenriched chiral halogenated allenes were explored as building blocks in an axialto-center chirality transfer reaction leading to non-racemic terminal acetylenes. The
treatment of alkyl Grignard reagents to allenyl chlorides 162 by Alexakis166 (Scheme 27)
led to the formation of ethynyl substituted quaternary center 163 with high chirality
transfer.
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Scheme 27: Synthesis of chiral terminal acetylenes from enantioenriched chloroallenes

Alexakis also reported a catalytic asymmetric reaction to produce his chloroallenes 162.
In presence of a chiral phosphorous-based ligand, chloroallenes 162 can be constructed in
excellent enantioselectivites using a Cu-catalyzed addition of Grignard reagents to
prochiral 1,1-dichloropropargylic substrates.167 Unfortunately, only few methods are
reported to access the chiral halogenated allenes 162 with high enantioselectivities and
thus this method has found limited usage in the synthetic methodologies and total
syntheses.
Most recently, electron deficient α-substituted allenyl sulfones or esters 164 were reacted
with Michael acceptors 167 for the formation of terminal alkyne substituted quaternary
centers 165 in presence of Lewis base organocatalysts (Scheme 28).168

Scheme 28: Proposed sulfinate (Lewis Base)-mediated catalytic cycle
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A catalytic cycle for the formation of acetylene product 165 has also been proposed.
After the addition of sulfinate on the electrophilic β-carbon of allene 164, a Michael
addition occurs and the resulting anionic intermediate 168 undergoes an intramolecular
E2-type elimination to afford the alkyne target 165. The electrophilic nature of the
Michael acceptor plays a crucial role in the efficiency of the process as more reactive
ones undergo a competing polymerization event. The key E2 elimination step must be
promoted and the retro-Michael reaction should be retarded by forming the anionic
intermediate 168 less basic and sterically less hindered. Due to the reasons described
above, only a few Michael acceptors have been demonstrated to work by Perrio;
accordingly, this method suffers from lack of substrate generality. Nevertheless, this work
nicely demonstrates that all-carbon quaternary center compounds are accessible from simple
allenoate starting materials, which is the goal of our project described in this chapter.
γ-Silyl allenyl esters have only been exploited recently as diversifiable building blocks, 169
even though they have appeared in the literature as early as 1979. 170

Scheme 29: Silyl group to facilitate γ-deprotonation of allenoate
For example, Maruoka demonstrated that a γ-silyl allenoate 169 could be benzylated to
give silyl propargyl ester bearing an all-carbon quaternary center 170.171 Importantly, the
asymmetric conversion by Maruoka was accomplished under mild phase-transfer
conditions due to facile γ-deprotonation of the γ- silylallenoate 169, resulting from
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stabilization of the conjugate base by the silyl group (Scheme 29). The requisite of
synthetically challenging and commercially expensive catalysts 171 for good asymmetric
induction is one of the limitations of this method. Furthermore, the use of activated alkyl
bromides as electrophiles and tert-butyl allenyl esters 169 is other drawback for the
method developed by Maruoka. This method is again limited to the formation of
substituted alkyne. We wished to construct the all-carbon quaternary center bearing
terminal acetylene (α,α-disubstituted β-ethynyl esters) efficiently from a readily prepared
simple silyl allenoate building block.
3.3 Syntheses and Applications of Allenic Alcohols
It has been reported that the thermodynamically favored γ-adducts (the carbinol
allenoates) can be obtained exclusively when the alkynylenolates were reacted with aldehydes.
The higher electron density at the α-carbon atom compared to the γ-carbon atom in the
alkynylenolate is main reason for inherent preference for α-functionalization (kinetic
product).172 However, the presence of conjugation in γ-adduct, makes this thermodynamically
more stable. The α-adduct can be obtained under kinetically controlled reaction conditions
such as at lower temperature, with shorter reaction time and by the use of stoichiometric
amount of kinetic bases. Conversely, the use of substoichiometric amount of thermodynamic
bases at room or higher temperature for longer reaction times favors the thermodynamic γproduct.173 The aldehydes can, however, also be added to the α-position of α-allenic esters
through an aldol condensation reaction via the formation of cumulenolate (using kinetic
base)174 or alkynylenolate (using thermodynamic base) intermediate175 or by a nucleophilic
attack at allene β-position.176 The resulting α-carbinol allenoates or the α-carbinol-β-alkynyl
esters can thereafter undergo dehydration to deliver the conjugated trisubstituted 1,3-enynes
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with high stereoselectivity. These conjugated 1,3-enyne motif and its derivatives have found
enormous importance in organic chemistry since they are embedded as key backbones in
numerous biologically active natural products.177
Our group has taken advantage of the unique properties of γ-silyl allenoates in
developing highly selective γ-aldol addition178 and α-additions leading to azaprolines.179
A wide variety of aldehyde electrophiles including aromatic and aliphatic aldehydes add
to the γ-position of silyl allenyl esters in presence of alkoxide catalyst to afford the γcarbinol allenoates in good to excellent yields. Specifically, silyl allenoates 172, easily
accessible from ketoesters,180 when treated with an anionic nucleophilic catalyst (e.g.
LiOiPr), produced γ-allenyl carbinol 173 via dienolate intermediate 174 following a
Morita–Baylis–Hillman (MBH) mechanism (Scheme 30).

Scheme 30: Anion catalyzed Morita-Baylis-Hillman reaction
Our current hypothesis is that the observed exclusive γ-selectivity may be the result of a
favorable second step involving a 1,2-Brook rearrangement to form a strong Si–O bond
in 176, which is believed to be crucial for the regeneration of catalyst. Alternatively, the
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electron density at γ-position may be enhanced due to the presence of the trialkylsilyl
group (resonance form 175) thus favoring γ-addition. This class of γ-carbinol allenoates
is particularly important for the construction of conjugated 1,3-dienes which are found in
many biologically active molecules181 and are useful in many important chemical
transformations.182 Lee utilized γ-carbinol allenoates 177 to generate substituted 2-halo1,3-dienes 178 and 1,3-diene-2-yl triflates 179 stereoselectively from corresponding
electron-rich and electro- deficient substrates respectively under mild metal-free
conditions (Scheme 31, Eq. 1).183 Recently, 1,3-diene-2-ol sulfonates 182 have been
constructed by Wang via a [3,3]-sigmatropic rearrangement of γ-carbinol allenoates 180
with sulfonic acids under mild reaction conditions (Scheme 31, Eq. 2).184

Scheme 31: Substituted-1,3-diene syntheses from γ-carbinol allenoates
An indium (III) catalyzed intermolecular formal SN2′ additions of thiols to γ-carbinol
allenoates have also been reported by Webster to produce functionalized 1,3-dienes.185
Selig converted acetylated γ-carbinol allenoates to benzofulvenes stereoselectively
(predominantly E isomers) in presence of silver (I) and/or gold (I) catalysts.186 A novel
and efficient approach for regio- and stereoselective synthesis of a variety of 2-amino1,3-dienes 185 in high yields has been developed by Cheng via decarboxylative
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amination of γ-carbinol allenoates 183 by TsNCO under metal-free conditions (Scheme
32).187

Scheme 32: Decarboxylative amination of γ-carbinol allenoates by TsNCO

It is worth mentioning that 2-halo-1,3-dienes can be synthesized regio- and
stereoselectively via addition-elimination reactions of α-carbinol allenoates with metal
halides,188 oxalyl chloride in absence of base 189 or indium trihalide.190 Synthetically
significant terminal or substituted-1,3-enynes can also be obtained from the reactions of
α-carbinol allenoates with mesyl chloride191 or oxalyl chloride189 in presence of base or
from allenyl acetates in presence of DABCO catalysts. 192
3.4 Transformation of γ-Silyl Allenyl Esters to All-carbon Quaternary Stereocenters
As discussed above the allenyl carbinols are important in organic synthesis, especially
for the synthesis of 1,3-dienes and 1,3-enynes. In our lab, the γ-carbinol allenoates were
prepared from γ-silyl-allenyl esters for the eventual synthesis of core structure of
Vitisinol D.178 However, the aldehyde additions at γ-position of γ-silyl-allenyl esters
afforded γ-carbinol allenoates with poor diastereoselectivities. The stereoselectivity could
not be improved after extensive studies albeit to the little or no facial selectivity of
aldehydes addition towards planar dienolate 174. Sterically bulkier nucleophilic catalysts
and silyl groups at γ-position were examined with no avail. As part of our continued
interest in exploring the reactivity of γ-silyl allenyl ester building blocks towards various
non-aldehyde electrophiles, we herein disclose a new regioselective method for the
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construction of α,α-disubstituted-β-ethynyl

esters (α-adduct)

exclusively

in

a

straightforward manner. We initially attempted to alkylate substrate 186 at γ-position
with allyl bromide in the presence of lithium isopropoxide in catalytic quantities. To our
delight, we observed γ-alkylation product 187 in a low yield (30%). We noticed that this
reaction took longer than the normal reaction time (12 h instead of 2.5 h in aldehyde
addition) and only 60% conversion to the product was observed along with the formation
of unknown side products leading to the low yield. We believe that after the formation of
the enolate 188, the allyl bromide adds in a vinylogous way to form an intermediate 189
which lacks the oxy-anion for the 1,2-Brook rearrangement to take place for regeneration
of the catalyst, making the reaction slow (Scheme 33). We reasoned that the bromide
generated in situ is responsible for the silyl removal and slows down the catalytic cycle,
as bromide is likely a poor desilylating agent. We also surmise that our anionic catalyst
and electrophile can react with each other to further decelerate the process.

Scheme 33: Mechanism for slow anion-catalyzed γ-alkylation of γ-silyl allenoate
In an attempt to divert the reaction mechanism to afford α-addition products, we
considered that stoichiometric fluoride would lead to a hypervalent silicon intermediate
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such as 190 (Figure 20). We expected that this dianion intermediate would bear more
partial negative charge on the α-carbon than the γ-carbon and the γ-addition is retarded
by the presence of negatively charged silicon, which does not allow for a resonance form
such as 175. Our hypothesis was that, if intermediate 190 is formed, it will be very
reactive; reactive enough to add even less reactive aromatic electrophiles (via S NAr). The
subsequent addition of an electrophile would lead to α-addition product 191 followed by
a collapse of the silicon anion to afford alkyne bearing an all-carbon quaternary center
192 exclusively (Figure 20).

Figure 20: Proposed α-addition reaction involving hypervalent silicon
The main aspect of my thesis research was to further explore the potential of the γ-silyl
group of this system as an auxiliary to control regioselectivity and reactivity as outlined
above. However, our reaction design was also aimed at providing a synthetically useful
method to complement the work of Hammond and coworkers in this area. As described
above, Hammond’s method is limited to the allenoate substrates substituted at the γposition with an alkyl or aryl group. In addition to removing this substrate limitation, we
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also sought to develop a reaction that would undergo alkylation and nucleophilic
arylation (via SNAr) under conditions that would allow for the future development of
phase transfer catalysis.
We initially examined our hypervalent silicon hypothesis by attempting to alkylate
substrate 186 with allyl bromide in the presence of catalytic lithium isopropoxide and
stoichiometric amount of fluoride source and noticed a substantial increase in the reaction
rate. Importantly, the added fluoride altered the regioselectivity of the reaction to give
alkyne 194a as the only product. We noticed that both the alkoxide and fluoride source
are necessary to drive the reaction towards alkyne product. This observation is further
reinforced by the control experiment (Scheme 34) that shows the formation of desilylated
allene 193 in absence of the alkoxide. About 80% of the desilylated allene was isolated.

Scheme 34: Control experiment with TBAF and in absence of alkoxide
Further optimization revealed that 30 mol% of LiOiPr and 1.0 eq of TBAF at 0o C in THF
led to product in 1.5 h (Table 9, entry 3). Changing the solvent to diethyl ether resulted in
slower reaction and reaction in DCM gave only trace product even after 12 h. This
reaction is compatible with other fluoride sources as well. For example, KF in THF in the
presence of crown ether (18-C-6) led to product 194a in 3.5 h at 0 oC (Table 9, entry 8).
Perhaps most gratifyingly, alkyne product was also achieved using aqueous potassium
fluoride and cyclohexanol/aqueous KOH system in the presence of a phase transfer agent
(Table 9, entry 9). This entry indicated that the α,α-disubstituted β-alkynyl esters can be
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formed asymmetrically under phase transfer conditions 193 by the use of either chiral
alkoxide catalyst or chiral ammonium phase transfer catalysts. Our further exploration of
these phase transfer catalysis experiments will be discussed in a subsequent section.
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The percent conversions were determined based on 1H-NMR spectroscopy. bOnly product 186 was formed
in 30% yield. c20 mol% LiOiPr.

Table 9: Optimization of reaction conditions for ethynyl substituted quaternary center

After establishing the optimal conditions using TBAF, we next explored the reaction
scope with respect to electrophiles. In general, a wide range of electrophiles add to
substrate 186 to afford α-adducts 194a-l exclusively. Not surprisingly, other activated
alkylating agents besides allyl bromide led to propargyl products 194a-f in relatively
good isolated yields (60–85%); methylation and benzylation to give 194c and 194b were
also successful. In addition, propargyl, cinnamyl and geranyl bromide gave the
corresponding adducts 194d-f in good yields (Table 10). Hitherto inaccessible
80

functionalized 1,5-enynes (194a, 194e, and 194f) and 1,5-diyne (194c) were synthesized
using our methods. These 1,5-enynes and 1,5-diyne have numerous applications in highly
competitive field of synthetic organic chemistry. 194

Table 10: Substrate scope of alkylation leading to quaternary products

Under the same conditions, electron-deficient olefins also react efficiently with substrate
186 leading to products 194g – 194j respectively in good yields (Table 11). We note that
all the products in this phase of our study possess terminal alkynes and thus complement
the methods developed by Hammond.162,163

Table 11: Substrate scope for Michael addition leading to quaternary products
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We also recorded about 1:1.5 diastereoselectivity in product 194j. We were pleased to
observe the formation of functionalized glutaric acid 195, when compound 194g was
hydrolyzed under acidic condition (Scheme 35). Synthetic utility of these glutaric acids
has been mentioned in previous section.139

Scheme 35: Synthesis of glutaric acid by hydrolyzing compound 194g

Our generality studies also revealed that the present method encompasses nucleophilic
additions to aryl fluorides (via SNAr), which have not been previously disclosed.
Aromatic nucleophilic substitution reaction (SNAr) is known for more than 100 years and
remains one of the fundamental transformations in organic chemistry. 195 There have been
few reported methods to synthesize all-carbon quaternary centers bearing an aryl unit. A
three-component one-pot coupling reaction via a sequential vicarious nucleophilic
substitution (VNS Ar)196 - SNAr yielded a quaternary center bearing two aryl units 199
(Scheme 36).197

Scheme 36: Three component VNSAr - SNAr coupling reaction

The vicarious nucleophilic substitution (VNSAr) of hydrogen in aromatic systems is
pioneered by Makosza and often requires nitroarenes. A good nucleofugal group is not
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mandatory for this reaction compare to the conventional S NAr. The carbanionic
nucleophiles containing a leaving group 200 add to nitrobenzene ring 201 to form the
anionic σH-adducts 202 which undergo a base-induced β-elimination to produce anionic
intermediates 203.

Scheme 37: Vicarious nucleophilic substitution (VNSAr) of hydrogen in aromatic systems

The protonation of the anionic intermediates 203 affords the desired substituted aromatic
products 204 (Scheme 37). In the case of sequential vicarious nucleophilic substitution
(VNSAr) - SNAr reaction the anionic intermediates 203 were quenched with aromatic
electrophiles for the formation of quaternary centers containing two aryl units 205.
Iqbal demonstrated that under basic conditions dimethyl malonate reacts with an aromatic
compound and undergoes alkylation with an alkyl halide or Michael acceptors
subsequently to produce a quaternary non-stereogenic center bearing an aryl unit via
SNAr pathway. 198 In another method by Jørgensen, 1,3-dicarbonyl compounds 206 were
reacted with activated aromatic compounds 207 using phase transfer catalysis 209 to
afford functionalized optically active compounds bearing a quaternary stereocenter 208 in
excellent yields and with high enantioselectivities and atom economy (Scheme 38).199 A
Pd-catalyzed asymmetric arylation of enolate also produced a quaternary stereocenter
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bearing an aromatic group in good enantiocontrol. 200 None of these previously mentioned
method produces all-carbon quaternary centers bearing an alkyne.

Scheme 38: Asymmetric phase-transfer catalyzed SNAr reaction
As mentioned, one of our goals was to accomplish this transformation using a γ-silyl
auxiliary. Using the same optimized conditions just described, silyl allene ester 186 reacts
with 1-fluoro-4-nitrobenezene to produce 194k in 77% isolated yield (Table 12) via
nucleophilic aromatic substitution reaction (SNAr). Notably, product 194k contains an allcarbon quaternary center bearing an ethynyl and an aryl unit. 145-147,201 The addition also
works with an aryl fluoride bearing other electron withdrawing groups (194l).

Table 12: Aromatic nucleophilic substitution reaction under optimized condition
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It is noteworthy that under optimized condition diisopropylazadicarboxylate (DIAD) was
also added to the α-position of the allenoate 186 exclusively to afford α,α-disubstituted-βalkynyl hydrazinedicarboxylate 211 which readily underwent cyclization in situ to yield
azaproline 210 as a single product. This straightforward and efficient approach to
azaproline could serve as an alternative method for the azaproline synthesis reported by
our group recently.179,202 Our increased interest to produce the non-racemic azaproline led
us to perform the α-alkylation reaction of a racemic γ-silyl allenoate using chiral
alkoxide.

Scheme 39: Preparation of azaproline 210 asymmetrically

When the silyl allenyl ester 186 was reacted with DIAD in presence of 30 mol% Lmenthol/NaH and TBAF, the reaction yielded the desired azaproline 210 with 25% ee in
80% yield (Scheme 39).

Scheme 40: Quaternary center formation asymmetrically under phase transfer conditions

We next focused on the asymmetric synthesis of compounds in Table 12 under phase
transfer conditions. After extensive optimization of conditions, it was revealed that the
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silyl allene 186 can be successfully converted to the aryl compound 194k in 12 h using
cyclohexanol/35% KOH as nucleophile and saturated aq. KF as fluoride source in
presence of 50 mol% 9-O-allyl-N-anthracenyl cinchonidinium bromide 212 as phase
transfer catalyst in toluene/water biphasic system (Scheme 40). The enantioselectivity of
194k could not be determined by HPLC; however, further method development will
likely reveal the appropriate conditions for enantiomeric peak separation. Further
asymmetric studies including optimizing the PTC and nucleophile loading are currently
under investigation in our lab.
3.5 Synthesis of γ-Allene dicarbinols from γ-Silyl Allenyl Ester
As mentioned, we have previously developed an aldol addition reaction involving γsilyl allenoates that adds aldehydes exclusively at the γ-position most likely via an MBH
mechanism.

Figure 21: Proposed mechanism for double aldehyde addition at γ-position
However, using an adaptation of Hammond’s method (Scheme 25),172 we discovered that
aldehydes can be added in a second step in the presence of stoichiometric TBAF to
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produce allene γ-dicarbinols. After the first aldehyde addition at γ-position, the γ-proton
will be abstracted by the TBAF to form the dianion 213. The excess TBAF is required for
desilylation followed by deprotonation. More stable alkynylenolate 214 will form
through resonance of 213, which will readily react with second aldehyde to afford the γdicarbinol allenyl ester 215 as a mixture of diastereomers (Figure 21).
A wide range of aldehydes add at the γ-position of γ-monocarbinol allenoate 173 to yield
215a-l (Table 13) as a mixture of diastereomers when excess TBAF was present. Optimal
yields of diols 215a-l were realized with stoichiometric aldehyde (1.0 eq.) in both steps 1
and 2 as well as excess TBAF in step 2 (3.5 eq.).

Table 13: Substrate scope on aldehydes for γ-disubstituted allenoates formation
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Aromatic aldehydes bearing both electron withdrawing and donating groups add in the
second step to afford the dicarbinols 215a - 215e in 60-74% yield. Heterocyclic
aldehydes also react with monocarbinol to give the dicarbinol 215f in 72% yield. The
dicarbinol compounds 215g, 215h and 215i were obtained in good yield by adding
PhCHO and 4-tBu-PhCHO respectively in the second step. Surprisingly, aliphatic
aldehydes do not add twice in the γ-position. Aliphatic aldehydes add in the second step
only when the first addition is towards aromatic aldehydes. Thus, the compounds 215g
and 215l were synthesized by introducing benzaldehyde in the first step followed by
pivalaldehyde or butyraldehyde in the second step in moderate to good yield. The
conjugate aldehydes such as octynal and cinnamaldehyde also add to the monocarbinol in
second step to afford the corresponding diacrbinols 215j and 215k in decent yield.
The above results suggested and revealed that the reactivity of γ-silyl allenoates and
regioselectivity of electrophiles addition to allenoates depend on the nature of
electrophiles. The aldehydes being more reactive and electrophilic compare to other alkyl
electrophiles and Michael acceptors, add at γ-position of the allenoate before the
hypervalent silicon intermediate formation by fluoride source at that position; thus
favoring the γ-adducts. Whereas, in case of alkyl halides and Michael acceptors, the
fluoride ion binds with silicon at γ-position ahead of electrophiles addition at γ-center
and thus forcing the α-addition to occur exclusively by retarding the γ-adduct formation.
Crossover experiments were performed to examine and better understand the reactivity of
γ-silyl allenoates discussed above. Reaction of 186 in presence of 1:1 molar ratio of
benzaldehyde and benzyl bromide under optimized conditions yielded 1:1 mixture of γcarbinol allenoate 216 (with benzaldehyde) and α,α-disubstituted-β-alkynyl ester 194b
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(with benzyl bromide) (Scheme 41, Eq. 1). Furthermore, when allenoate 186 was treated
with tosylate-aldehyde 217 under normalized conditions, the reaction failed to provide
any products. This is presumably due to the competetion between α- and γ-addition that
was occuring simultaneously (Scheme 41, Eq. 2).

Scheme 41: Probing reactivity of γ-silyl allenoate by crossover experimets
Although γ-dicarbinol allenes have been previously reported,203 we discovered the allene
dicarbinols bearing electron withdrawing group (allenoate) 215 for the first time, which
prompted us to explore their reactivity. One of our initial experiments was inspired by
Ma who demonstrated that allene carbinols could be converted to halo-dienes. 204

Scheme 42: Iododehydroxylation/cyclization of γ-allene dicarbinols

Following his protocol, allene dicarbinols 215e and 215g were treated with LiI in the
presence of hydroquinone (HQ) in AcOH (as solvent) at 50 oC. This reaction afforded 689

hydro-2-pyrones 221e and 221g bearing an exocyclic double bond (Scheme 42). These
products can be rationalized as resulting from initial 1,3-diene intermediates 220, which
then underwent lactonization under reaction conditions to afford products 221 in good
yields. Significantly, this new route to highly substituted pyrones gives 6-aryl (221e) and
6-alkyl (221g) substitution with equal facility, producing each as a single diastereomer.
The reactivity of hydropyrone 221g were examined by performing the dehalogenation
reaction with Bu3SnH in presence of AIBN and the sequential conjugate additionelimination by cuprate reagents. Unfortunately, these reactions failed to provide desired
products due to the lack of reactivity of these types of hydropyrones (Scheme 43).

Scheme 43: Failed attempts to functionalize hydropyrone 221g
Attempt to hydrogenate 221g using the conditions reported by Boyd, 205 afforded the
unsaturated 2-pyrone product 224 in presence of triethylamine in excellent yield (Scheme
44). Longer reaction times were required to obtain the same when the hydrogenation was
carried out in absence of base.

Scheme 44: Synthesis of 2-pyrone by hydrogenation of 6-hydro-2-pyrone 221g
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While reactions to access 2-pyrones abound, 206 methods to produce the 6-hydro analog207
are virtually unknown. 208 Our route now provides access to a heterocyclic motif that we
believe will prove useful, given that the 2-pyrone moiety is found in many bioactive
compounds, both natural209 and designed.210
3.6 Experimental Section
General Information: All the reactions were performed in oven-dried glassware
with magnetic stirring under an argon atmosphere (unless otherwise stated). Reaction
products were purified using flash silica gel 40−63 μm. Extracts were concentrated in
vacuo using both a rotary evaporator (bath temperatures up to 30 °C) at a pressure of
either 15 mmHg (diaphragm pump) or 0.1 mmHg (oil pump), as appropriate, and a high
vacuum line at room temperature. Analytical thin-layer chromatography was performed
on 200 μm silica gel 60 F-254 plates. Visualization of TLC plates was accomplished with
UV light (254 nm or 365 nm), followed by staining with vanillin or potassium
permanganate and drying with a heat gun. 1H NMR were acquired on a 400 MHz
spectrometer and are reported in ppm (parts per million) using solvent as an internal
standard (CDCl3 at 7.26 ppm). Data are reported as br = broad, s = singlet, d = doublet,
dd = doublet of doublet, ddd = doublet of doublet of doublet, t = triplet, q = quartet, m =
multiplet; coupling constants in hertz (Hz). 13C{1H} NMR were measured on a 100 MHz
spectrometer. Chemical shifts are reported in ppm, with solvent resonance employed as
the internal standard (CDCl3 at 77.0 ppm). High-resolution mass spectra were recorded
by an ESI-TOF MS spectrometer (DART ion source). Reagents were purchased from
commercially available sources and were used without further purification. Solvents were
purified and dried on a solvent system or purchased anhydrous where required.
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General Procedure for Synthesis of Ethynyl Substituted Quaternary Centers: To a
solution of silylallenyl/alkynyl ester 186 (1.0 equiv) in THF (0.10 M) and electrophile
(2.0 equiv) at 0 oC was added 30 mol% LiOiPr (3M in THF) followed by the addition of
TBAF (2.0 equiv) dropwise over 15 min. The reaction was monitored for full
consumption of allene using TLC. After stirring for 2 h, the reaction mixture was then
quenched with saturated aqueous NH4Cl and extracted with EtOAc. The organic layer
was dried with anhydrous Na2SO4, concentrated, and purified by flash column
chromatography to obtain pure product 194a-l.
Ethyl 2-benzyl-2-ethynylpent-4-enoate (194a): Following the general procedure, the
product was obtained as a colorless oil after flash column chromatography using 0-5%
EtOAc/hexane as eluent. Yield: 0.32 g, 78%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.19
(t, J = 7.1 Hz, 3H), 2.42 (s, 1H), 2.57 (ddd, J = 77,4, 13.5, 7.1, 2H), 3.07 (dd, J = 63.8,
13.2 Hz, 2H), 4.13 (q, J = 7.1 Hz, 2H), 5.14-5.19 (m, 2H), 5.87-5.98 (m, 1H), 7.23-7.28
(m, 5H); 13C NMR (100 MHz, CDCl3): δ (ppm) 14.1, 43.3, 44.3, 49.4, 61.6, 74.3, 83.0,
118.9, 127.0, 127.9(2C), 130.3(2C), 132.9, 136.1, 171.5. ESI-HRMS: m/z [M+H]
calculated for C16H18O2: 243.1380; found 243.1373.
Ethyl 2,2-dibenzylbut-3-ynoate (194b): Following the general procedure, the product
was obtained as a colorless oil after flash column chromatography using 0-5%
EtOAc/hexane as eluent. Yield: 0.41 g, 85%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.05
(t, J = 7.1 Hz, 3H), 2.43 (s, 1H), 3.15 (dd, J = 63.8, 13.2 Hz, 4H), 4.02 (q, J = 7.1 Hz,
2H), 7.22-7.32 (m, 10H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 13.9, 45.3, 51.3, 61.6,

75.7, 82.9, 127.0, 127.9(2C), 130.4(2C), 136.2, 171.6. ESI-HRMS: m/z [M+H]
calculated for C20H20O2: 293.1536; found 293.1535.
92

Ethyl 2-benzyl-2-methylbut-3-ynoate (194c): Following the general procedure, the
product was obtained as a colorless oil after flash column chromatography using 0-5%
EtOAc/hexane as eluent. Yield: 0.25 g, 69%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.23
(t, J = 7.1 Hz, 3H), 1.48 (s, 3H), 2.36 (s, 1H), 3.07 (dd, J = 63.8, 13.2 Hz, 4H), 4.17 (q, J
= 7.1 Hz, 2H), 7.25-7.28 (m, 5H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 14.0, 25.2,

44.1, 45.4, 61.7, 72.5, 84.8, 127.0, 127.9(2C), 130.3(2C), 136.3, 172.6. ESI-HRMS: m/z
[M+H] calculated for C14H16O2: 217.1223; found 217.1225.
Ethyl 2-benzyl-2-ethynylpent-4-ynoate (194d): Following the general procedure, the
product was obtained as a colorless oil after flash column chromatography using 0-5%
EtOAc/hexane as eluent. Yield: 0.18 g, 79%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.25
(t, J = 7.1 Hz, 3H), 2.17 (m, 1H), 2.43 (s, 1H), 2,67 (m, 2H), 3.21 (s, 2H), 4.15-4.26 (m,
2H), 7.24-7.32 (m, 5H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 14.0, 27.6, 42.3, 47.9,

62.0, 71.8, 73.8, 79.6, 82.5, 127.2, 128.1(2C), 130.3(2C), 135.5, 170.5. ESI-HRMS: m/z
[M+H] calculated for C16H16O2: 241.1223; found 241.1223.
Ethyl 2-benzyl-2-ethynyl-5-phenylpent-4-enoate (194e): Following the general
procedure, the product was obtained as a colorless oil after flash column chromatography
using 0-5% EtOAc/hexane as eluent. Yield: 0.34 g, 83%; 1H NMR (400 MHz, CDCl3): δ
(ppm) 1.18 (t, J = 7.1 Hz, 3H), 2.48 (s, 1H), 2.64-2.88 (m, 2H), 3.15 (dd, J = 63.8, 13.2
Hz, 2H), 4.15 (q, J = 7.1 Hz, 2H), 6.30-6.38 (m, 1H), 6.51-6.55 (m, 1H), 7.23-7.40 (m,
10H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 14.1, 42.7, 44.4, 49.8, 61.7, 74.5, 83.1,

124.6, 126.3(2C), 127.1, 127.4, 128.0(2C), 128.5(2C), 130.3(2C), 133.9, 136.2, 137.2,
171.6. ESI-HRMS: m/z [M+H] calculated for C22H22O2: 319.1693; found 319.1708.
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Ethyl (E)-2-benzyl-2-ethynyl-5,9-dimethyldeca-4,8-dienoate (194f): Following the
general procedure, the product was obtained as a colorless oil after flash column
chromatography using 0-5% EtOAc/hexane as eluent. Yield: 0.15 g, 60%; 1H NMR (400
MHz, CDCl3): δ (ppm) 1.18 (t, J = 7.1 Hz, 3H), 1.63 (s, 3H), 1.67 (s, 3H), 1.672 (s, 3H),
2.03-2.08 (m, 4H), 2.37 (s, 1H), 2.55 (ddd, J = 77,4, 13.5, 7.1, 2H), 3.07 (dd, J = 63.8,
13.2 Hz, 2H), 4.07-4.15 (m, 2H), 5.08-5.18 (m, 1H), 5.30 (t, J = 7.2 Hz, 3H), 7.24-7.28
(m, 5H); 13C NMR (100 MHz, CDCl3): δ (ppm) 14.0, 16.5, 17.7, 25.7, 26.5, 37.6, 39.9,
43.9, 49.6, 61.5, 73.8, 83.6, 118.6, 124.1, 126.8, 127.9(2C), 130.3(2C), 131.4, 136.4,
138.8, 171.9. ESI-HRMS: m/z [M+H] calculated for C23H30O2: 339.2324; found
339.2324.
Ethyl

2-benzyl-2-(2-cyanoethyl)-but-3-ynoate

(194g):

Following

the

general

procedure, the product was obtained as a colorless oil after flash column chromatography
using 2-7% EtOAc/hexane as eluent. Yield: 0.23 g, 72%; 1H NMR (400 MHz, CDCl3): δ
(ppm) 1.21 (t, J = 7.1 Hz, 3H), 1.95 (ddd, J = 13.3, 10.7, 4.9 Hz, 1H), 2.30-2.47 (m, 2H),
2.48 (s, 1H), 2.57-2.65 (m, 1H), 3.08 (dd, J = 63.8, 13.2 Hz, 2H), 4.16 (q, J = 7.1 Hz,
2H), 7.22-7.32 (m, 5H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 13.7, 13.9, 33.6, 45.1,

48.6, 62.2, 75.6, 81.3, 119.0, 127.5, 128.2(2C), 130.2(2C), 134.9, 170.7. ESI-HRMS: m/z
[M+H] calculated for C16H17NO2: 256.1332; found 256.1324.
Ethyl 2-benzyl-2-ethynyl-5-oxohexanoate (194h): Following the general procedure, the
product was obtained as a colorless oil after flash column chromatography using 2-7%
EtOAc/hexane as eluent. Yield: 0.21 g, 62%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.19
(t, J = 7.1 Hz, 3H), 1.98 (ddd, J = 13.6, 11.1, 4.7 Hz, 1H), 2.15 (s, 3H), 2.23 (ddd, J =
13.8, 10.9, 5.0 Hz, 1H), 2.41 (s, 1H), 2.51 (ddd, J = 17.5, 11.1, 5.0 Hz, 1H), 2.74 (ddd, J
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= 17.3, 10.8, 4.7 Hz, 1H), 3.07 (dd, J = 63.8, 13.2 Hz, 2H), 4.12 (q, J = 7.1 Hz, 2H), 7.227.29 (m, 5H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 14.0, 30.0, 32.5, 39.7, 45.2, 48.9,

61.7, 74.5, 82.8, 127.1, 128.0(2C), 130.2(2C), 135.8, 171.6, 207.4. ESI-HRMS: m/z
[M+H] calculated for C17H20O3: 273.1485; found 273.1486.
5-Benzyl 1-ethyl 2-benzyl-2-ethynylpentanedioate (194i): Following the general
procedure, the product was obtained as a colorless oil after flash column chromatography
using 2-10% EtOAc/hexane as eluent. Yield: 0.17 g, 65%; 1H NMR (400 MHz, CDCl3):
δ (ppm) 1.18 (t, J = 7.1 Hz, 3H), 2.06 (ddd, J = 13.4, 11.6, 4.9 Hz, 1H), 2.33 (ddd, J =
13.3, 11.4, 5.1 Hz, 1H), 2.40 (s, 1H), 2.46 (ddd, J = 16.4, 11.5, 5.1 Hz, 1H), 2.70 (ddd, J
= 16.3, 11.3, 5.0 Hz, 1H), 3.08 (dd, J = 63.8, 13.2 Hz, 2H), 4.12 (q, J = 7.1 Hz, 2H), 5.12
(s, 2H), 7.27-7.39 (m, 10H); 13C NMR (100 MHz, CDCl3): δ (ppm) 14.0, 30.5, 33.6, 45.1,
49.0, 61.8, 66.4, 74.7, 82.5, 127.1, 128.0(2C), 128.2(2C), 128.5(2C), 130.2(2C), 135.7,
135.8, 171.4, 172,6. ESI-HRMS: m/z [M+H] calculated for C23H24O4: 365.1753; found
365.1715.
5-Benzyl 1-ethyl 2-benzyl-2-ethynyl-4-methylpentanedioate (194j): Following the
general procedure, the product was obtained as a colorless oil after flash column
chromatography using 2-10% EtOAc/hexane as eluent (1: 1.5 diastereomeric ratio).
Yield: 0.15 g, 69%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.10-1.15 (m, 5H), 1.17-1.26
(m, 5H), 1.71 (dd, J = 14.0, 3.8 Hz, 1H), 2.08 (dd, J = 13.8, 5.5 Hz, 0.67H), 2.27 (s,
0.67H), 2.32 (dd, J = 13.8, 7.5 Hz, 1H), 2.36 (s, 1H), 2.59 (dd, J = 14.0, 8.3 Hz, 1H),
2.72-2.90 (m, 1.79H), 2.93-3.15 (m, 3.6H), 3.98-4.09 (m, 3.5H), 5.07-5.09 (m, 3.5H),
7.22-7.35 (m, 18H); 13C NMR (100 MHz, CDCl3): δ (ppm) 13.88, 13.9, 18.4, 19.3, 36.8,
37.3, 41.6, 42.0, 45.5, 46.1, 48.8, 48.9, 74.9, 75.0, 82.2, 82.8, 127.1, 127.12, 127.9,
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127.92, 128.0, 128.08, 128.1, 128.2, 128.5, 130.2, 130.3, 135.7, 135.9, 136.0, 136.04,
171.4, 171.9, 175.8, 176.1. ESI-HRMS: m/z [M+H] calculated for C24H26O4: 379.1865;
found 379.1866.
Ethyl

2-benzyl-2-(4-nitrophenyl)-but-3-ynoate

(194k):

Following

the

general

procedure, the product was obtained as a yellowish oil after flash column
chromatography using 3-10% EtOAc/hexane as eluent. Yield: 0.22 g, 77%; 1H NMR
(400 MHz, CDCl3): δ (ppm) 1.21 (t, J = 7.1 Hz, 3H), 2.72 (s, 1H), 3.46 (dd, J = 63.8,
13.2 Hz, 2H), 4.19-4.27 (m, 2H), 7.13-7.24 (m, 5H), 7.67 (d, J = 8.0 Hz, 2H), 8.16 (d, J =
8.0 Hz, 2H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 13.9, 45.7, 54.0, 62.8, 77.8, 81.1,

123.6(2C), 127.2, 127.8(2C), 128.2(2C), 130.8(2C), 135.1, 145.7, 147.9, 170.2. ESIHRMS: m/z [M+H] calculated for C19H17NO4: 324.1236; found 324.1251.
Ethyl

2-benzyl-2-(2-cyano-4-(trifluoromethyl)-phenyl)-but-3-ynoate

(194l):

Following the general procedure, the product was obtained as a yellowish oil after flash
column chromatography using 5-10% EtOAc/hexane as eluent. Yield: 0.25 g, 71%; 1H
NMR (400 MHz, CDCl3): δ (ppm) 1.32 (t, J = 7.1 Hz, 3H), 2.78 (s, 1H), 3.72 (dd, J =
63.8, 13.2 Hz, 2H), 4.32-4.43 (m, 2H), 6.85 (d, J = 4.0 Hz, 2H), 7.05-7.16 (m, 3H), 7.60
(d, J = 4.0 Hz, 2H), 7.96 (s, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 13.7, 43.3, 54.1,
63.3, 78.0, 80.5, 112.0, 116.3, 121.4, 124.1, 127.2, 127.7(2C), 128.9-129.0(q, 1C),
130.3(2C), 130.7-130.8(q, 1C), 131.1, 134.4, 145.2-145.3(q, 1C), 168.8. ESI-HRMS: m/z
[M+H] calculated for C21H16F3NO2: 372.1206; found 372.1209.
Procedure for the synthesis of 2-benzyl-2-ethynylpentanedioic acid (195): To the
solution of 194g (120 mg, 0.47 mmol) was added 5 mL 6(M) H2SO4. The solution was
heated under reflux condition for 40 h. After this time, the reaction was cooled to rt and
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extracted with MTBE (3 x 10 mL), the organic layers are collected, dried over anhydrous
Na2SO4 and concentrated under vacuum to afford product as white solid. The product is
pure enough to no chromatography. Yield: 0.10 g, 78%; 1H NMR (400 MHz, CDCl3): δ
(ppm) 1.98-2.04 (m, 1H), 2.32 (dt, J = 15.0, 7.7 Hz, 1H), 2.46 (s, 1H), 2.52-2.71 (m, 2H),
3.02 (d, J = 13.3 Hz, 1H), 3.21 (d, J = 13.3 Hz, 1H), 7.27-7.29 (m, 5H), 10.69 (s, 2H);
13

C NMR (100 MHz, CDCl3): δ (ppm) 30.3, 33.5, 44.2, 48.8, 75.5, 81.5, 127.3,

128.1(2C), 130.5(2C), 135.3, 177.9, 179.4. ESI-HRMS: m/z [M+H] calculated for
C14H14O4: 178.0477; found 178.0489.
Procedure to synthesize 3-ethyl 1,2-diisopropyl 3-benzyl-1H-pyrazole-1,2,3(3H)tricarboxylate (210). To the solution of L-menthol (50 mol%) in 5.0 mL THF was added
NaH (55 mol%) at 0 oC. To this a solution of silylallenyl ester 186 (0.95 mmol, 1.0
equiv) in THF (4.5 mL, 0.1 M) was added followed by the addition of DIAD (1.08 mmol,
1.2 equiv). After 10 min, TBAF (1M in THF, 0.95 mmol, 1.0 equiv.) was added.
Reaction was monitored for full consumption of allene using silica TLC (Rf = 0.20; 30%
EtOAc in hexane) and then quenched with sat. NH4Cl, extracted with ether. The organic
layer was dried with anhydrous Na2SO4, concentrated, and purified by column
chromatography using 6-10% EtOAc in hexane as eluent to obtain pure product as yellow
oil. Yield: 0.20 g, 78%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.08 (d, J = 6.2 Hz, 3H),
1.18 (d, J = 6.3 Hz, 3H), 1.29–1.25 (m, 6H), 1.34 (d, J = 6.2 Hz, 3H), 3.30 (d, J = 14.1
Hz, 1H), 3.43 (d, J = 14.1 Hz, 1H), 4.32–4.12 (m, 2H), 4.73 (dt, J = 12.5, 6.2 Hz, 1H),
5.05–4.95 (m, 2H), 6.51 (d, J = 4.5 Hz, 1H), 7.24–7.12 (m, 5H);

13

C NMR (100 MHz,

CDCl3): δ (ppm) 14.0, 21.7, 21.73, 21.8, 22.1, 40.6, 62.0, 70.4, 70.8, 77.7, 108.2, 126.5,
127.6(2C), 130.5, 130.9(2C), 135.2, 152.6, 157.9, 170.30. NMR data matched with
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literature data.179
General Procedure for the formation of γ-Disubstituted Allenoates: To the solution
of Silylallenyl/alkynyl ester 186 (1.0 equiv) in THF (0.20 M) and first aldehyde (1.0
equiv) at 0 oC was added 30 mol% LiOiPr (3M in THF). The reaction was stirred for 2.5
h for the full consumption of allenoate. After all the allene was consumed, TBAF (3.5
equiv) was added followed by the addition of second aldehyde (1.0 equiv). Reaction was
continued to stir for another 2.5 h after which the reaction mixture was then quenched
with sat. NH4Cl, extracted with EtOAc. The organic layers were collected, dried with
anhydrous Na2SO4, concentrated, and purified by flash column chromatography to afford
pure product 215a-l.
Ethyl

2-benzyl-5-hydroxy-4-(hydroxy(p-tolyl)methyl)-5-phenylpenta-2,3-dienoate

(215a): Following the general procedure, the product was obtained as a colorless oil after
flash column chromatography using 8-15% EtOAc/hexane as eluent (diastereomeric
mixture). Yield: 0.14 g, 60%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.30-1.35 (m, 3H),
1.83-1.87 (m, 1H), 2.33-2.35 (m, 3H), 3.44-3.47 (m, 2H), 3.73-3.76 (m, 1H), 4.17-4.22
(m, 2H), 5.03-5.17 (m, 2H), 6.98-7.01 (m, 2H), 7.06-7.07 (m, 3H), 7.10-7.11 (m, 2H),
7.14-7.18 (m, 4H), 7.22-7.29 (m, 4H); 13C NMR (100 MHz, CDCl3): δ (ppm) 14.2, 14.25,
21.16, 21.2, 34.9, 34.93, 61.17, 61.2, 72.7, 72.72, 73.47, 73.5, 105.5, 105.53, 115.9,
116.0, 126.3, 126.32, 126.4, 126.44, 126.5, 126.6, 127.8, 127.9, 128.1, 128.3, 128.34,
128.4, 128.9, 129.0, 129.2, 129.22, 130.1, 130.2, 137.49, 137.5, 137.6, 137.7, 137.75,
137.9, 138.5, 138.55, 140.8, 140.83, 166.3, 166.4, 208.5, 208.8. ESI-HRMS: m/z [M+Na]
calculated for C28H28O4: 451.1880; found 451.1886.
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Ethyl 2-benzyl-5-hydroxy-4-(hydroxy(4-methoxyphenyl)methyl)-5-phenylpenta-2,3dienoate (215b): Following the general procedure, the product was obtained as a
colorless oil after flash column chromatography using 8-15% EtOAc/hexane as eluent
(diastereomeric mixture). Yield: 0.15 g, 63%; 1H NMR (400 MHz, CDCl3): δ (ppm)
1.24-1.34 (m, 3H), 3.39-3.51 (m, 2H), 3.78-3.87 (m, 3H), 4.10-4.23 (m, 2H), 4.99-5.20
(m, 2H), 6.77-6.83 (m, 2H), 7.00-7.02 (m, 1H), 7.07-7.12 (m, 5H), 7.15-7.22 (m, 2H),
7.24-7.36 (m, 5H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 14.2, 14.3, 34.9, 35.0, 55.2,

55.3, 61.17, 61.2, 72.8, 73.0, 73.1, 73.5, 105.2, 105.7, 113.5, 113.7, 126.4, 126.43,
126.45, 126.5, 127.7, 127.8, 127.9, 128.0, 128.1, 128.15, 128.3, 128.4, 129.2, 129.25,
132.8, 132.9, 138.5, 138.6, 140.7, 140.8, 152.0, 152.1, 159.2, 159.4, 208.2, 208.3. ESIHRMS: m/z [M+Na] calculated for C28H28O5: 467.1829; found 467.1839.
Ethyl

2-benzyl-5-hydroxy-4-(hydroxy(4-nitrophenyl)methyl)-5-phenylpenta-2,3-

dienoate (215c): Following the general procedure, the product was obtained as a yellow
oil after flash column chromatography using 8-15% EtOAc/hexane as eluent
(diastereomeric mixture). Yield: 0.19 g, 73%; 1H NMR (400 MHz, CDCl3): δ (ppm)
1.29-1.33 (m, 3H), 3.34-3.44 (m, 2H), 4.16-4.23 (m, 2H), 4.83 (s, 1H), 5.18-5.32(m, 2H),
6.92-6.94 (m, 2H), 7.15-7.17 (m, 1H), 7.24-7.36 (m, 9H), 7.52-7.54 (m, 1H), 8.018.03(m, 1H), 8.20-8.22 (m, 1H); 13C NMR (100 MHz, CDCl3): δ (ppm) 14.3, 14.31, 34.6,
34.7, 61.4, 61.5, 63.3, 64.0, 71.6, 72.6, 72.8, 73.8, 105.7, 105.9, 114.1, 114.6, 123.1,
123.3, 123.7, 126.1, 126.2, 126.7, 126.71, 126.97, 127.0, 127.2, 128.1, 128.2, 128.3,
128.4, 128.42, 128.44, 129.1, 129.2, 138.1, 138.2, 140.1, 140.2, 147.2, 147.3, 148.1,
148.2, 165.8, 166.0, 209.2, 209.5. ESI-HRMS: m/z [M+Na] calculated for C27H25NO6:
482.1574; found 482.1589.
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Ethyl 2-benzyl-5-(4-bromophenyl)-5-hydroxy-4-(hydroxy(phenyl)methyl)penta-2,3dienoate (215d): Following the general procedure, the product was obtained as a
yellowish oil after flash column chromatography using 8-15% EtOAc/hexane as eluent
(diastereomeric mixture). Yield: 0.16 g, 65%; 1H NMR (400 MHz, CDCl3): δ (ppm)
1.25-1.30 (m, 3H), 3.33-3.44 (m, 2H), 3.79 (br. s, 2H), 4.10-4.17 (m, 2H), 5.10-5.15 (m,
2H), 6.87-7.41 (m, 14H); 13C NMR (100 MHz, CDCl3): δ (ppm) 11.66, 11.7, 32.2, 32.24,
58.8, 58.9, 69.4, 69.5, 70.0, 70.1, 102.7, 102.8, 112.4, 112.7, 119.0, 119.2, 123.7, 123.9,
123.93, 124.0, 125.3, 125.4, 125.44, 125.45, 125.6, 125.63, 125.67, 125.7, 125.8, 125.9,
126.5, 126.54, 126.56, 126.6, 128.5, 128.6, 128.7, 128.73, 135.5, 135.7, 163.7, 163.8,
206.6, 206.61. ESI-HRMS: m/z [M+Na] calculated for C27H25BrO4: 515.0828; found
515.0844.
Ethyl

2-benzyl-5-hydroxy-4-(hydroxy(phenyl)methyl)-5-phenylpenta-2,3-dienoate

(215e): Following the general procedure, the product was obtained as a colorless oil after
flash column chromatography using 8-15% EtOAc/hexane as eluent. Yield: 0.27 g, 74%;
1

H NMR (400 MHz, CDCl3): δ (ppm) 1.31 (t, J = 7.1 Hz, 3H), 3.00 (br. s, 2H), 3.43 (s,

2H), 4.18 (q, J = 7.1 Hz, 2H), 5.11 (s, 1H), 5.16 (s, 1H), 6.96-6.99 (m, 2H), 7.13-7.15 (m,
2H), 7.21-7.33 (m, 11H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 14.2, 34.9, 61.2, 72.7,

73.5, 105.4, 115.9, 126.3(2C), 126.4, 126.5(2C), 127.8, 127.9, 128.1(2C), 128.3(2C),
128.4(2C), 129.2(2C), 138.5, 140.78, 140.8, 166.3, 208.7. ESI-HRMS: m/z [M+Na]
calculated for C27H26O4: 437.1723; found 437.1728.
Ethyl

2-benzyl-5-(furan-2-yl)-5-hydroxy-4-(hydroxy(phenyl)methyl)penta-2,3-

dienoate (215f): Following the general procedure, the product was obtained as an orange
oil after flash column chromatography using 8-15% EtOAc/hexane as eluent
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(diastereomeric mixture). Yield: 0.25 g, 72%; 1H NMR (400 MHz, CDCl3): δ (ppm)
1.25-1.29 (m, 3H), 3.47-3.54 (m, 2H), 4.13-4.19 (m, 2H), 5.16-5.30 (m, 2H), 6.14-6.31
(m, 2H), 7.02-7.15 (m, 3H), 7.19-7.27 (m, 7H), 7.28-7.33 (m, 1H); 13C NMR (100 MHz,
CDCl3): δ (ppm) 14.1, 14.16, 14.2, 34.9, 35.0, 35.1, 61.3, 61.33, 61.4, 66.7, 66.8, 66.84,
72.8, 72.85, 73.3, 105.8, 106.2, 106.7, 107.4, 107.5, 107.6, 110.27, 110.3, 110.32, 112.4,
113.8, 114.5, 126.4, 126.45, 126.5, 126.56, 126.6, 127.9, 127.92, 127.94, 128.1, 128.2,
128.25, 128.3, 128.33, 128.4, 129.1, 129.2, 129.3, 138.46, 138.48, 138.5, 140.5, 140.6,
140.64, 142.2, 142.3, 142.4, 153.3, 153.4, 153.5, 166.3, 166.4, 166.41, 208.3, 208.4,
208.7. ESI-HRMS: m/z [M+Na] calculated for C25H24O5: 427.1516; found 427.1514.
Ethyl

2-benzyl-5-hydroxy-4-(hydroxy(phenyl)methyl)-6,6-dimethylhepta-2,3-

dienoate (215g): Following the general procedure, the product was obtained as a
colorless oil after flash column chromatography using 8-15% EtOAc/hexane as eluent (4:
1 diastereomeric ratio). Yield: 0.32 g, 65%; 1H NMR (400 MHz, CDCl3): δ (ppm) 0.83
(s, 9H), 0.92 (s, 2.25H), 3.48-3.63(m, 4.28H), 4.14-4.27 (m, 2.70H), 5.26-5.31 (m,
1.28H), 7.16-7.32 (m, 15.25H); 13C NMR (100 MHz, CDCl3): δ (ppm) 14.1, 14.2, 25.8,
26.0, 35.0, 35.1, 35.9, 36.3, 61.2, 61.3, 74.2, 75.5, 77.7, 78.7, 104.9, 105.0, 113.4, 114.9,
126.5(2C), 126.6(2C), 126.67, 126.7, 127.8, 127.9, 128.1(2C), 128.2(2C), 128.4(2C),
128.45(2C), 129.2(2C), 129.4(2C), 138.7, 138.9, 140.7, 140.8, 166.5, 166.6, 209.2, 209.3.
ESI-HRMS: m/z [M+Na] calculated for C25H30O4: 417.2036; found 417.2047.
Ethyl

2-benzyl-4-((4-(tert-butyl)phenyl)(hydroxy)methyl)-5-hydroxy-6,6-

dimethylhepta-2,3-dienoate (215h): Following the general procedure, the product was
obtained as a yellowish oil (0.17 g, 64%) after flash column chromatography using 815% EtOAc/hexane as eluent (diastereomeric mixture). Yield: 0.17 g, 64%; 1H NMR
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(400 MHz, CDCl3): δ (ppm) 0.81-0.97 (m, 9H), 1.22-1.38 (m, 12H), 3.43-3.71 (m, 3H),
4.13-4.29 (m, 2H), 5.12-5.32 (m, 1H), 7.12-7.38 (m, 9H); 13C NMR (100 MHz, CDCl3):
δ (ppm) 13.7, 14.2, 14.3, 25.8, 25.9, 25.95, 31.1, 31.3, 31.4, 34.5, 34.51, 34.52, 35.1,
35.13, 35.2, 36.0, 36.2, 36.3, 61.0, 61.2, 61.3, 74.2, 74.8, 75.2, 77.7, 78.56, 78.6, 105.1,
105.3, 106.3, 114.1, 115.4, 115.5, 124.9, 125.1, 125.2, 126.3, 126.4, 126.5, 126.53, 126.6,
126.7, 128.4, 128.41, 128.5, 129.1, 129.4, 129.45, 137.6, 137.76, 138.78, 138.8, 138.81,
138.9, 150.8, 150.84, 150.9, 166.4, 166.64, 166.7, 209.1, 209.2, 209.24. ESI-HRMS: m/z
[M+Na] calculated for C29H38O4: 473.2662; found 473.2668.
Ethyl 2-benzyl-4-((4-(tert-butyl)phenyl)(hydroxy)methyl)-5-hydroxy-6-phenylhepta2,3-dienoate (215i): Following the general procedure, the product was obtained as a
yellowish oil after flash column chromatography using 8-15% EtOAc/hexane as eluent
(diastereomeric mixture). Yield: 0.19 g, 64%; 1H NMR (400 MHz, CDCl3): δ (ppm)
1.06-1.52 (m, 15H), 2.74-3.02 (m, 1H), 3.37-3.74 (m, 2H), 3.85-4.08 (m, 1H), 4.14-4.33
(m, 2.70H), 5.06-5.46 (m, 1H), 7.10-7.49 (m, 15H);

13

C NMR (100 MHz, CDCl3): δ

(ppm) 12.8, 14.1, 14.3, 14.33, 17.0, 17.6, 18.2, 18.4, 18.42, 18.7, 20.8, 21.0, 31.2, 31.3,
31.45, 31.5, 34.6, 34.61, 35.0, 35.2, 42.8, 44.8, 44.81, 44.9, 61.2, 61.23, 61.3, 72.3, 73.4,
73.7, 73.8, 74.4, 74.5, 74.9, 76.6, 104.9, 105.0, 105.4, 106.8, 113.4, 114.5, 115.4, 116.8,
125.0, 125.07, 125.1, 125.13, 125.15, 125.3, 126.2, 126.3, 126.5, 126.6, 126.7, 126.74,
126.8, 126.81, 127.3, 127.7, 127.8, 127.84, 128.0, 128.01, 128.1, 128.15, 128.2, 128.24,
128.3, 128.4, 128.43, 128.5, 128.51, 128.54, 128.6, 128.62, 128.7, 129.1, 129.15, 129.2,
129.3, 129.4, 137.8, 138.0, 138.05, 138.1, 139.0, 139.2, 139.5, 140.3, 141.9, 143.3, 144.6,
144.8, 150.7, 150.8, 150.9, 151.0, 166.4, 166.5, 166.6, 166.9, 208.7, 208.73, 209.2, 209.3.
ESI-HRMS: m/z [M+Na] calculated for C33H38O4: 521.2662; found 521.2654.
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Ethyl

2-benzyl-5-hydroxy-4-(hydroxy(phenyl)methyl)dodeca-2,3-dien-6-ynoate

(215j): Following the general procedure, the product was obtained as a colorless oil after
flash column chromatography using 8-15% EtOAc/hexane as eluent (diastereomeric
mixture). Yield: 0.12 g, 52%; 1H NMR (400 MHz, CDCl3): δ (ppm) 0.88-0.92 (m, 3H),
1.26-1.34 (m, 7H), 1.44-1.50 (m, 2H), 1.68 (br. s, 1H), 2.15-2.21 (m, 2H), 3.43-3.63 (m,
2H), 4.11-4.23 (m, 2H), 4.82-4.83 (m, 1H), 5.45-5.48 (m, 1H), 7.00-7.16 (m, 2H), 7.197.25 (m, 4H), 7.26-7.32(m, 4H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 13.89, 13.9,

13.92, 14.2, 14.23, 14.3, 18.6, 18.63, 18.7, 22.1, 22.15, 22.2, 28.1, 28.16, 28.2, 30.9,
30.97, 31.0, 34.9, 34.93, 35.0, 35.1, 61.2, 61.9, 62.1, 72.6, 72.7, 73.3, 77.6, 77.7, 77.8,
87.4, 87.6, 87.8, 105.3, 105.4, 106.2, 114.4, 114.49, 114.5, 126.3, 126.4, 126.44, 126.46,
126.5, 126.52, 127.8, 127.9, 128.0, 128.1, 128.2, 128.23, 128.3, 128.35, 128.4, 129.2,
129.24, 129.3, 138.4, 138.5, 138.6, 140.7, 140.8, 140.9, 165.8, 166.1, 166.2, 208.0,
208.16, 208.2. ESI-HRMS: m/z [M+Na] calculated for C28H32O4: 455.2193; found
455.2195.
Ethyl 2-benzyl-5-hydroxy-4-(hydroxy(phenyl)methyl)-7-phenylhepta-2,3,6-trienoate
(215k): Following the general procedure, the product was obtained as a colorless oil after
flash column chromatography using 8-15% EtOAc/hexane as eluent (diastereomeric
mixture). Yield: 0.23 g, 77%; 1H NMR (400 MHz, CDCl3): δ (ppm) 1.23-1.28 (m, 3H),
3.40-3.60 (m, 2H), 3.78-3.87 (m, 3H), 4.10-4.21 (m, 2H), 4.81-4.83 (m, 1H), 5.36-5.41
(m, 1H), 5.98-6.02 (m, 1H), 6.45-6.58 (m, 1H), 7.04-7.24 (m, 5H), 7.26-7.47 (m, 11H);
13

C NMR (100 MHz, CDCl3): δ (ppm) 14.2, 14.22, 34.9, 35.1, 61.3, 61.4, 71.1, 71.3,

72.9, 73.4, 104.9, 105.6, 105.98, 106.0, 113.9, 114.1, 115.5, 115.6, 126.46, 126.5, 126.51,
126.52, 126.6, 126.62, 126.64, 126.7, 126.75, 126.86, 126.9, 128.1, 128.2, 128.24, 128.3,
103

128.35, 128.5, 128.54, 128.6, 128.8, 129.2, 129.25, 130.1, 130.9, 131.0, 131.5, 131.55,
133.4, 136.3, 136.4, 138.5, 138.6, 140.8, 141.0, 154.6, 155.0, 166.4, 166.6, 208.98, 209.0.
ESI-HRMS: m/z [M+Na] calculated for C29H28O4: 463.1880; found 463.1869.
Ethyl

2-benzyl-5-hydroxy-4-(hydroxy(phenyl)methyl)octa-2,3-dienoate

(215l):

Following the general procedure, the product was obtained as a colorless oil after flash
column chromatography using 8-15% EtOAc/hexane as eluent (diastereomeric mixture).
Yield: 0.20 g, 78%; 1H NMR (400 MHz, CDCl3): δ (ppm) 0.75-0.86 (m, 3H), 1.21-1.35
(m, 5H), 1.38-1.50 (m, 2H), 3.46-3.57 (m, 2H), 4.05-4.22 (m, 2H), 5.39-5.41 (m, 1H),
7.09-7.16 (m, 5H), 7.22-7.37 (m, 6H); 13C NMR (100 MHz, CDCl3): δ (ppm) 13.7, 13.8,
13.83, 14.1, 14.19, 18.5, 18.6, 35.0, 35.03, 37.6, 37.7, 37.74, 61.2, 61.26, 61.3, 69.97,
70.0, 70.5, 72.6, 73.5, 73.7, 104.4, 104.6, 104.62, 114.2, 114.21, 115.4, 126.3, 126.4,
126.44, 126.5, 126.9, 127.6, 128.1, 128.11, 128.3, 128.33, 128.35, 128.4, 129.1, 129.12,
129.2, 129.3, 138.78, 138.8, 138.84, 141.1, 141.11, 141.3, 166.6, 166.8, 166.82, 208.59,
208.6, 208.7. ESI-HRMS: m/z [M+Na] calculated for C24H28O4: 403.1880; found
403.1869.
General Procedure for the Iododehydroxylation/Lactonization Reaction: A round
bottom flask containing allenoate dicarbinol 215e or 215g (1.0 equiv) was charged with
hydroquinone (20 mol%) and LiI (5.0 equiv) in acetic acid (1.5 mL/mmol). The mixture
was heated at 50 °C with stirring for 1 h (reaction was monitored by TLC). The reaction
mixture was diluted with water and the aqueous phase was extracted with DCM. The
organic layer was thoroughly washed with water, saturated NaHCO 3 and brine solution
and was then dried over Na2SO4. The solvent was removed under reduced pressure and
the crude product obtained was purified by flash chromatography using 2%
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EtOAc/Hexane eluent.
(E)-3-benzyl-5-benzylidene-4-iodo-6-phenyl-5,6-dihydro-2H-pyran-2-one

(221e):

Following the general procedure, the product was obtained as a yellowish oil after flash
column chromatography using 2% EtOAc/hexane as eluent (single diastereomer). Yield:
0.14 g, 86%; 1H NMR (400 MHz, CDCl3): δ (ppm) 4.03 (dd, J = 71.4, 14.8 Hz, 2H), 6.65
(s, 1H), 6.81-6.83 (m, 2H), 7.02-7.10 (m, 3H), 7.22-7.24 (m, 2H), 7.33-7.39 (m, 8H),
7.57 (s, 1H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 42.7, 76.8, 121.7, 126.3, 126.9,

128.3(2C), 128.4(2C), 128.8(2C), 128.84, 129.0(2C), 129.1(2C), 129.3, 133.5, 134.4,
137.3, 138.2, 142.7, 159.6. ESI-HRMS: m/z [M+H] calculated for C25H19IO2: 479.0508;
found 479.0502.
(Z)-3-benzyl-5-benzylidene-6-(tert-butyl)-4-iodo-5,6-dihydro-2H-pyran-2-one
(221g): Following the general procedure, the product was obtained as a colorless oil after
flash column chromatography using 2% EtOAc/hexane as eluent (single diastereomer).
Yield: 0.10 g, 84%; 1H NMR (400 MHz, CDCl3 ): δ (ppm) 0.80 (s, 9H), 3.90 (dd, J =
62.2, 13.7 Hz, 2H), 4.52 (s, 1H), 6.56 (s, 1H), 7.10-7.30 (m, 8H), 7.37 (d, J = 7.3 Hz,
2H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 26.8(3C), 36.6, 41.6, 92.6, 110.9, 126.7,

128.0(2C), 128.3(2C), 128.7, 129.5(2C), 130.7(2C), 131.7, 134.2, 136.9, 138.4, 139.8,
160.5. ESI-HRMS: m/z [M+Na] calculated for C23H23IO2: 459.0821; found 459.0858.
Procedure for the formation of 3,5-dibenzyl-6-(tert-butyl)-2H-pyran-2-one (224): A
solution of iodolactone 221g (0.100 g, 0.22 mmol) in MeOH (4.5 mL), containing Et 3N
(37 μL) and 5% Pd/C (10 mg), was stirred, overnight at room temperature, in an
atmosphere of hydrogen. The catalyst was filtered off, the filtrate concentrated and the
crude product purified by PLC (EtOAc/hexane, 3:1, two elutions). The α-pyrone was
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obtained as a white crystalline solid. Yield: 0.058 g, 80%; 1H NMR (400 MHz, CDCl3): δ
(ppm) 1.36 (s, 9H), 3.69 (s, 2H), 3.86 (s, 2H), 6.68 (s, 1H), 7.04 (d, J = 7.2 Hz, 2H),
7.31–7.15 (m, 10H);

13

C NMR (100 MHz, CDCl3): δ (ppm) 29.5(3C), 35.3, 35.7, 37.7,

112.7, 126.4, 126.5, 128.3(2C), 128.5(2C), 128.7(2C), 129.0(2C), 138.2, 139.1, 145.8,
162.9, 165.8. ESI-HRMS: m/z [M+Na] calculated for C23H24O2: 355.1674; found
355.1672.
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Figure S1. An example of semi-preparative HPLC radio-chromatogram for purification
of [18F]91.

Figure S2. An example of semi-preparative HPLC radio-chromatogram for purification
of [18F]101.
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